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SUMMARY

Catalysis is a crucial tool in the development of sustainable chemical
processes. The manufacture of bulk chemicals mostly relies on
heterogeneous catalysts, with reactions usually taking place between a
solid catalyst and a gaseous feedstock at high temperatures. For the
production of molecules of high complexity, the reactions usually take
place in an organic solvent containing a dissolved catalyst, which in most
cases is a transition-metal based complex. In spite of the huge potential of
this class of catalysts for the manufacture of specialty chemicals,
pharmaceuticals, agrochemicals, flavors and fragrances or advanced
materials, their implementation in large scale industrial processes has
been limited because of the difficulties in separating the catalysts from
the products. Therefore, the development of strategies that allow the
recovery and reuse of this type of catalyst is an issue of economic and
environmental concern.

Among the various approaches described to tackle this problem, the
immobilization of homogeneous metal complexes onto solid supports
combines the advantages of heterogeneous catalysis such as the easy
handling of the catalyst and product separation with the ability of
homogeneous catalysts to promote very selective transformations under
mild reaction conditions.

The general objective of this PhD work is the development of N-
heterocyclic carbene transition metal catalysts immobilized onto solid
supports and the evaluation of their performance in various reactions,
with special attention on the issue of catalyst recovery and reuse. The
testing of the catalysts performance under continuous flow operation is
also addressed.

After an introduction to establish the “state of the art” in Chapter 1 and

the definition of the objectives in Chapter 2, in Chapter 3, the synthesis
of well-defined Pd complexes bearing functionalized monodentate NHC
ligands was described. An important part of the work consisted in the
design of a suitable synthetic route for the introduction of functional
groups in the ligand structure for the subsequent immobilization of the
corresponding Pd complexes onto inorganic oxide solid supports. The
nature of the immobilized molecular species was studied in order to

XIII
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confirm the integrity of the [Pd(NHC)] complexes upon immobilization,
and the final materials were appropriately characterized.

Jé(“ ”3@
1)-|S/\/\S|(0Et)3
R — R (2 equiv.) Pd CI
/@ng@ DMPA, EtOH, hv, 24h, rt \(\<
0 0
cf

RcPR
2) Pd(acac)y, Eto j
S R =Me, 7a ) 1,2-DCE, 75°C, 48h Etgs, oS
R=iPr, 7b o)
3) Support, oo 7 o
1,2-DCE, 75°C, 24h ‘ SUPPORT ‘
11a/b@support
R =Me, Pr

Support = SiO,, MCM-41, y-Al,03, TiO,

Scheme 1. Procedure followed for the immobilization of well-defined [PA(NHC)]
complexes onto inorganic supports.

In Chapter 4, the supported complexes described above were evaluated
in various C-C cross coupling reactions, namely Suzuki-Miyaura, Heck
and Sonogashira (Scheme 2). Exploration of the most suitable reaction
conditions for the Suzuki-Miyaura reaction led to the use of a biphasic
aqueous/organic solvent mixture. However, rapid catalyst degradation
was observed under these conditions, and attempts to recycle and reuse
the catalyst resulted in a rapid decay of the activity after the first catalytic
cycle. Operating under non-aqueous reaction conditions was beneficial
for the stability of the catalyst, and under these conditions the
deactivation pathway was slowed down.

2
(HO),B \77R O—@ Suzuki-Miyaura
A\

[Pd]
@X + =\, Heck-Mizoroki
R(— R Base
R2
X =1, Br, Cl, OTf =7 % / Sonogashira

Scheme 2. General reaction scheme of the Suzuki, Heck and Sonogashira
couplings, catalyzed by Pd.

These non-aqueous reaction conditions were used to determine the
influence of the different supports on the performance of the catalysts.

XIV
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Increased robustness was displayed by materials based on y-Al,O; and
TiO, when the catalyst was reused in successive cycles. The robustness of
the silica-, y-Al,O;, and TiO,-supported catalysts was further evaluated in
continuous flow Suzuki-Miyaura experiments. When the reaction was run
over a two hours period, silica-based materials showed some deactivation,
whereas this tendency was not observed in the case of y-ALQO;, and TiO,-
supported catalysts.

Application of the supported catalysts in the Heck coupling of aryl
bromides with electron poor alkenes led to the desired coupling product
in excellent yields. However, recycling of the catalyst resulted in greatly
diminished product yields after the first reaction run. The causes for this

deactivation remain unclear.

The Sonogashira couplings between p-bromoacetophenone and various
alkynes catalyzed by the supported catalysts were also described. As in
the case of the Suzuki-Miyaura reaction, materials based on y-Al,O;, and
TiO, displayed superior stability compared to their silica analogues. The
former supported catalysts were evaluated in the Sonogashira coupling
between p-bromoacetophenone and phenylacetylene under continuous
flow conditions, and no drop in activity was observed after two hours on
stream.

In Chapter 5, the y-Al,O;-, and TiO,-supported catalysts were tested in
the (Z)-selective semi-reduction of alkynes to alkenes (Scheme 3)

[Pd]
H>(g)/H source R;:<R2

H H
(2)

R1: RZ

Scheme 3. Pd-catalyzed (Z)-selective semi-reduction of alkynes.

Two methodologies were used to realize this transformation: using H, (g)
as the reductant and using an equimolar mixture of HCO,H/Et;N as the
hydrogen donor.

The semi-hydrogenation using H, (g) as the reductant provided good
activity under mild reaction conditions in the reduction of internal
alkynes. However, under these conditions, important amounts of
overhydrogenated alkane products were obtained at high alkyne
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conversions. The same selectivity issue was encountered when this
process was run in a continuous flow microreactor.

This transformation could also be performed in the presence of the
supported Pd catalysts and an equimolar mixture of HCO,H/Et;N as the
hydrogen donor, and through the addition of a catalytic amount of PPh,,
overreduction was prevented. Internal alkynes and alkynols were
transformed to the corresponding (Z)-alkenes in high yields. This system
could also be applied to several terminal alkynes.

Besides the reduction of alkynes under transfer hydrogenation conditions,
the supported catalysts promoted the isomerization of (Z)-stilbene to (E)-
stilbene. Under appropriate reaction conditions, diphenylacetylene was
converted to (E)-stilbene in 90% vyield, via indirect (E)-selective transfer
semi-hydrogenation.

Recycling of the supported catalysts in the (Z)-selective transfer semi-
hydrogenation of diphenylacetylene was studied. Complete deactivation
of the catalysts occurred after the first reaction run. Pd leaching was
detected by ICP-OES analysis of the reaction mixtures, however, these
values were insufficient to explain the complete loss of activity in the
second reaction run. It was hypothesized that the active catalyst species
may in situ aggregate into clusters, nanoparticles and/or bulk Pd. This
issue was investigated by XRD and TEM analysis, but neither the presence
of characteristic diffraction patterns of Pd(o) nor the formation of NP’s
could be evidenced.

In Chapter 6 Rh complexes bearing chiral bis(NHC) ligands
functionalized with pyrene moieties were synthesized, and were
subsequently immobilized onto the surface of MWCNT’s via mt-mt stacking
interactions. Two strategies were described for the introduction of a
pyrene moiety in the structure of atropoisomeric 1,I’-binaphtyl-2,2’-bis(4-
phenyl-1,2,3-triazol).

- A pyrene tag bearing a 4C-linker chain was introduced through
alkylation of the N3 position of the triazol compound using 4-(pyren-1-
yl)butyl triflate as reagent. In this manner, a ditriflate salt bearing two
pyrene tags was obtained. By careful methylation of one of the two N3
positions a BINAM-based monomethylated triazolium triflate compound
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could be obtained, and subsequent reaction with 4-(pyren-i-yl)butyl
triflate afforded a bistriazolium preligand only one pyrene tag.

- The second strategy involved a key Cu-catalyzed alkyne azide
cycloaddition step using propargyl pyrenebutyl ether as the alkyne
reagent. This strategy provided a BINAM-based bistriazole compound
bearing two pyrene tags in 34% yield.

Metalation of the ditriflate salt precursors was achieved in the presence of
[Rh(p-C1)(COD)], and KO'Bu. The corresponding [Rh(I)bis(NHC)]
chelate complexes were isolated in yields above 70% after purification by
precipitating the crude mixtures in THF/Et,O.

The complexes depicted in Scheme 4, containing one and two pyrene
tags, respectively, were immobilized onto the surface of MWCNTs.

Sere CO
Solvent T, time
OO N/<ﬁPh OO N<ﬁph

OQO 0

R = Me (78) R = (CH,)s-pyrene (81)

R = (CH,)4-pyrene (79)

Scheme 4. Non-covalent immobilization of Rh complexes bearing chiral
bis(NHC) ligands functionalized with pyrene moieties.

The presence of a second pyrene moiety in the ligand resulted in a higher
metal loading in the corresponding hybrid material. Moreover, the
solvent used to carry out the immobilization procedure also influenced
the catalyst loading in the hybrid materials.

Finally, the non-pyrene-tagged Rh complex was used in order to explore
the potential of these novel catalysts in asymmetric reduction processes.
Hydrosilylation of isobutyrophenone resulted in only 8% ee at 25%
conversion. A slight increase in the reaction temperature resulted in
increased conversion but only 2% ee was obtained in this case. The use of
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bulkier silane partners to enhance the enantioselectivity of the process
resulted in no conversion. The same Rh complex was also tested in the
asymmetric hydroboration of styrene with pinacolborane. The catalyst
was active and 100% conversion was observed at room temperature. The
branched and linear regioisomers were obtained in 11 ratio, and GC
analysis revealed that the branched regioisomer was obtained as a
racemic mixture. This complex was also active in the hydrogenation of
dimethylitaconate. However, the alkane product was obtained as a
racemic mixture. Further work is currently ongoing to design a selective
process mediated by these complexes, and to study their recycling in
successive reaction runs.
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1.1. Homogeneous and heterogeneous catalysis

In principle, a catalyst participates in a chemical reaction resulting in an
increase of the reaction rate, without consumption of the catalyst
partner, so that fresh reagents may be fed in the system upon
completion of the reaction, yielding again the expected reaction
products. In a catalyzed reaction the total free energy from reactants to
products does not change compared to its non-catalyzed counterpart
but the catalyst provides an alternative reaction pathway involving
different and lower-energy transition states. Therefore the presence of a
catalyst affects the kinetic aspects of a reaction by lowering the
activation energy without affecting its thermodynamics, i.e. the product
distribution at equilibrium (Figure 1.1)."

Energy

Reaction Progress

Figure 1.1. Energy profile for a catalyzed multi-step reaction (in red) and an
uncatalyzed reaction (in black).

In industry, catalysis plays a key role, enabling a wide range of chemical
transformations and reducing cost, time, and in many cases preventing
the use of stoichiometric reagents, thus minimizing waste and
contributing to the development of more environmentally friendly
processes.” Leaving enzymes apart, catalysts may be generally divided
into homogeneous and heterogeneous catalysts, depending on whether
the catalysts are in the same or a distinct phase than the reagents.

Typical heterogeneous catalysts are oxides, or supported metal particles.
Important factors influencing the activity of these catalysts include the
rate of diffusion of reactants towards the catalytic body, adsorption of
reactants, desorption of the products, the presence of catalytically active
sites which is related to the surface area of the solid, etc... In general
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heterogeneous catalysts require harsh reaction conditions, such as high
temperatures or pressures in order to overcome these series of rate-
determining processes, however their solid nature has greatly helped
their implementation in industrial processes due to the ease of
separation from the products which lie in a different phase, and due to
the easy handling of these catalysts, which are generally very robust and
can be used under rather extreme reaction conditions without
decomposition.?> Some examples of the application of this kind of
catalysts in industry are the production of sulphuric acid which uses a
vanadium catalyst,* the Haber-Bosch process® for the production of
ammonia which uses a heterogeneous iron catalyst or the zeolites used
in the cracking of hydrocarbons mixtures. Heterogeneous catalysis is
usually associated to the bulk chemical industry.

In contrast, homogeneous catalysis is more related to the field of fine
chemistry, although some industrially relevant processes for the
production of bulk chemicals also rely on homogeneous catalysis
(Scheme 11 and 1.2). In contrast with heterogeneous catalysts,
homogeneous species have a well-defined structure, and every single
catalytic entity can act as a single active site, which makes them
intrinsically more active and selective. Several classes of chemical
compounds can function as homogeneous catalysts, namely Breonsted
and Lewis acids, bases, organic molecules such as proline or quinine...
but nowadays, the term homogeneous catalyst usually refers to
organometallic or coordination complexes. With this type of catalysts,
the choice of the metal and the design of the ligands have an important
influence on the reactivity and selectivity of the reaction. Moreover, the
reaction mechanisms are considerably easier to study since powerful
spectroscopic methods such as NMR can be used to assign structures
and follow reaction kinetics. Moreover, diffusion and dissipation of heat
rarely is a problem.®’

Over the last decades, scientific research has led to enormous progress
in this field. Nowadays, myriads and myriads of transition metal
complexes have been developed showing excellent activity and
selectivity in almost any organic transformation known and have helped
to discover and develop new chemical processes. Furthermore, they are
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usually very versatile and able to transform various types of substrates
under mild reaction conditions.

Industrial processes based on homogeneous catalysis for
the production of bulk chemicals

HCN CN CN
= —~ _NC -
NF NI N nylon
H H H
adiponitrile

Hydrocyanation of butadiene using a Ni catalyst, DuPont

[Rh] or [If] CO, Hy Q
CH3COOH N /\)LH
acetic acid (Rh] butanal

CH3OH + CO

Carbonylation of methanol using a Rh Hydroformylation of propene using a Rh

catalyst, Monsanto Process, or an Ir catalyst, RuhrChemie/Rhone-Poulenc
catalyst, CATIVA Process by BP Ltd. Process

Ni
B N — A} OH

oligomerisation isomerization, n=7-15
hydroformilation, linear fatty
hydrogenation alcohols

Production of linear alcohols from ethylene
using a Ni catalyst,
Shell Higher Olefin Process (SHOP)

Scheme 1.1. Examples of homogeneous catalysis-based industrial processes for
the production of bulk chemicals.

However, to date, heterogeneous catalysts have been more widely used
by industry. The main drawbacks associated with soluble transition
metal catalysts are their intrinsic thermal instability and the difficulties
in separating them from the products, which result in toxic metal
contamination of the products and hamper the recovery and reuse of
the often very expensive catalysts (Table 1.1).

Table 1.1. Properties associated to homogeneous and heterogeneous catalysts.

PROPERTY HOMOGENEQOUS HETEROGENEOUS
Catalyst recovery Difficult and Easy and cheap
expensive
Thermal stability Poor Good
Selectivity Excellent/good-single = Good/poor-multiple
active site active sites
Activity Mild reaction Require harsh

conditions reaction conditions
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COOH  [Rh] COOH HOJQ/YCOOH
NHCOCH3 H, NHCH,0CH; — HO NH,
Industrial synthetic process for the production of L-DOPA,

a drug for the treatment of Parkinson disease synthesized through
Rh-catalyzed asymmetric hydrogenation

L-
DOPA

H cH3

H COOH SNR
2 [Rh]

H y

3CO H, HsCO |

S-Naproxen

H CH3
Industrial production of antiinflammatory
Naproxen, by Monsanto, involving a Ru-catalyzed menthol " OH
asymmetric hydrogenation key step AL

Synthesis of (-)Menthol, by
0 Takasago, including a key Rh-catalyzed
[I HNJVO\ CI\)kN/‘VO\ alkene isomerization
‘
\©/ \©/Et . \©/Et
S-Metolachlor

Industrial production of S-Metolachor, an agrochemical,
obtained via Ir-catalyzed imine hydrogenation

Asymmetric H-Transfer
CO,H . -
\[ Synthesis of (Merck L 699, 392), a medicine
N s O for the treatment of asthma, by Merck,
O A involving 2 Heck couplings
Cl N O

) O and an asymmetric hydrogen transfer
Merck L 699, 392

Heck

Heck, followed by isomerization

COOH
/“ ‘e i} o /‘O‘O
H,CO [Pd] Hy CO [Pd] H3;CO
Naproxen

World's largest process for the production of Naproxen, by Albermale,
involving sequential Pd-catalyzed Heck and carbonylation

Scheme 1.2. Examples of industrially relevant fine chemicals produced through
homogeneous catalysis.

The recognition of this inherent limitation of homogeneous catalysts
has led to a flourishing activity attempting to device heterogenized
versions with the aim of combining the advantages of homogeneous
catalysts with the facility of heterogeneous systems to recover and reuse
the catalyst.® Many very ingenious approaches are being studied in this
regard which will be described in the next section.
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1.2. Supported homogeneous catalysis and flow
chemistry

During the last decade, continuous flow technology has attracted much
interest in the production of fine chemicals because it provides a series
of advantages compared with traditional batch-based protocols.” The
literal definition of Flow Chemistry is operating a chemical process in a
continuous manner. > However, this term is primarily associated with
sectors where the traditional mode of operation is batch, such as
specialty and fine chemicals or pharmaceutical manufacturing. Some of
the most appealing features of flow methodologies are the improvement
of mass and heat transfer, safety of operation (smaller volumes are
involved, since the reaction takes place in confined microchannels),
precise control over residence (reaction) time, isolation of sensitive
reactions from air and moisture, ease of scale-up by applying scaling-up,
numbering-up or scaling-out principles, and possibility to establish
integrated processes, which are largely automated and involve less
operation units. 11213,14,15,16

The continuous flow systems reported so far in the literature can be
generally divided into four types, as suggested by Kobayashi and co-
workers (Figure 1.2).” In type I, substrates (A and B) are passed through
a column or hollow loop, inside which reactions occur. Unreacted A or
B or any by-products are not separated. In type II, one of the substrates
(B) is supported in a column. If an excess amount of B is used, one
substrate (A) is consumed. However, once the supported B is consumed,
the column must be changed. In type III, A reacts with B in the presence
of a homogeneous catalyst. Although catalysis proceeds smoothly, the
catalyst cannot be separated. In type IV, A reacts with B in the presence
of a heterogeneous catalyst. If catalysis proceeds smoothly, no
separation is required. The recent regulations of ‘green sustainable
chemistry’ mean that synthesis with catalysts is preferable to synthesis
without catalysts because of energy savings and waste reduction.
Consequently, types Il and IV are recommended in continuous-flow
systems.
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No catalyst

Type | A+B —»1 i( A-B

Supported reagent

Type |l A —»1 i( Supported B A-B

Homogeneous catalyst
A+B A-B
Taall Catalyst ( [( Catalyst

Heterogeneous catalyst

Type IV RS —>| i( Catalyst A-B

Figure 1.2. Types of continuous flow systems as suggested by Kobayashi.”

In type III, a homogeneous catalyst is employed; the catalyst flows
through the reactor together with the reactants. Therefore, at the end, a
separation step of the product from the catalyst (and possible by-
products) is required. In type IV, the catalyst resides into the reactor,
while the reagents passed by; in this case, an immobilization step of the
catalyst onto a solid support is required, but, in principle, no separation
of the product from the catalyst is needed; Therefore, type IV is
regarded as the best method for continuous-flow synthesis.'®*"°

In direct relation with this growing interest in flow chemistry, the
design of efficient catalysts which can be implemented in continuous
microreactors has become a scientific challenge of economic and

21,22

environmental relevance.
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1.3. Catalyst separation, recovery and recycling

1.3.1. Overview of the different approaches

Numerous approaches have been developed with the aim of
recovering and reusing homogeneous catalysts and to warrant
appropriate separation of the catalyst from the products.”*** Different
criteria may be considered in order to classify the various approaches
towards catalyst recovery and reuse. In scheme 1.3) recyclable catalysts
are divided in two groups depending on whether catalyst and substrates
are involved in a monophasic or a multiphasic reaction. Monophasic
recyclable systems where the reaction takes place in a homogeneous
phase may have benefits in terms of mass transfer and diffusion of
reactants to the active catalyst sites.

Strategies to recover and reuse
homogeneous catalysts

| Monophasic systems Multiphasic systems

l l l l

IL/miscible Phase switch Dendritic Liquid/liquid Solid/liquid
organic after supports
solvent reaction — aqueous/organic

— IL/organic Solid-supported

—> Fluorous/organic catalyst

—> Alkane/organic

Scheme 1.3. Most important approaches reported for the recovery and reuse of
homogeneous catalysts.

Various systems of this class can be identified. One case is the use of
ionic liquids (IL) in combination with a miscible organic solvent, for
example CH,CL,. The reaction takes place in one phase containing the
catalyst, the substrates and the products. Upon completion, the organic
solvent is evaporated, and the products are extracted with a second
solvent which does not dissolve the ionic liquid phase containing the
catalyst, which may be reused in successive cycles.” In a similar manner,
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the reaction can be performed in a single phase containing pure IL, and
then extracting the products after the reaction with an immiscible
organic solvent.”® This approach is frequent for Ru catalysts for olefin
metathesis.”” A second case comprises the use of catalysts supported on
materials which may switch from the reaction phase to a separate phase
upon a stimulus such as heat, light, bubbling CO, or by changing the
conditions (T, pH, solvent...).”**3°3 Some of these types of catalysts
involve phase-switchable polymeric supports, which form a second
phase upon cooling of the reaction mixture, however they stand out as
gels and recovery is sometimes troublesome.*

The use of supercritical fluids represents a promising strategy for
catalyst recycling, although its elevated price limits its wider
applicability.”® Another type of recyclable systems operating under
homogeneous reaction conditions are dendrimer-supported catalysts.
They are based on the concept of size enlargement of a molecular
catalyst without differentiation of its molecular and single-site
properties with respect to the original smaller-size analogue. Compared
with catalysts immobilized on hyperbranched solid polymers their main
advantage is their homogeneity, in contrast to somewhat more
unpredictable surface morphology of solid supported catalysts.>* To
date, the main limitation of this type of catalysts is the elevated cost of
well-defined dendritic materials, and lack of “affordable” molecular
filtration protocols, since the necessary set-ups are still expensive.

The other group of recyclable catalysts includes all the systems which
are in a different phase to that containing the reactants and the
products (Multiphasic systems in Scheme 1.3). This group has received
comparatively more attention. Since the substrates are always in
solution, when the catalyst is dissolved in an immiscible solvent these
systems are called biphasic liquid/liquid and rely on solubility-tailored
catalysts. Introduction of suitable functionality dictates the preferential
solubility of the catalyst between two liquid phases, whereas reactants
and products reside in the other phase, and catalysis takes place at the
interphase (Scheme 1.4). Systems of this type are usually referred to as
“biphasic catalysis”. At the end of the reaction, the phase containing the
products is removed and fresh reactants and reagents can be fed into
the phase containing the catalyst.
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catalyst's
4+ phase
Catalyst
Frequently employed
substituents to tailor the
solubility of the resulting
bod
,,g reaction catalysts
: <« interphase
<
Solid support
Aqueous/organic: SOy, -(OR),-
IL/organic: NR4*, imidazolium
Fluorous/Organic: perfluoroalkyl side chain
Alkane/Organic: Cio+ alkyl side chain

|

substrates and
reactants phase

Scheme 1.4. Biphasic and solid-supported recyclable systems. Most common
solubility-tailoring functionality.

Water soluble catalysts are usually prepared by introduction of a
sulfonate group, or a polyether chain like in ethyleneglycol.>*3* When
immobilization of the catalyst in an IL is desired, ammonium or
imidazolium-based tags are the most frequently used.?*® Perfluoroalkyl
chains are useful to confer solubility in a fluorous solvent.*® Long
hydrophobic alkylic groups are chosen to solubilize the catalyst in an
apolar phase, such as heptane.*

1.3.2. Methodologies for the immobilization of
homogeneous catalysts onto solid supports

The attachment of homogeneous catalysts to the surface
or to the inner structure of a solid support material is undoubtedly the
dominant approach towards the design of so called “heterogenized
catalysts”.® A variety of strategies have been described to successfully
immobilize molecular metal catalysts onto solid supports. The
classification of the different strategies is usually based on the type of
interaction between the catalyst and the support (Figure 1.3). Among
them, the most common ones are convalent binding, electrostatic
interaction, encapsulation and adsorption.
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Figure 1.3. Main strategies for the immobilization of homogeneous catalysts
onto solid supports.

Less common methods exist, as is the case of Surface Organometallic
Chemistry (SOMC)," or interaction with gold NPs through a thiol
group, forming self-assembled monolayers (SAM).* According to the
strength of the linkage between the catalyst and the support, the
covalent binding and electrostatic interactions represent the strongest
types of interactions. When weaker interactions are used, the most
relevant types are encapsulation and adsorption. Examples from the
latter include catalysts attached to the surface of the support through
either Van der Waals forces, hydrogen bonding and hydrophobic
interactions. A very interesting type of recyclable systems arising from
weak interactions with the support are Supported Liquid Phase
Catalysts (SILP),?** where a thin film of a liquid phase is physisorbed at
the surface of the support (usually a thin film of water, or ionic liquid),
and the catalyst is dissolved in this thin film. The actual aspect of the
supported catalyst is solid, since very low amounts of the liquid film are
usually introduced.
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1.3.2.1. Immobilization of homogeneous catalysts onto
solid supports through covalent interactions

The covalent binding of a metal complex onto a
solid support implies the need of a chemical reaction to establish a
covalent bond between one of the ligands in the complex and the
support. Therefore, the ligand must be appropriately functionalized.
Additional synthetic efforts are thus required to introduce such
functionality, and care needs to be taken to avoid undesired interactions
between the pro-immobilizable functional groups and the metal center.
However, the enhanced stability provided by this binding usually
makes the resulting heterogenized complexes more robust, and less
prone to metal leaching compared to softer immobilization strategies.®
This approach can be applied to almost any type of support material,
since functional groups on the support can serve as anchoring points
(Scheme 1.5).

Catalyst Catalyst

Chemical reaction,
formation of a covalent

bond .
FG rG

| |

. FG ‘ TG Type of support

Linker

R,Si([;)R)3 OH SiR-O-Support Unfunctionalized inorganic oxide support
BnR-Br RSH RBn—SR—Support Inorganic oxide support functionalized with thiol groups
ROH CH,Cl HO-CH,—Support Merrifield resin
Q
RCOOH NH, R-C-N—Support PS-PEG polymers
0 o
ROH ¢cl HO-C Support Oxidized carbon nanotubes
RSi(OR) OH SiR-O-Support silica-coated magnetic NPs (composite material)
- T3

Scheme 1.5. Illustration of various linkages created through covalent binding
between differently functionalized catalysts and different types of supports.
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Inorganic oxide supports (either amorphous such as silica gel or
mesoporous crystalline such as MCM-41) can be directly functionalized
with a catalyst through their available surface hydroxyl groups.®
Alternatively, functional groups can be introduced onto the solid
surface prior to catalyst immobilization. Amino-** and thiosilicas*’
bearing an alkyl linker between the functional group and the support
are common examples of this type. Carbonaceous materials, such as
carbon nanotubes, usually undergo oxidative treatment to generate
hydroxyl or carboxylic groups which are subsequently used to generate
ester, amide or ether linkages.*® Other types of materials that offer the
possibility of covalent functionalization are composite materials (such

as silica coated maghemite NP’s)*’, or membranes.”

The covalent binding has been extensively applied, and especially in the
case of inorganic oxides and polymeric supports various synthetic
alternatives have been described.® For the former type of supports,
grafting methods, sol-gel synthesis or solid-phase synthesis have been
described, resulting in different properties of the final materials. In the
case of polymers, grafted polymers, copolymers or self-supported
catalysts are among the alternatives to obtain heterogenized materials.

1.3.2.2. Immobilization of homogeneous catalysts onto
solid supports through electrostatic
interactions

In order to immobilize a catalyst onto a solid
support through electrostatic interactions, the support and the catalyst
must be electrically charged, but in contrast with covalent binding, no
chemical reaction is required between the catalyst and the support.
There are two possible ways to immobilize a catalyst onto a support via
electrostatic interactions, depending on whether the neat charge is
situated in one of the ligands or at the metal center.

To situate the charge on one of the ligands, appropriate (charged)
functional groups need to be introduced. Most frequently, ammonium
(NR,") or sulphonate (RSO;’) groups are used. > Polymers and inorganic
solids can be functionalized in such a way.”* Morover, this option has
been applied for the immobilization of catalysts onto layered solids,
such as clays or Layered Double Hydroxides (LDH).? The former
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supports have exchangeable cations and a negatively charged matrix,
whereas the latter have a positively charged matrix and exchangeable
hydroxide anions (Scheme 1.6).

® @
H,N—Catalyst H;N—Catalyst

. C
SOzH SOz

Polymeric or inorganic support
functionalized with charged groups

® Q
I\IJH2R3 ?Oa
Catalyst Catalyst
©© © ®© © ©
Clay support with available LDH support with available
exchangeable cations exchangeable anions

Scheme 1.6. Catalyst immobilization through electrostatic interactions
between charges within the ligand and charges in the support.

Alternatively, the electrostatic interaction can be established between
the support and the charged metal center in ionic complexes. >* This
strategy does not require the functionalization of one of the ligands with
charged groups. Usually, inorganic supports containing exchangeable
cations are used. A cation exchange takes place between the charged
metal ion in the complex and a cation present in the support, usually
Na, or H* (Scheme 1.7).

€]
LeL X
M
Ion exchange L L
@ rocess ®

A A0 2 N
B° B@ B@ polar solvent B Be Be + A®X®

Support Support

Scheme 1.7. Heterogenization of a metal complex through electrostatic
interaction between the metal center and the support.

Typical catalysts that can be immobilized by this approach include
Rh(I)(diphosphine), Mn(III)(salen) or Cu complexes with various types
of ligands. This approach has provided good results in some cases,”
however the biggest limitation of this method is that any change in the

15
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oxidation state of the metal center during the course of the catalytic
reaction may affect the electrostatic interaction resulting in leaching of
the catalyst.>

In conclusion, the immobilization of catalysts through electrostatic
interactions provides robust systems, although appropriate solvents
must be selected to reinforce the interactions between the catalyst and
the support and special attention must be paid to operate under
reaction conditions where ion exchange cannot occur.

1.3.2.3. Immobilization of homogeneous catalysts onto
solid supports through encapsulation

When a catalyst is immobilized onto a solid
support through encapsulation, the catalyst molecules get occluded
within the pores of the resulting solid and cannot diffuse out whereas
reactants and reagents do not have any diffusion restriction in principle.
The immobilization thus responds to a physical confinement and
further interactions between the catalyst and the support are not
required. Therefore, rigid supports with constant pore sizes are
preferred over more flexible matrices in order to minimize metal
leaching, if the pore and catalyst sizes are adequate. Two main strategies
have been described to encapsulate homogeneous catalysts (Scheme
1.8). They consist on either building the catalyst inside the pores of the
support, or alternatively building the support around a preformed
catalyst. In principle, both strategies may lead to identical immobilized
catalysts.

Building the support around the preformed metal complex is usually
selected when the catalyst is too large in relation to the pore size of the
support. For instance, metalloporphyrins or larger
metallophthalocyanines which have been encapsulated within the
supercages of zeolite Y.”’
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"catalytic maracas”

Scheme 1.8. Possible strategies for encapsulating homogeneous
catalysts in the pore structure of a solid support.

Zeolites have also been used to encapsulate catalysts via the method
called “ship in a bottle”. Usually, a metal cation is introduced first by ion
exchange, and then the ligand is introduced, yielding the complex.>®.
Support materials with larger pore sizes can help to overcome diffusion
limitations that are sometimes encountered with microporous
materials. This is the case of Ordered Mesoporous Silicas (OMS) with
supercage-like structures (mimicking the crystalline structure of
zeolites). To prevent catalyst diffusion out of the nanocages of the
material, the size of the entrance to these spaces is reduced by treating
the material with a silylating agent.”” Following this approach, the
catalyst can be either built inside the support, or introduced as a
preformed complex if the pore sizes are large enough compared to the
size of the molecular catalyst. In the latter case, the presence of
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uncomplexed metal that may act as competing catalytic species is
avoided.

1.3.2.4. Immobilization of homogeneous catalysts onto
solid supports through adsorption

Immobilizing homogeneous catalysts onto a solid
by mere physisorption may be considered as the most straightforward
strategy available, since in principle, neither catalyst nor support have to
be modified. The main drawback associated to this strategy, however is
the weak van der Waals forces associated to the physisorption
phenomenon, so leaching of the catalyst into the solution is usually
observed.” To overcome this problem, efficient catalyst adsorption must
rely on stronger interactions, such as hydrogen bonding,” hydrophobic
effect® or m-m stacking interactions.® Hydrogen bonding interactions
can be established between a polar (or charged) functional group in one
of the ligands and surface hydroxyl groups present on the support, such
as sulfonate groups for instance.” In the case of cationic metal
complexes, the counteranion can establish hydrogen bonds with the
support.*

Hydrophobic interactions can also be used to attach the catalyst to a
support. The most typical example of this strategy involves the use of
hydrophobic silicas, obtained after trialkylsilylation of the surface
hydroxyl groups.”

Other interactions that can be included among these type of relatively
weak surface interactions are those occurring between polyaromatic
systems and carbonaceous surfaces, namely m-m stacking interactions.
For these interactions a direct relationship between aromatic ring size
and strength of the interaction was demonstrated.** Using this method,
very robust catalytic systems bearing pyrene moieties have been
reported, with negligible metal leaching.”® Their most important
drawback is that during catalysis, factors such as the polarity of the
solvent, or the reaction temperature must be well controlled to avoid
metal leaching.”
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1.3.2.5. Immobilization of homogeneous catalysts onto
solid supports through the SLPC concept

An elegant application of adsorption interactions
consists on the surface immobilization of a thin liquid film containing
the dissolved metal complex onto the surface of a solid support. This
concept is known as Supported Liquid Phase Catalysts (SLPC).* The
most appealing features of this approach are that the catalyst remains in
solution, thus acting as a genuine homogeneous species. The most
frequently used support is silica, due to its availability, low price and
large surface area. Polar liquid phases are used, taking advantage of the
hydrophilic nature of silica. Supported Aqueous Phase Catalysts (SAPC)
can be prepared by aqueous phase impregnation of the silica support.*
Importantly for the success of this approach, the metal complex used
must present a high solubility for the supported liquid phase. In the case
of using an aqueous phase, complexes bearing sulfonated ligands have
been reported.* The use of water has the intrinsic limitation of its
relatively high volatility, causing the depletion of the liquid film during
the course of the reaction.”

In order to overcome these limitations, ionic liquid films have been
introduced. The corresponding materials are known as Supported lonic
Liquid Phase Catalysts (SILPC) (Figure 1.4). Furthermore, these solvents
display advantageous properties, such as low volatility, low toxicity, and
very good solubility of organic and inorganic compounds. As in the case
of SAPC, high solubility of the catalyst within the IL phase is required,
so usually solubility-tailoring tags, such as sulfonated,* or imidazolium-
containing groups are used.” This approach has provided robust
systems, which have been successfully applied under continuous flow
conditions showing long-term stability.”” The most important drawback
of this approach is that even a low ionic liquid solubility in the liquid
substrate/product mixture can be sufficient to remove the catalyst from
the carrier over time. Another issue of concern is the possibility of
physical removal of the thin immobilized catalyst layer by mechanical
forces, for example by a convective liquid flow.
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SILP material

Homogeneous catalyst
(immobilized in IL-film)

Figure 1.4. Schematic view of a supported ionic liquid phase catalyst [Ref. 44]

1.4. N-Heterocyclic Carbenes, versatile ligands in
Transition Metal Catalysis

Carbenes are formally defined as neutral compounds containing a
divalent carbon atom with a six electron valence shell (Figure 1.5)

R\
/C :
Rl

Figure 1.5. Schematic representation of a carbene

Their incomplete electron octet and coordinative unsaturation,
however, render free carbenes inherently unstable and they have been
traditionally considered only as highly reactive transient intermediates
in organic transformations such as cyclopropanation. Despite attempted

7 the isolation and unambiguous

syntheses from as early as 1835,
characterization of free, uncoordinated carbenes remained elusive until

pioneering studies in the late 1980s and early 1990s.”
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Scheme 1.9. Most important breakthroughs achieved in the development of
carbene chemistry.

In a seminal publication in 1988, Bertrand and co-workers reported the
preparation of the first isolable carbene stabilized by interactions with
adjacent phosphorus and silicon substituents.”* Three years later,
Arduengo et al isolated the first N-Heterocyclic Carbene.”” With
structural features inspired by earlier insightful studies by Wanzlick”
and Ofele” on metal-carbene complexes, the remarkable stability and
relatively simple synthesis of the first N-Heterocyclic Carbene (NHC)
1,3-di(adamantyl)imidazol-2-ylidene (IAd, Scheme 1.9) led to an
explosion of experimental and theoretical studies on novel NHCs.

1.4.1. Carbenes: electronic and steric
considerations

When considering a prototype carbene, the divalent
carbon atom can present either a bent or linear geometry, each
geometry responding to a certain degree of hybridization of the
carbonic carbon. The linear geometry implies an sp- hybridized carbene
center with two nonbonding degenerate orbitals (p,and p,). Bending the
molecule breaks this degeneracy, and the carbon atom adopts an sp’-
type hybridization: the p, orbital remains almost unchanged (it is
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usually called p,) whilst the orbital that starts as pure p, orbital is
stabilized since it acquires some s character (it is therefore called o).
The linear geometry is an extreme case, and most carbenes are bent, and
the frontier orbitals are systematically designed as o and p, (Scheme
1.10). Considering this scenario, four different electronic configurations
can be envisioned regarding the lone pair of electrons on the carbene
atom (Scheme 1.11). The two nonbonding electrons can be in two
different orbitals with parallel spins (triplet state); hence, the molecule
is correctly described by the configuration o’ p,' (°B, state).

E
—C— Py Pz /ﬁ,
o
linear bent

Scheme 1.10. Relationship between the carbene bond angle and the nature of
the frontier orbitals.

In contrast, for singlet carbenes, the two nonbonding electrons can be
paired in the same o or p, orbital. Therefore, there are two different A,
states, the o being generally more stable than the p,’. Last, an excited
singlet state with a ¢’ p,' configuration can also be envisaged ('B, state).

_Px _pn\ ‘_Pn\ ‘_Pn\
= L oL o
TN TN N ¥
3Bl Glpnl lAl c* IAI p7‘2 IBI

Scheme 1.11. Electronic configurations of carbenes.

The ground state spin multiplicity is a fundamental feature of carbenes
that dictates their reactivity.”® This multiplicity is determined by the
relative energy of the o and p, orbitals, which will be greatly influenced
by the steric and electronic profile of the carbene substituents.

1.4.1.1.  Steric effects of the carbene substituents

Sterically demanding substituents stabilize
kinetically all types of carbenes by preventing dimerization.” Moreover,
when the influence of electronic effects is negligible, steric parameters
may dictate the ground state spin multiplicity. Since the electronic
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stabilization of the triplet relative to the singlet state is at a maximum
when the carbene frontier orbitals are degenerate (Scheme 1.7) a linear
geometry will favor the triplet state. Hence, increasing the steric bulk of

the carbene substituents broadens the carbene angle and favors a triplet

ground state configuration. Steric factors definitely play an important

role in stabilizing carbene species, but electronic effects from the
substituents of the carbene center usually have a larger impact on the
reactivity and stability of the carbene.
1.4.1.2.

Electronic effects of the carbene substituents

The role of the substituents of the carbene center is
very important in the design of stable carbenes. The effects derived from

the interaction between the orbitals of the carbene center and those in
the substituents can be separated into inductive and mesomeric effects

which refer to the interaction between o-o and r-r orbitals respectively
The presence of electropositive substituents such as lithium favors a
triplet carbene, whereas electronegative substituents such as fluorine

favor the singlet. On the basis of perturbation molecular orbitals, o-
electron withdrawing substituents inductively stabilize the o-non

bonding orbital of the carbene by increasing its s character, and leave
the p,unchanged (Scheme 1.12 a).
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a) o-electron withdrawing substituents

b) c-electron donating
substituents
Scheme 1.12. Inductive effect of the substituents on the relative energy of the
frontier orbitals o and pm.
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The o-p, gap thus increases, favoring the singlet state. In contrast, o-
donating substituents destabilize the o-non bonding orbital, which
increases in energy, and gets closer to the p, orbital, so favoring the
excitation to a triplet state (Scheme 1.9 b). Besides inductively
modifying the energy of the carbene orbitals, substituents also display
mesomeric effects. These type of electronic effects consist on the
interaction of the carbene s and p orbitals with appropriate p or n
orbitals of the two carbene substituents. In this regard, the substituents
of the carbene can be classified into m-electron withdrawing, and -
electron donating, denoted as X and Z respectively. X-type substituents
include -F, -Cl, -Br, -1, -NR,, -PR,, -OR, -SR, -SR;..., whereas -COR, -CN,
-CF;, -BR,, -SiR;", PR;" belong to the Z-type. A combination of XX
substitution results in a destabilization of the LUMO p, orbital, which
increases its energy, whereas the o orbital remains unchanged (Scheme

113 a).
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Scheme 1.13. Stabilization of a carbene center through mesomeric effects from
the substituents.

Carbenes of this type are predicted to have a bent geometry, since the
HOMO o orbital containing a lone pair of electrons is not involved in
any interaction and thus an sp*-like hybridization is the most
energetically favored. The carbene possesses a partial negative charge.
In Z,Z carbenes, the p, orbital gets stabilized as it releases some electron
density through combination with an empty orbital on the substituent,
and therefore it reduces its energy, whereas the energy of the
unoccupied p, is not modified. These types of carbenes are linear, in
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accordance to an sp-like hybridization of the carbon orbitals. The
carbene center has a partial positive charge (Scheme 1.13 b). Lastly, in
carbenes combining X,Z substitution, both of the previous effects apply,
that is, the vacant p, orbital interacts with the X substituent, and
increases its energy; the filled p, orbital releases some electron density
into an empty orbital of the Z substituent, and therefore decreases its
energy. A linear geometry is also characteristic of these type of carbenes,
in consequence of a sp hybridization of the carbene (Scheme 1.13 ¢).

In all of the three cases depicted a singlet ground state configuration is
favored. Compared to triplet carbenes, singlet carbenes are more easily
stabilized by electronic effects through the design of a suitable
substitution pattern. The three most important types of stable singlet
carbenes are diaminocarbenes, diborylcarbenes and phosphinosilyl and
phosphinophosphoniocarbenes, which correspond to (X,X), (Z,Z) and
(X,Z) substitution on the carbene center as explained in Scheme 1.13.

1.4.2. N-Heterocyclic Carbenes

1.4.2.1.  Stabilizing factors and modularity

Among the group of aminocarbenes, N-
Heterocyclic Carbenes (NHC’s) undoubtedly stand out as the most
illustrious members.*>” NHC’s are defined as heterocyclic species
containing a carbene carbon and at least one nitrogen atom within the
ring structure.® Their persistent carbene character due to efficient
stabilization combined with their strong nucleophilic character has
enabled a wide range of applications, including homogeneous transition
metal catalysis,®” organometallic materials,”® metallopharmaceuticals,®*
coordination to surfaces,® and organocatalysis86 to cite some of the
most remarkable. An explanation to their success may count on their
high o-donor character, stability, the facility to tune steric and
electronic properties, and their accessibility through many well
established synthetic routes.’” Usually, NHC’s generally feature bulky
substituents adjacent to the carbene carbon, which help to kinetically
stabilize the species by sterically disfavoring dimerization to the
corresponding  olefin (Wanzlick equilibrium).®® The electronic
stabilization, however, provided by the nitrogen atoms is a much more
important factor. NHC’s exhibit a singlet ground state electronic
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configuration, with the HOMO and LUMO frontier orbitals best
described as a formally sp® hybridized lone pair and an unoccupied p
orbital on the C* carbon.

n-electron donating

Czﬁs\\@
4 8, 0 ¢
0 0

o-electron withdrawing

Scheme 1.14. Representation of the push,push mesomeric-pull,pull inductive
effect by the N substituents at NHC’s.

The cyclic structure also favors this type of hybridization by forcing a
rather small carbene angle compared to acyclic variants. The adjacent N
atoms electronically stabilize the structure by means of a combined
push, push mesomeric-pull,pull inductive effect (Scheme 1.14). The
inductive effect of the more electronegative N atoms, withdraw electron
density from the HOMO o, lowering its energy, and mesomeric
donation to the empty p orbital results in a very efficient stabilization of
the carbene lone pair of electrons. The great m-donor ability of adjacent
amino groups plays a very important role through mesomeric
stabilization. This fact was illustrated when comparing the stability of
bis(dimethylamino) carbene with that of dimethoxycarbene. The first
can be observed by NMR at room temperature,® whereas the latter has
only been characterized in matrices at low temperature, and has an
estimated lifetime in solution at room temperature of 2 ms.”
Experimental data collected from studies on a series of NHC’s as well as
acyclic diaminocarbenes® revealed that the N-C-N angles typically range
from 100-110°, in accordance with the values expected for singlet
carbenes. The C-N bond distances varied from 1,32-1,37 A, slightly less
than in the cationic iminium precursors, thus pointing out a partial
multiple bond character. This was further confirmed by rather large
energies of rotation (13-21 Kcal/mol) around the C-N bond observed for
acyclic diaminocarbenes. Moreover, NHC’s derived from heteroaromatic
compounds benefit from a greater degree of stabilization by virtue of
their partial aromaticity. This effect, which has been calculated to be
around 25 Kcal-mol™ for model imidazole-2-ylidenes,’* allows for a lesser
demand of proximal steric bulk.
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An appealing feature of NHC ligands is the possibility to tune their
steric and electronic properties by changing different parts of the ligand

structure (Figure 1.6).

Fine tuning of the NHC properties:

 Electronic effects: type of heterocycle (ring
size, number of heteroatoms (1, 2, 3, 4), type of
heteroatoms (O, S...); introduction of
substituents at the NHC backbone; N
substituents.

»  Steric effects: ring size, N substituents

Figure 1.6. Versatility in the variation of the steric and electronic parameters of
the NHC ligands.

The electronic parameters can be modified by introducing changes
within the cyclic core structure,” such as varying the number and
identity of heteroatoms present, or the location of the carbene center
within the ring. Introduction of electron withdrawing substituents at
the C4-C5 positions has been shown to greatly influence the properties
of the NHC ligands by reducing their electron density.**

The steric demand of the NHC ligand can be modulated by changing
the substituents on the N wingtips, and also by varying the ring size.

1.4.2.2. [M(NHC)]: steric and electronic considerations

The carbene metal complexes are divided into two
types, according to the nature of the formal metal-carbon bond, namely
Fischer and Schrock metal carbene complexes (Scheme 1.15).95% Fischer
type carbenes involve a singlet carbene interacting with a low valent late
transition metal. The most extreme case for this situation is when the
metal complex contains m-acceptor ligands, such as CO, and the carbene
has m-donor substituents, such as NR, and OR. Fischer carbenes are
predominantly L-type o donors via the lone pair, but the empty p orbital
on carbon is also a weak acceptor for 7 back donation from the M(d,)
orbitals.
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Scheme 1.15. Representation of Fischer and Schrock type metal carbene
complexes.

This said, late transition metals are more electronegative than early
transition metals, this means that they have more stable M(d,) orbitals.
Moreover, the presence of m-acceptor ligands further stabilizes the
M(d,) levels. This situation leads to an electrophilic (8+) carbene carbon
because direct C>M donation is only partially compensated by M—>C
back donation.

On the contrary, Schrock type carbenes involve the interaction between
a triplet carbene and an early transition metal in high oxidation state,
where the metal complex does not contain any m-acceptor ligands and
the carbene substituents are not m-donor. Two covalent bonds are
formed between the triplet carbene and the metal fragment having two
unpaired electrons.

For the case of electropositive early transition metals, without m-
acceptor ligands, the M(d,) orbitals are less stable, and electron loss is
easier, thus resulting in the polarization of the M-C bonds since C is
more electronegative. Therefore, Schrock carbenes act as X, ligands, and
the carbene carbon is nucleophilic (3-) as for bis-alkyl carbenes. Each
type represents a different formulation of the bonding of the CR, group
to the metal, and real cases probably fall somewhere between the two.

The suitability of NHCs as ligands for transition metals can be
rationalized by their inherent o-donor ability with a formal sp*
hybridized lone pair available for donation into a ¢ accepting orbital of
the transition metal. Due to their singlet ground state configuration and
the presence of two m-donor substituents at the carbene center, N-
Heterocyclic Carbene complexes may be classified at a first glance as
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Fischer-type compounds. However, NHC’s bind to transition metals
predominantly through ¢ donation, whereas in the most cases m back
bonding from the metal is almost negligible.”” These characteristic
binding properties are easily understandable since the energy of the
vacant p, orbital at the carbene center is considerably increased by the
strong m donation from the adjacent N atoms (Scheme 1.13, a). This
argument is supported by the experimentally observed potential for
rotation around the metal-C*> bond. Therefore, metal-C* coordination is
drawn as a single rather than as a double bond with m contributions
restricted to delocalization within the NHC ring (Figure 1.7).

R
/
N ..
: > M = transition metal
i : ML, L = ligand
N
\
R

Figure 1.7. Representation of the coordination of a NHC ligand to a transition
metal.

The strong ¢ donor and comparatively weak m acceptor properties of
NHC’s bear similarities to the coordination characteristics of
phosphines and they were initially considered as mimics for the latter in
transition metal coordination chemistry.® There are however, a number
of differences between the two classes of ligands. NHC’s such as those
based on imidazole-2-ylidene and imidazolin-2-ylidene tend to be more
donor than even the most Lewis basic phosphines according to their
lower measured Tolman Electronic Parameters (TEP) and CO stretching
frequencies (Table 1.2). The most widely used method to evaluate the
donor properties of NHC’s has been to measure the CO stretching
frequencies of carbonyl metal complexes by IR spectroscopy. The more
electron-donating the ligand of interest the more electron-rich the
metal centre becomes, increasing the degree of m-backbonding into the
carbonyl ligands and thus reducing their bond order and infrared
stretching frequency. This provides a direct probe for the donor
properties of the ligand, since a linear correlation between the average
CO stretching frequency, v, (CO), and TEP has been established by
Crabtree and coworkers.” The stronger electron donating properties of
NHC relative to phosphines leads to thermodynamically stronger metal-
ligand bonds which is reflected in greater bond dissociation energies
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and shorter metal-ligand bond lengths in comparison with their
phosphines counterparts. In consequence, this stronger metal-ligand
interaction renders NHC-metal coordination less labile than metal-

100

phosphine binding and the complexes are more thermally stable.

Table 1.2. Comparison of CO stretching frequencies between NHC and PR,
ligands in [L,RhCICO] complexes.

L

Q Q™
C-Rh-CO  L—Ri_—0=0
L ay ©
1.1

_ O
= =\
Me—P.
Me-NN-pe  CyN Ny QP\I: “Me
l.2a 1.2b 13a 1.3b

& P~
Oy Y,

L3¢ 1.3d
Ligand I.2a I.2b I.3a I.3b I.3c I.3d
vco (cm™) 1924 1929 1939 1957 1983 2018

A comparison of the steric properties of NHC’s and phosphines also
reveals significant differences. Whereas the sp*-hybridization of
phosphines results in a cone-shaped spatial arrangement of the steric
bulk, most classes of NHCs, including the most commonly employed
imidazole-derived types can best be described as fan- or umbrella-
shaped with the nitrogen-substituents adjacent to the carbene carbon
oriented more towards the metal. The steric properties of NHCs can be
conveniently quantified using the ‘buried volume’ parameter (% Vi)
developed by Nolan, Cavallo and co-workers (Figure 1.8).""

The %Vbur value of an NHC refers to the percentage of a sphere
occupied or ‘buried’ by the ligand upon coordination to a metal at the
centre of the sphere. Fixed parameters of 2 A for the metal-carbene
bond distance d and 3 A or 3.5 A for the sphere radius rare typically used
with a larger % Vj,, value signifying a greater steric influence of the
ligand on the metal centre. The buried volume can be determined from



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

Introduction

crystallographic data or from theoretical calculations with the free NHC,
various NHC-metal complexes or the azolium salt precursor being

suitable data sources. The derived % Vj,, values, however, may vary

greatly depending on the system used and care must be taken to

compare only values determined using the same approach.

Figure 1.8. Quantification of the steric demand of metal ligated NHC through
the measurement of the % buried volume. [Ref. 79]

1.4.2.3. Strategies for the metalation of N-Heterocyclic
Carbenes

At least eight different strategies have been reported for the synthesis of
[M(NHC)] complexes (Scheme 1.16), all of them starting from an
azolium salt, with the exception of viii).

i)

ii)

The first method shown in Scheme 1.16 involves inserting the metal
into an electron-rich olefin (enetetramine). Enetetramines are
obtained by treatment of the azolium salt with a base under
conditions analogous to those leading to a free NHC. Lower steric
hinderance favors the formation of the enetetramine through
dimerization of the free NHC."” Lappert is responsible for most of
these studies, hence this process is usually referred to as the
“Lappert method”."”®

The proton abstraction method involves deprotonating the Cz
carbon with a base. Herrmann was the first to report this type of
protocol, by using liquid ammonia in combination with a
stoichiometric amount of NaH at -40°C."** Other bases, such as
KN(Si(CH;);), have also been reported to promote proton
abstraction.*®
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iii) In 1998 Wang and Lin reported a new method for making M-NHC
complexes that involved making a silver NHC complex and then

transmetallating it to gold and palladium.*

R R R
/AN \

\ /
R R R
Enetetramine n=1,2

Inserting the metal
into an electron rich olefin

R R
iii) [
R R R

Transmetalation
from a [Ag(NHC] complex

oR R
X/ /
Ne M N R
V) [ \>7R E— [ >7M,L
N\ N\ L
R R

M = Group 10 metal

Oxidative addition of the azolium
salt to the metal center

R R R

N M N N
vi) > —— [ M~ |
[N [N N]

\ \ /

R R R

M = Group 10 metal

Co-condensation of metal vapour
with free NHC

o0 [ —1ag - [ —[M]

base = BuLi, KO'Bu, NEt;, Cs,CO3, NaOAc...

NZG-ML
viii) [ n

@R R

w({3) i E\>®E3E> . E%
N~ /n \

R R

base = NH3/NaH, KN(Si(CH3)3),
mild reaction conditions (rt, or below)

Proton abstraction by a base

R R
N®
v [ % [HM
R R

In situ generation of the free NHC
with a base in the presence
of a metal precursor

oR R

" EN\QR IML®,] [N/%M . 0
N N M]

\ \
R R
L® = ligand that
can act as a base, OAc, acac, OR...

Oxidative addition of the azolium
salt to the metal center

H
/
N
—— [ ML,
N

\
R

NHR

Intramolecular addition of N-nucleophiles

to coordinated isocyanides

Scheme 1.16. Synthetic strategies for the synthesis of [M(NHC)] complexes.

This method takes advantage of the the straightforward formation
of [Ag(NHC)] complexes which are usually very labile in solution,
and efficiently transmetalate the NHC fragment to other metal
center. This method was later applied to a wide variety of transition

metals.”®
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Arguably the most popular way to synthesize [M(NHC)] complexes
involves generating the NHC in situ with bases such as NaH, nBulLi,
or tBuOK followed by addition (or in the presence) of the metal
precursor in a one-pot synthesis. Elimination of synthesis and
isolation of the NHC is a clear advantage because the NHC is often
air/moisture-sensitive. This process can also be achieved in the
presence of milder bases, such as NaOAc,"” CsZCO3,‘°8 or Et;N**
among others. Some authors point out that the free carbene may
not always be generated through this methodology, but a base
assisted C-H activation may occur generating a carbene species that
ultimately will coordinate to the metal precursor.'”

The oxidative addition method was first reported in 1974,"° yet was

1m

only rediscovered by Cavell in 2001.™ The metal effectively activates
a C2-R bond on the azolium salt precursor (R = H, halogen, alkyl).

This method predominantly occurs with group 10 metals.

The in situ generation of the free NHC-complexation can be
achieved in the absence of an external base by using a metal
precursor having a lingand that can actually act as the base, such as

112

acetate™, acetylacetonate™ or alkoxy groups.™

vii) A more unusual method consists on the co-condensation of group

10 metal vapor with imidazol-2-ylidenes. Two-coordinate
homoleptic metal carbene complexes have been obtained in this
manner,” however this route is limited by the experimental
conditions.

viii) Finally, an alternative route has been reported that involves the

intramolecular addition of a N-nucleophile to coordinated
isocyanides."®

In this context, taking into account the interest in the immobilization of

homogeneous catalysts as well as the possibilities offered by N-

Heterocyclic Carbene ligands in transition metal catalysis, the research

developed in this Thesis focuses on the objectives described in the

following Chapter 2.
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General objectives

The general objective of this PhD work deals with the design, synthesis

and catalytic application of NHC-based organometallic complexes

heterogenized onto solid supports. The recycling and application of

these materials under flow conditions are also included in this general

objective.

The specific objectives of thes thesis are classified by chapters and can

be summarized as follows:

CHAPTER 3:

The synthesis and characterization of well-defined [Pd(NHC)]-
based complexes incorporating functional groups for their
subsequent immobilization onto inorganic solids.

The synthesis and characterization of inorganic oxide solid-
supported catalysts.

CHAPTER 4:

The evaluation of the catalytic performance of the immobilized
catalysts described in Chapter 3 in C-C cross-coupling reactions,
namely Suzuki-Miyaura, Heck and Sonogashira reactions.

The study of the recycling and reuse of these catalytic materials
under batch conditions.

The evaluation of the most efficient catalysts under flow
conditions.

CHAPTER 5:

The evaluation of the catalytic performance of the immobilized
catalysts described in Chapter 3 in hydrogenation and transfer
hydrogenation of alkynes and alkynols.

The study of the recycling and reuse of these catalyst materials
under batch conditions.

The evaluation of the most efficient catalysts under flow
conditions.

4
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- CHAPTER6:

» The synthesis and characterization of chiral Rh complexes
bearing bis(triazolylidene) ligands functionalized with pyrene
moieties.

» The immobilization of these species onto CNT’s and the
characterization of the resulting materials.

» The evaluation of these complexes as catalysts in reduction
processes.
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“Covalent immobilization of [PdA(NHC)]
complexes onto inorganic solid supports.
Synthesis and characterization.”
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3.1. Introduction

As previously commented in Chapter 1, the covalent attachment of a
homogeneous catalyst onto a support requires the introduction of a
functional group able to establish a covalent bond with the surface of
the support, thus adding complexity to the synthesis of the ligand.
Furthermore, the introduction of such functional groups in the
structure of the ligand may have some effect on the original steric and
electronic properties of the ligand and/or on the stability of the
resulting catalyst. Nevertheless, covalent anchoring has been the most
widely used method to date, since the robustness of this binding should
make the supported catalyst able to withstand rather harsh reaction
conditions, and minimize metal leaching.

3.1.1. Heterogenization of organometallic catalysts
onto inorganic supports

A variety of inorganic supports have been used for the
immobilization of homogeneous catalysts." These solid supports must
have a large particle size and must be mechanically stable to be
recovered and reused by means of filtration or centrifugation. Moreover,
they must have a large surface area and sufficiently large mean pore size
in order to grant good accessibility of the reagents and products to
active sites and leave the solid with ease. It is also important to have a
regular distribution of anchoring points.

3.1.1.1.  Silica and other inorganic oxide supports

When it comes to inorganic supports, many
materials can be envisioned for the attachment of organometallic
catalysts.” The most common are metal oxide supports such as silicates,?
including the huge families of zeolites* and clays,” and carbonaceous
supports,® namely activated carbon, carbon nanotubes,” graphenes® or
fullerenes.® Alternative supports have also been reported such as metal
nanoparticles. In particular, magnetic metal NPs are attractive since
catalyst separation can be easily performed by applying an external
magnetic field.”” Finally, among the group of composite materials that
are supports combining two different materials attached to each other,
silica coated magnetic nanoparticles or heteropolyanions supported on
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silica constitute remarkable examples of this class." To date, without
any doubt, silica materials have been the most widely used inorganic
supports.”?'*> A wide array of materials with different structures,
particle sizes, morphologies and textural properties have been described
and characterized under the generic SiO, formula. Among the different
types of silicas, amorphous silica gel offers some advantageous
properties such as chemical, thermal and mechanical stability, good
accessibility, defined narrow distribution of pore size and developed
surface area. In this case, the presence of silanol groups provides
immobilization sites and organic groups can be robustly anchored to
the surface (Scheme 3.1).*7"® These Si-OH groups confer
hydrophilicity and a slight acidity to this surface. However, this
hydrophilic character can be modulated by capping the surface with
silanes bearing hydrophobic chains, the most commonly used being
trimethylsilane (Scheme 3.1). Besides the extensive use of amorphous
silica gel, other alternatives among silica materials offer interesting
features. This is the case of mesostructured crystalline silicas or periodic
mesoporous organosilicas (PMO). In contrast to amorphous silica they
show long-range order in the mesoporous systems but not short-range
order. Therefore, a more regular distribution of immobilization sites is
expected. Moreover, their pore size can be tailored according to the
preparation conditions.

Si-0-SiMeg
sli—o—snvle3

hydrophobic
treatment

| H‘ |
S %t x ? SO, @A cl
Si0"HR ~— SiSic si — 1 S

1 o710 S0 HR
si© |
X =CN, SH, NHy, isolated silanol
OH, CI, Br, I,
CH=CH2, 803-

Scheme 3.1. Functionalization of surface silanol groups in silica materials.

Among the various types (MCM, SBA, MCF or MSU), MCM-41* and
SBA-15" have been widely used. In the case of MCM-41, it has a
honeycomb-like pore structure consisting in an hexagonal arrangement
of 1D pores (Figure 3.1). This type of inorganic material usually presents
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a higher surface area compared to amorphous silica gel, around 1000
m*/g, and a uniform distribution of pore size, which can be tailored in
the 1,5 to 20 nm range. The group of PMO is a class of hybrid organic-
inorganic materials, obtained by hydrolysis-condensation of an organic
molecule (usually the ligand) and an inorganic monomer such as
tetraethylorthosilicate (TEOS) in the presence of a template. This type
of materials present a more regular distribution of the organic
molecules over the solid structure (Figure 3.1). In complementary
fashion to the silica materials, other metal oxide supports can provide
distinct properties to the supported catalysts.*

FG
o
0 fe 0
*O*SIi*O*E‘Ti*O*S‘i*O*
o ¢ °of
| s L
N ch
—Si— —Si—
| |
MCM-41 Periodic mesoporous
organosilica (PMO)
L =ligand

FG = Functional group

Figure 3.1. Structure of MCM-41 and PMO ordered silica materials.

Alumina materials represent another class of well-studied supports
which have been applied for anchoring organometallic catalysts.” They
comprise all the forms of aluminum oxide (Al,O;). Like silica materials,
aluminas can be amorphous such as alumina gel or activated alumina or
can present a crystalline structure as in gibbsite, boehmite and
corundum.’ Finally, other metal oxides have also been used as supports
for metal complexes, NPs or other inorganic species. This is the case of
MgO, ZnO, ZrO,, B,0;, or TiO.,. Titania is a crystalline solid, for which
three different structures are known: ilmenite, rutile and anatase.
Compared with the above described supports, titanium oxide is a
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microporous solid, having a much smaller surface area and pore size.
However, it has been successfully applied as support for heterogeneous
catalysts,* and also for organometallic complexes.”

In all these inorganic oxide supports the presence of isolated hydroxyl
groups on the surface serves as anchoring points for the immobilization
of catalysts via covalent bonding.

3.1.1.2.  Strategies to establish a support-ligand
covalent interaction

To anchor an organometallic catalyst onto a solid
support through a covalent bond with one of the ligands in the
coordination sphere of the complex, several possibilities can be foreseen
(Scheme 3.2). The catalyst can be attached to the preformed solid
support, which is known as grafting. This is quite a simple protocol to
carry out; the catalyst must provide an appropriate functional group
able to establish a covalent bond with the support.* Usually,
immobilization is achieved by suspending the solid support in an
organic solvent, adding the catalyst and heating this mixture for a few
hours.”® Alternatively, immobilization of the catalyst onto the support
can be done by sol-gel synthesis. In this way the catalyst and a suitable
support precursor such as TEOS are hydrolyzed and condensed, in the
presence or not of a structure directing agent known as template, which
is removed at a later stage of the synthesis by calcination. Compared to
grafting methods, materials prepared using this method present a more
uniform distribution of the catalytic entities throughout the solid
structure. On the other side the preparation of supported catalysts by
sol-gel synthesis is more complex.” Moreover, the length of spacer, the
density of catalytic units, the physical properties of the final hybrid
materials or the synthetic process itself can have an influence on the
catalytic results and therefore need to be controlled and optimized.
Finally, two additional approaches can be followed: a preformed
organometallic catalyst can be immobilized onto the support, or the
support can be functionalized first with a ligand and subsequently can
be treated with a metal precursor under suitable reaction conditions to
coordinate the metal center to the immobilized ligand. This metalation
step must be carefully controlled by either choosing the right metal
precursor or protecting the free silanol groups in order to avoid the
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coordination of the metal to the support, creating non-selective catalytic

sites.”
Immobilization of the complex by
covalent bond with the support
F Grafting
Immobilization of the ligand by Metal
covalentbond with the support complexation [—>
Synthesis of the support including Metal
functionalized ligand complexation
| Sol-gel
synthesis
Synthesis of the support including
functionalized complex

Scheme 3.2. Strategies for the covalent immobilization of organometallics
catalysts onto inorganic solid supports.

Grafting a preformed complex reduces the possibility of formation of
non-selective catalytic sites due to uncomplexed metal ions or metal
oxide clusters. Moreover, this immobilization route allows full
characterization of the complex prior to grafting, allowing a better
control.

3.1.2. Synthetic strategies reported for the covalent
attachment of NHC-based catalysts onto
inorganic oxide supports

The success of N-heterocyclic carbenes (NHCs) such as the
imidazol-2-ylidenes IMes****3°3 and IP1?*3*3*3 (and their ring-saturated
counterparts) and other sterically demanding architectures**373*% as
ligands in a wide variety of metal-catalyzed processes has spurred the
exploration and development of new solid-supported NHC-bound metal

44 TIrrespective of the approach followed for the

complexes.
incorporation of the NHC-based catalysts on the inorganic oxide
support, the functionalization of the NHC salt precursor with
trialkoxysilyl groups constitutes the most straightforward and efficient
manner to establish a covalent bond by condensation with suitable
functional groups present on the support (Scheme 3.3).** The number of

[M(NHC)] catalysts immobilized onto inorganic solid supports through
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covalent binding will be classified in two subgroups. A first group will
include those catalysts where the NHC presents at least one N-alkyl
wingtip substituent. The second group, will involve those NHC-based
catalysts bearing the more bulky N,N’-diaryl substitution profile.

OR
Si(OR Si-0O—
Lo L%an( )3 — [(L)M]JJJO*H

L = Ligand (NHC)
R = Me, Et, Pr...

Scheme 3.3. Functionalization of the ligand with trialkoxysilyl groups for their
subsequent immobilization on metal oxide supports.

3.1.2.1.  Solid-supported [Pd(N- alkylimidazolylidenes )]

The majority of work on solid-supported NHC-
based catalysts has focused on N-alkylimidazolylidene NHCs due to
their straightforward synthesis, involving an Sy* substitution reaction
between an N-aryl or alkyl-substituted imidazole and a straight-chain

haloalkyl-containing tether moiety such as an alkoxysilane (Scheme
3.4) 38,43,44,45,46,47,27,:48,49

Xy
/—\ n //\

n

R = aryl, alkyl
X=1,Br, Cl
Y = Si(OR)3, SiCl3. R = alkyl

Scheme 3.4. Introduction of a trialkoxysilyl containing alkyl chain into one of
the NHC N-wingtips.

Pleixats et al. reported on the preparation of two different [Pd(NHC)]-
containing PMO catalytic materials by sol-gel synthesis (Scheme 3.5).**
In the first step N-mesitylimidazole was converted into 1-mesityl-3-(3-
triethoxysilyl)propyl imidazolium chloride. This compound was then
metalated by using two different Pd precursors. Finally, a hydrolysis-
condensation process using TEOS and NH,F afforded the solid
supported [Pd(NHC)] materials. This synthesis exemplifies the solid-
support immobilization of a preformed [Pd(NHC)] complex by sol-gel

synthesis.
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[\ Si(OEt); I Si
Mes N N~ 40 TEOS, H20 Mes N\ N~ %9
Cl-PdO Cl-PdO
¢7ﬁ/ cat. NH4F, anh. DMF og
Pd(acac),,

dioxane, 100°C

% =\ Si(OEt CI\/\/SI (OEY)3
Nv/g\/w (OEt)3 ﬁ
cf

PdCl,, (TCl
K,CO3, 80°C | N
/\ Si(OEt)3 ™\ Si O
Mes’NYN\/\/ Mes-N N~ 0
ClI-Pd-Cl 40 TEOS, H,0 Cl-Pd-Cl
N N
< cat. NH4F, anh. DMF @
Cl Xl

Scheme 3.5. Preparation of [Pd(NHC)]-containing PMO by sol-gel synthesis.

Alternatively, [PA(NHC)] complexes can be attached onto the surface of
the support by grafting methods. Again, the success of this approach
relies on the functionalization of the NHC salt precursor with a linker
containing a trialkoxysilyl group.

Scheme 3.6 a) and Scheme 3.6 b) provide two examples of the covalent
attachment of the ligand onto the surface of the support by a
condensation reaction with the surface silanol groups. >***' Then, this
functional material is washed to remove any unreacted salt, and dried,
and the content of the grafted imidazolium salts in the solid can be
calculated by means of elemental analysis or even by determining the
weight gain.Then this solid is usually suspended in an organic solvent
and treated with a suitable metal precursor, such as Pd(OAc),; In all the
examples displayed in Scheme 3.6, a substoichiometric amount of Pd
was added in order to favor the formation of [Pd(bis(NHC))] species. A
drawback of the immobilization-metalation sequence, is the difficulty in
confirming the coordination around the metal center. In this regard,
Tyrrell et al. have compared the catalytic profile of materials prepared
via these two different methodologies (Scheme 3.6 c)).*
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Scheme 3.6. Covalent immobilization of [Pd(NHC)] complexes onto silica
supports by grafting methods; a), b) and c1) correspond to an immobilization of

the ligand onto the support followed by metalation sequence; c2)
immobilization of a preformed metal complex.

In this study the authors found that the catalysts prepared by
immobilization of a preformed Pd complex were more active than the
catalysts prepared by complexation of supported imidazolium salts.
Interestingly, they also found that the catalytic activity increased with
the steric bulk around the Cz (carbene donor atom), and N-2,6-
diisopropylphenyl substitution on the imidazole wingtips provided the
most active catalysts, a trend that is also observed in homogeneous
systems.”The reported immobilization of [Pd(N-alkylimidazolylidene)]
complexes, while yielding many successful catalytic systems, inherently
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limits the steric bulk of the resulting NHC ligand in the vicinity of its
imidazol-2-ylidene C2 (carbene) donor atom, a property which has
proven very important for instance in cross-coupling reactions.
Therefore the design of synthetic strategies for the preparation of solid-
supported [(N,N’-diaryl NHC)Pd] is of great interest.

3.1.2.2.  Supported [Pd(N,N’-diarylimidazolylidenes )]

Immobilization of the more sterically congested
N,N’-diaryl NHC class has only been reported scarcely.”*>* Immobilized
versions of the 2™ generation Grubbs-Hoveyda Ru catalyst have been
reported via the introduction of a suitably functionalized linker(s) in the
C4 or/and Cs positions of the imidazole backbone in order to attach
these complexes to polymers®>° or silica supports>> (Figure 3.2 a)). A
distinct synthetic strategy involves the introduction of functionality at
the aryl wingtips (Figure 3.2 b)).

Q
N N/—ﬁ\/\ N NWN =

NHC's supported
through the backbone

N~ NN~
e ot i e

NHC's supported
through the aryl wingtips

Figure 3.2. Strategies for the covalent immobilization of N,N’-diaryl
imidazolylidene metal complexes onto inorganic supports.

Another method was described for the incorporation of the bulky IMes
and IPr frameworks into the structure of PMO.”%® In this case, the
introduction of the required anchoring functionality was achieved by
means of Rh-catalyzed hydrosilylation of p-halogen functionalized N,N’-
diarylimidazolium salts (Scheme 3.7). In this manner, hybrid materials
with different degrees of functionalization were obtained (i.e. varying
loadings of the built in NHC precursor). Subsequent metalation by
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addition of various Pd precursors resulted in heterogeneous catalysts
that were active in the Suzuki coupling of a wide range of activated and
unactivated aryl chlorides with phenylboronic acids. Moreover, they
showed good recyclability in several successive runs.”**’

HSI(OEt),
[Rh(COD (MeCN),IBF, V@
(EtO)5Si Si(OEt)s
ot
(EtO)3Si
1) § “sioE
P123 I(OEDs
ol . .

ol-gel hydrolisis co-condensation

% Q T ﬁslog 2) Pd(OAc),

Scheme 3.7. Sol-gel synthesis of  immobilized [PA(N,N’-

diarylimidazolylidenes)]

Recently, the group of Lu reported the grafting of an IPr-HCl analog
onto the surface of mesoporous MCM-41 for its application as an
organocatalyst (Scheme 3.8).%° The imidazolium chloride salt was built
up starting from 3,5-disubstituted p-alkenyl aniline. Thiol-ene click
chemistry was subsequently used in order to introduce trimethoxysilyl
groups.

To conclude, the functionalization of an NHC salt precursor by the
introduction of alkoxysilyl groups constitutes a robust and
straightforward protocol to establish a covalent bond with the inorganic
oxides via condensation with the hydroxyl groups present on the surface
of the support. The linker between the ligand and the support must be
sufficiently long to grant good accessibility of the reactants to the metal
center.

In principle, the immobilization of a preformed organometallic complex
is desirable compared to the immobilization of a ligand followed by
solid-phase metalation, since in the former case full characterization of
the homogeneous Pd precatalyst can be performed prior to the
anchoring reaction.
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Scheme 3.8. Covalent immobilization of an IPr salt precursor onto a
mesoporous MCM-41 support reported by Lu and co-workers.

The solid support immobilization of the more bulky N,N’-diaryl NHC
class has been less studied compared with the solid support
immobilization of N-alkylimidazolylidenes, due to the more challenging
synthetic routes. However, the former class provides a more crowded
environment in the proximity of the Pd center, a characteristic that has
provided more active cross-coupling catalysts.”® To the best of our
knowledge the immobilization of [PA(NHC)] complexes featuring the
bulky IMes and IPr frameworks onto inorganic solid supports by
grafting methods has not been reported to date.

In the following section the synthesis and characterization of inorganic
oxide supported Pd catalysts bearing bulky N,N’-diaryl NHC will be
described.

3.2. Results and discussion

Bulky NHC ligands featuring N,N’-diaryl substitution such as IMes or
[Pr (Scheme 3.9) have furnished excellent precatalysts in cross-coupling
reactions.** More recently, work reported by Plenio indicated that
substituting the alkyl groups at the aryl para positions by alkoxy groups
does not greatly affect the ligand’s donor characteristics.” Moreover, the
group of Nolan reported the use of a p-methoxy functionalized NHC
ligand, providing excellent activity in the Pd -catalyzed Biichwald-
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Hartwig C-N cross-coupling.”” Therefore we proposed that a ligand
precursor bearing hydroxyl groups in the aryl para positions would
provide a flexible method for attachment of various anchoring tethers
through etherification (Scheme 3.10).

1 1
R" — R
N N\©\ R! R!
R2 T R2 — [\
R1 MLR1 /@N N
n GF-O R1T R O-FG
IMes/SIMes (R! = R = Me MLp,
iPr/SIPr (R' = iPr; RZ = H) this work

known
FG = Functional group able

to form a covalent bond with the

R [\ R
NN — surface of the support
R?O R1T R oR
ML, l

R' = Me; R? = Me, Cy,Hys .

R
[/\
known :( N N\©\
0 1T R1
L

\ SUPPORT \

Scheme 3.9. Rationale for ligand design.

3.2.1. Synthesis of ligand salt precursors

At the beginning of the present study, all previously-
reported syntheses of p-alkoxy-substituted IMes/SIMes analogs started
with amination of 3,5-dimethylalkoxybenzenes, which does not allow
facile variation of the alkoxy group or substitution with reactive
functional groups.® It was therefore thought that for the purpose of this
project, the use of a hydroxy-functionalized aniline as starting material
would facilitate the installation of various functionalities later in the
synthesis via etherification methodology (Scheme 3.10). Two groups
reported a similar strategy for the synthesis of oligomer™®* or bulky
alkyl-decorated® Grubbs-Hoveyda metathesis catalysts bearing alkoxy-
modified SIMes analogs. In both of these studies the commercially
available 4-amino-3,5-dimethylphenol 4a was employed as starting
material.
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Scheme 3.10. Retrosynthetic approach starting with functionalized p-

aminophenols.

Similar methodology can be envisioned for the formation of IPr analogs;
however, to the best of our knowledge 4-amino-3,5-diisopropylphenol
has not been reported outside the patent literature, and the reported
synthesis is unattractive.®®”” Therefore, it was necessary to develop an
improved synthesis of this valuable intermediate using readily available
materials (Scheme 3.11).

NH, NO,
iPr\©/in {BUOOH, KI iF’r\@/in
MeCN, 70°C, 5h
1 2 46%
HO. NH,
NO, NH iPr iPr
iPre t _iPr Zn, NH,CI Pr\©/iP H2S04
acetone, H,O/Et,0, OH
25°C, 2h rt, 12h
3 4b
not isolated 55% over
two steps

Scheme 3.11. Synthesis of 4-amino-3,5-diisopropylphenol.

First, 2,6-diisopropylaniline 1 was oxidized®® to the corresponding
nitrobenzene derivative 2 by wusing an excess of tert-butyl
hydroperoxide. This product was obtained as an orange oil in 46% yield
after purification by column chromatography. Subsequently compound
2 underwent partial reduction to the putative hydroxylamine 3 by
using Zn powder as the reducing agent, a methodology based on
literature precedent.”® The crude hydroxylamine 3 was then directly
treated with aqueous acid to effect a Bamberger rearrangement,”
affording the p-aminophenol 4b as a white solid in 55% yield over two
steps. The 'H NMR spectrum of this compound was in accordance with
the presence of only two aromatic protons, according to integration of
the corresponding signals.
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Compounds 4a/b were then condensed with 1,4-dioxane-2,3-diol,
affording diazabutadienes s5a/b in almost quantitative yield (Scheme
3.12). The formation of the expected reaction products was confirmed by
the appearance of a singlet signal in the 'H NMR spectra at § 8,07 and
8,10 for compounds 5a and 5b respectively, corresponding to the imino
protons which showed the expected integration values. The syntheses
employing 4a mentioned above required protection of the aminophenol
before a Mitsunobu-type etherification in one case,”” or direct
etherification (in low yield) in the other.®® We found that under the
reaction conditions used here, N,N'-bis(hydroxyaryl)diazabutadienes
5a/b could be used directly for etherification step to form the alkene-
decorated species 6a/b in 84-88% yield (Scheme 3.12).

NH,
R R, [OIOH HCOOH a O
O “OH  EtOH.sh, :<<
R = Me, 4a R= Me, 5a, 90%
R = iPr, 4b R = iPr, 5b, 93%
Bro~~
K,CO4, BugNI,

THF, refux, 48h

R = Me, 6a, 84%
R =iPr, 6b, 88%

Scheme 3.12. Two step synthesis of the diazabutadienes 6a/b from 4a/b.

Formation of the desired bis-alkene tethered compounds 6 was
confirmed by the appearance in the '"H NMR spectra of the characteristic
signals from the aryl ether methylene protons adjacent to the O atoms
at § 4,01 and 4,04 ppm, and also the signals from the alkene protons
showing the right integration values. Further characterization of these
compounds by elemental analysis and mass spectrometry was carried
out.

It is worth noting that an alkene tether was employed here to facilitate
our immobilization strategy, however, one can envision the
introduction of a variety of functionality using this methodology.
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Alkene tethered diazabutadienes can then be converted to imidazolium
salts by using para-formaldehyde as a Ci-building block in the presence
of one equivalent of acid.””For the case of IMes-HCl and IPr-HCI salts
Nolan reported the use of HCl, 4M in dioxane,* but in our case this
procedure yielded little of the desired product. Alternatively, we used
TMSCI” as an acid equivalent, and in this way alkene tethered chloride
salts 7 were obtained as white solids (Scheme 3.13).

R

R R — R
OQN/M\NOO (CH,,0),, TMSCI /Q/Q\VN\Q
o o)

€]
R R Toluene/THF, RCI R
\ y 80°C, 3h
R = Me, 6a N 7

R =iPr, 6b R = Me, 7a, 89%
R =iPr, 7b, 47%

Scheme 3.13. Cyclization of diazabutadienes 6a/b into the corresponding
imidazolium chloride salts 7a/b.

7a was obtained in 89% yield, whereas significantly lower yield was
obtained for 7b.The formation of the imidazolium chloride salts 7a/b
was clearly confirmed by '"H NMR analysis, due to the appearance of a
new signal at § 10,43 and 9,77 ppm corresponding to the acidic NCHN
proton in the imidazolium ring. The identities of 7a/b were further
confirmed by MS and elemental analysis.

As previously mentioned, the introduction of alkoxysilyl groups is one of
the most reliable approaches to afford inorganic solid-heterogenized
groups on the support.The group of Lu reported the introduction of
such groups in an alkene tethered imidazolium chloride by using mild
thiol-ene “click chemistry” methodology.” However, using the
conditions reported by this group, the use of AIBN as a thermal initiator
revealed ineffective in our case (Scheme 3.14).
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No reaction
AIBN,
HS ™ Si(OEt); \|/ MeCN, Thermal initiation
N\ reflux, 4h
R R
~\
ety
0 0
2 RcP R § ' HSTUSI(OEt),
(1 or 2 equiv.)
\ DMPA, %
E Z ”'\4?77: Et:[)";;l:l), Photochemical initiation
1 equiv. \ 2 equiv.
R N/:\N 3 R — R
. VoK
O TR PR ° 0 o o
¢ R cP R
/
S R R
[\ s
NN
) o o J
(EtO)sSi R cP R (EtO)sSi (EtO)sSi
R = Me, 8a, 95%
S s R =iPr, 8b, 93%
(EtO)sSi (EtO)aSiJ

Mixture of mono and di-functionalized ligand
precursors in a ca. (2:1 mixture)

R = Me, 9a
R =iPr, 9b

Scheme 3.14. Procedure for the introduction of alkoxysilyl groups in
imidazolium chloride salts 7a/b via thiol-ene click chemistry.

In contrast, under photochemical initiation in the presence of
substoichiometric amounts of DMPA, the reaction proceeded smoothly
and in the presence of 2 equivalents of mercaptopropyltriethoxysilane
quantitative conversion of the starting materials was achieved as
indicated by '"H NMR analysis of the reaction mixtures, where the
alkenic signals were no longer observed. Mass spectrometry and
elemental analysis were used to further confirm the formation of
preligands 8a and 8b.

Moreover, by adding one equivalent of the thiol reagent, the procedure
resulted in a mixture of one- and two-tethered imidazolium preligands
in a ca. 21 ratio. These mixtures were designated as ga and gb. Pre-
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ligands 8 and 9 were isolated as moisture sensitive waxes. Pure
compounds 8a/b were obtained in 95% and 93% yield respectively.

3.2.2. Synthesis of  heterogenized  Pd(NHC)
complexes

In order to explore the metal complexation of the new
ligands before immobilization, the alkene tethered imidazolium
chlorides 7a/b were chosen for convenience. Complexes 10a/b were
synthesized by reaction of the chloride salts 7a/b in the presence of
Pd(acac)2. Performing the reaction in 1,2-dichloroethane (DCE) at 75°C
for 48 hours. resulted in complete conversion of the starting materials
according to NMR analysis, and the addition of an external base was not
required (Scheme 3.15).

R _ R /\
fes oot A
0 0 R T R
ROPR 1,2-DCE 2 0-Pd—Cl §
\ : / \ Wﬁ\ré /

75°C, 48h <
=0 O=
. Pd
=0 0= R = Me, 10a, 85%

R = Pr, 10b, 33%

Scheme 3.15. Synthesis of complexes 10a and 10b.

Complexes 10a/b are pale yellow, air- and moisture-stable solids.
Complex 10a was obtained in 85% yield; in the case of complex 10b, the
pure compound could only be isolated in 33% yield owing to difficulties
in the purification of the crude compound. Complexes 10a and 10b are
analogs of [Pd(IMes)(acac)Cl] and [Pd(IPr)(acac)Cl] reported by Nolan”
and exhibit very similar NMR features (Figure 3.3).

These [Pd(NHC)] species exhibited a typical *C NMR resonance shift
downfield from 140 ppm to ca. 160 ppm relative to the imidazolium
chlorides 7a/b.

The same strategy was then used for the conversion of alkoxysilyl-
functionalized pre-ligands 8a/b into [Pd(NHC)(acac)Cl] complexes
11a/b. Complexes 11a/b could not be isolated, but reactions proceeded
cleanly and to full conversion according to NMR analysis.
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Figure 3.3. '"H NMR spectrum of complex 10a
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For these species 'H NMR resonances corresponding to the meta
protons and C4-H and Cs-H of the ligand appeared identical as in the
case of complexes 10 (Figure 3.4).

CHCly m-ArH

N=CHCH=N
NCHN
i;t) A J L .
m-ArH
N=CHCH=N
11b 3
m-ArH
N=CHCH=N
10b J

T T t T T T t T T 1
10.5 100 9.5 9.0 8.5 8.0 75 7.0 6.5 6.0
f1 (ppm)

Figure 3.4. Imidazolium/imidazolylidene region of the 'H NMR spectra of 8a,
10b and ub.
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Next, it was decided to perform the immobilization procedure in a one-
pot, three step protocol, starting from the alkene tethered salts (Scheme

3.16).

Pathway A

NN
1) HS " Si(OEt), /Cz/ @
(2 equiv.)
R — R DMPA, EtOH, hu, o Pd CI
O, e
0

Pre H °
R CIR 2) Pd(acac)z, EtO. EtO. j
R = Me, 7a 1,2-DCE, 75°C, 48h OSI O.SI
\  R=ip,7b 7 Qo+ 79 oH
3) Support, \ \ L
1,2-DCE, 75°C, 24h ‘ SUPPORT ‘
11a/b@support

Pathway B | 1) HS”>""Sj(OEt), ‘
(1 equiv.) R = Me, 'Pr

2),3) as above Support = Si0y, MCM-41, y-Al,03, TiO,

R R R R

OQ”\”QO ey

SIOEt 'Si
(‘3 0 OH OH ? o] OH

‘ Si0, ‘

R = Me, Pr 12a/b@SiO,

Scheme 3.16. One-pot protocol used for the formation of supported
ua/b@support and 12a/b@support from 7a/b.

In the first step, the thiol-ene reaction was performed as previously
described, in EtOH, at room temperature, for 24 hours. After removing
the ethanol used as the reaction solvent the crude triethoxysilyl-
functionalized imidazolium salts were concentrated, excluding these
mixtures from moisture. Hexane was used to remove the remaining
thiol reagent which was used in a small excess. Reaction of these
preligands with [Pd(acac),] in 1,2-DCE at 75°C afforded complexes 11a/b
in complete conversion after 2 days of reaction. The resulting solution
containing the preformed Pd complex was directly transferred via
cannula to a stirred suspension of the support (previously dried under
vacuum) in 1,2-DCE, and after stirring at room temperature for 30
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minutes, this mixture was heated at 75°C for 24h. After completion of
the reaction, all the yellow color of the solution had been transferred to
the solid, which was then hot-filtered, washed and dried under vacuum
to yield the final supported product n@support, as pale yellow, air- and
moisture-stable solids.

Notably, these one-pot protocol was not affected by the presence of
impurities generated by DMPA used as photoinitiator in the thiol-ene
reaction. The incorporation procedure was the same for all the supports
used. Addition of only 1 equivalent of the alkoxysilyl thiol reagent in the
first step yielded one-tethered enriched materials, in a statistical ca. 2:1
ratio (Scheme 3.6, Pathway B,). These one-tethered-enriched materials
were only prepared using amorphous silica as the support and
comparison in catalytic activity with the double tethered materials will
be addressed in the next chapter.

Finally, in the case of silica materials, due to the larger population of
surface hydroxyl groups compared to y-AlLO; and TiO, a post-
immobilization treatment with methoxytrimethylsilane was carried out
in order to cap the remaining accessible -OH groups (Scheme 3.17).

@(”T“D P,
Pd o] Pd ]
MeOSiMe;, \(\\<o
60°C, 16h j (4
EtO, _OEt EtO,; OEt

Sl siMe; SiMe, =
o (O2Ne}

| I [ 1
| S0, \ \ S0, |

R = Me, 13a@Si0,

R = iPr, 13b@Si0,
Scheme 3.17. End-capping treatment applied to the silica-supported materials
1n@Si0, and 12@8Si0..

_o\m
L o=

This end-capping treatment was also applied for the one-tethered
enriched materials 12a/b, but is not shown here for simplicity. Materials
13@8i0, and 14@Si0, were thus obtained.

As explained in the introduction of this chapter, immobilization of pre-
formed metal complexes rather than immobilization of imidazolium
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salts followed by treatment with a metal precursor is a better strategy in
order to furnish heterogenized molecular catalysts with a well-defined
configuration around the metal center. However, it is difficult to have a
precise insight into the structure of the final functionalized solid
materials. In order to track the ligand through the thiol-ene reaction,
metallation, immobilization and post-immobilization modification, a
BC-enriched sample was prepared by using ®C-enriched
paraformaldehyde earlier in the synthesis (Figure 3.5).

Going from the top to the bottom of Figure 3.5 the electronic
environment around the pre- carbenic C2 carbon stays the same after
the introduction of mercapto- triethoxysilyl linker with both chloride
salts exhibiting resonances at 140 ppm; palladation results in a
downfield shift to ca. 155 ppm corresponding to a soluble Pd-NHC
species. Then CP-MAS analysis of the materials obtained after surface
immobilization revealed a sharp resonance at the same chemical shift as
observed in the homogeneous analog, therefore suggesting that at least
the majority of the ligand is contained in the form of metal-carbene
species.

7b in CDCl,

9b in CDCl,

12b in CDCl,

12b@5Si0, CP-MAS

14b@Si0, CP-MAS

Figure 3.5. °C{'H} NMR spectra of ®C2-labeled 14b@SiO, and synthetic
precursors. a. Imidazolium/ylidene C2 carbon. b. Peak corresponding to surface
SiMe, groups.
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This resonance does not seem to be shifted neither after the post-
immobilization modification with MeOSiMe,. For this latest reaction
step, the appearance of a band at o ppm was indicative of the surface
modification with trimethylsilyl groups.

Quantitative analysis of the catalyst loading in the functionalized solid
materials was carried out by means of ICP-AES (Figure 3.6). Materials
based on silica, either amorphous or mesoporous MCM-41, contained
the highest Pd content of the series, followed by catalysts supported on
Y-ALO;. This is in agreement with the relative surface concentration of
surface hydroxyl groups. Materials supported on titanium (II) oxide
contained the lower amount of Pd, in agreement with the small surface
area of this solid support (table 3.1).

ub@TiO2
1na@TiO2
ub@Al203
1na@Al203
unb@MCM41
12b@SiO2
1a@SiO2
12b@Si02
12a@Si02

Supported Pd-NHC complex

o 1 2 3

Pd content (% weight)

Figure 3.6. Pd content in the supported [PA(NHC)] complexes.

Silica and alumina supports exhibited larger pore sizes compared to
titania, as could be expected for mesoporous and microporous materials
respectively. The R substitution on the NHC ligand only had very little
influence, although less bulky Me groups on the aromatic wingtips
generally resulted in slightly higher catalyst loadings. Finally, elemental
analyses of C/H/N/S content for 11a/b@SiO, were in fair agreement
with the ICP data, indicating that the majority of immobilized species
are 1:1 NHC-Pd complexes. (Experimental Part).
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Table 3.1. Surface area and mean pore size of the support materials.

Entry Support Sger (m*-g™) Dpore (A)
1 SiO, 473 61,2
2 Y-AL O, 208 70,7
3 TiO, 51 2,03-10”

3.3. Conclusions

A reliable synthesis of the 4-amino-3,5-diisopropylphenol synthon 4b
has been described starting from commercially available 2,6-diisopropyl
aniline (1), involving oxidation chemistry, then partial reduction to the
putative hydroxylamine intermediate (3), and finally H*(aq.) treatment
yielding the desired analytically pure compound. Supporting our initial
idea about the versatility of our synthetic route, alkene tethers were
introduced into the ligand framework by simple etherification
methodology. This is only one example of the various possibilities
regarding the introduction of functionality through this methodology.

A one-pot immobilization procedure was also described starting from
alkene-tethered imidazolium chloride salts 7a/b involving “click
chemistry”, metalation, and immobilization to obtain the final air- and
moisture-stable solid-supported ~ [PA(NHC)]  complexes
11,12,13,14@support. Moreover, the electronic environment of the
ligand was tracked by ®C NMR through the last stages in the synthetic
sequence, that is “thiol-ene”, formation of the Pd-NHC complex,
immobilization and post-immobilization modification in order to gain
more information about the nature of the final supported species. One-
tethered enriched materials 12a/b@SiO, have also been synthesized.
Finally, the Pd content in the final heterogenized materials was higher
in the case of silica supports, due to the larger population of surface
hydroxyl groups compared to titania and alumina.

In the following two chapters, the utilization of these materials in C-C

coupling and hydrogenation/hydrogen transfer processes will be
described.
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3.4. Experimental part
General

Reactions were carried out using standard bench-top techniques unless
the use of a Schlenk flask is specified, in which case Schlenk-line inert
atmosphere techniques were used. Where stirring of the reaction
mixture is indicated, magnetic stirring using a Teflon-coated stir bar
was employed throughout. Commercially supplied compounds were
used without further purification. Dry solvents were prepared by
distillation from Na/benzophenone, CaH, or P,O,, or collected from a
Braun SPS800 solvent purification system. Photochemical reactions
were performed using a Philips HPL-N 125 W high-pressure mercury
lamp, which can be purchased at most commercial lighting stores.
Solution-state NMR spectra were obtained at the Servei de Recursos
Cientifics i Técnics (SRCiT), URV, with Varian (Agilent) Mercury VX400
or NMR System400 400 MHz spectrometers and calibrated to residual
solvent peaks. CP-MAS spectra were recorded at the Servei de
Ressonancia Magnetica Nuclear (SeRMN), Universitat Autonoma de
Barcelona on a 400 MHz spectrometer with a 12 kHz rotation speed
(and calibrated to an external adamantane standard). Chemical shifts
for 'H and “C{'H} NMR spectra are reported relative to TMS. ICP
analyses were conducted at the SRCiT using an ICP-OES Spectro Arcos
instrument. Samples were digested in concentrated HNO,; under
microwave irradiation before being diluted for analysis. HR-MS (ESI-
TOF) analyses were also performed at the SRCiT, on an Agilent Time-of-
Flight 6210 spectrometer. Elemental analyses were performed at the
Centro de Microandlisis Elemental de la Universidad Complutense de
Madrid or at the Unitat d’Analisi Quimica i Estructural-Serveis Tecnics
de Recerca, Universitat de Girona. Other than solvents, reagents
obtained from commercial sources were used without further
purification. Silica used for catalyst immobilization was 60 mesh
chromatography-grade (purchased from SDS), §-ALO,; was gamma-
Alumina, 97% (purchased from Strem Chemicals), Titanium (IV) oxide
nanopowder, -=2mm particle size was obtained from Aldrich, and
mesoporous silica MCM-41 was prepared according to a modified
literature procedure.” In each case, these materials were dried for 1 h at
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80 °C, 102 mbar prior to use. Pd(acac),,”® IPr-HCI”” and IPrPd(acac)CI"®
were prepared according to literature procedures.

Experimental procedures:

1,3-diisopropyl-2-nitrobenzene (2). In a round-bottom NO,
flask, 2,6-diisopropylaniline (20.0 g, 13 mmol, 1.0 equiv.) )\(j/k
and potassium iodide (530 mg, 3.19 mmol, 0.03 equiv.) were

added to acetonitrile (250 mL). While this mixture was stirred rapidly,
70% aqueous tert-butyl hydroperoxide (65 mL, 457 mmol, 4.1 equiv.)
was added dropwise over 45 min. The reaction mixture was stirred at
ambient temperature for 30 min, then heated at 70 °C for 5 h. The
reaction vessel was allowed to cool, and the volatiles were removed
using a rotatory evaporator (any unreacted hydroperoxide in the
distillate was subsequently quenched with a saturated sodium
thiosulfate  solution). The resulting residue was directly
chromatographed using hexane/ethyl acetate (50:1) as eluent. The
desired product was the first colored band to elute; collection was
stopped immediately prior to elution of the second colored band. The
solvent was stripped from the collected eluent on a rotatory evaporator,
affording an orange oil. Yield = 10.4 g (44%). 'H NMR (400 MHz,
CDCL,): § 7.40 (t, J = 7.8 Hz, 1H, p-ArH), 7.23 (d, J = 7.8 Hz, 2H, m-ArH),
2.82 (sept, ] = 6.8 Hz, 2H, CHMe,), 1.25 (d, ] = 6.8 Hz, 12H, CHMe,).
Peaks match the literature values.”

4-amino-3,5-diisopropylphenol (4b). Note: a previous NH,
(and very different) synthesis of this compound was )\(;/k
reported in a patent, although no characterization data OH
were given and the product sample was isolated as purple needles (the
pure compound is colorless).” To our knowledge this is the first
definitive report of the synthesis of this valuable intermediate.
Nitrobenzene 2 (8.95 g, 43.2 mmol, 1.0 equiv.) and ammonium chloride
(10.2 g, 190 mmol, 4.4 equiv.) were added to acetone (200 mL) in a 500
mL Schlenk flask, and N, gas was bubbled through the mixture for 30
min and the temperature of the bath was set at 25°C. Under rapid
stirring, zinc dust (6.21 g, 95.0 mmol, 2.2 equiv.) was added in small
portions over 2 h, sufficiently slowly to avoid a noticeable exotherm.
The mixture was stirred for an additional 3 h, then filtered under N,
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atmosphere and evaporated under reduced pressure. The resulting
residue was extracted with CH,Cl, (100 mL) and the extract was filtered
again. The CH,Cl, was removed under reduced pressure, yielding an off-
white semisolid crude (putative) hydroxylamine 3, which was then
dissolved in Et,O (100 mL). Next, concentrated sulfuric acid (15 g) in
deoxygenated water (100 mL) was added, and the biphasic mixture was
stirred very rapidly. After about 10 min a flocculent white precipitate
formed in the aqueous phase. The reaction mixture was stirred
overnight after which time the resulting thick slurry was neutralized to
pH 8 with a 2 N sodium hydroxide solution (Note: at this stage inert-
atmosphere conditions were abandoned as the final product is air-
stable). The organic phase was removed using a separatory funnel, and
the aqueous phase was extracted three times with Et,O (50 mL). The
organic phases were combined, washed two times with brine (50 mL),
and dried over magnesium sulfate. Finally, the Et,O was removed on a
rotatory evaporator to yield a purple oil which, upon trituration with
pentane, became a white powder which was isolated by filtration and
washed with cold pentane. Drying under reduced pressure afforded pure
product. Yield = 4,56 g (55%). 'H NMR (400 MHz, CDCL): § 6.55 (s, 2H,
m-ArH), 2.94 (sept, ] = 6.8 Hz, 2H, CHMe,), 1.24 (d, ] = 6.8 Hz, 12H,
CHMe,). 3C {'H} NMR (100,6 MHz, CDCL,): § = 149,49, 135,44, 132,46,
110,33, 28,11, 22,66; HR-MS: m/z = 194,1558, calcd. for C,H,,NO [M+H+]:
194.1539, anal. caled. for C,H,(NO: C 74.57, H 9.91, N 7.25; found: C
74.84, H1o.14, N 7.31.

N,N’-bis(4-hydroxy-2,6-dimethylphenyl)-1,4- —
diazabutadiene (5a).4-amino-3,5- HO N N OH

dimethylphenol 4a (4.00 g, 29.2 mmol, 1.0

equiv.) was combined with 1,4-dioxane-2,3-diol (1.75 g, 14.6 mmol, o.5
equiv.) in a flame-dried Schlenk flask, and dry EtOH (40 mL) was
added. With stirring, the mixture was gently heated with a hot-air gun
until all material dissolved. Next, two drops of formic acid were added,
resulting in the formation of precipitated product starting a few min
after addition. The reaction mixture was stirred for 8 h, then cooled in
an ice bath. After filtration, the solid yellow product was washed with
cold CH,Cl, (100 mL) until the filtrate exiting the filter frit was colorless,
and dried under reduced pressure. Yield = 3.88 g (90%). '"H NMR (400
MHz, DMSO-dg): § = 9.9 (s, 2H, OH), 8.04 (s, 2H, N=CHCH=N), 6.52
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(s, 4H, m-ArH), 2.07 (s, 12H, ArMe). 3C{'"H} NMR (100,6 MHz, DMSO-
de): 8 =162.91, 154.40, 141.57, 128.28, 115.00, 18.39; HR-MS: m/z = 297.1610,
caled. for CgH,N,O, [M+H+]: 297.1597; anal. calcd. for CgH,,N,O, : C
72.95, H 6.80, N 9.45; found: C 72.78, H 6.96, N 9.44.

N,N’-bis(4-hydroxy-2,6-diisopropylphenyl)-

1,4-diazabutadiene (5b). Aminophenol 4b a—

(4.40 g, 22.8 mmol, 1.0 equiv.) was combined 1o NN of

with 1,4-dioxane-2,3-diol (1.37 g, 1.4 mmol, o.5

equiv.) in a flame-dried Schlenk flask, and dry EtOH (30 mL) was added.
With stirring, the mixture was gently heated with a hot-air gun until all
material dissolved. Next, two drops of formic acid were added, resulting
in the formation of precipitated product starting a few min after
addition. The reaction mixture was stirred for 8 h, then cooled in an ice
bath. After filtration, the bright yellow product was washed with cold
CH,CI, (100 mL) until the filtrate exiting the filter frit was very pale
yellow in color, and dried under reduced pressure. The combined
filtrates were concentrated, filtered and washed as above to yield
additional product. Combined yield = 4,32 g (93%). 'H NMR (400 MHz,
CD,0D): § = 7.99 (s, 2H, N=CHCH=N), 6.57 (s, 4H, m-ArH), 2.85 (sept, ]
= 6.9 Hz, 4H, CHMe,), 1.09 (d, J = 6.9 Hz, 24H, CHMe,). *C{'"H} NMR
(100,6 MHz, CD,0D): § = 165.32, 156.53, 141.70, 140.16, 111.33, 29.42, 23.95;
HR-MS: m/z=409.2842, calcd. for C,sH;,N,O, [M+H+]: 409.2850; anal.
caled. for C,sHy 6N, O, :C 76.43, H 8.88, N 6.86; found: C 75.69, H 9.29, N

6.82.

N,N’-bis[4-(3-butenyloxy)-2,6- —
dimethylphenyl]-1,4-diazabutadiene {% %}

(6a). Hydroxy-functionalized -~ -

diazabutadiene 5a (2.00 g, 6.75 mmol, 1.0 equiv.) was placed in a flame-
dried Schlenk flask containing potassium carbonate (9.33 g, 67.5 mmol,
10 equiv.) and tetrabutylammonium iodide (248 mg, 0.671 mmol, 0.10
equiv.). Via syringe, 4-bromobutene (4.1 mL, 40 mmol, 6.0 equiv.) was
added, followed by THF (40 mL). The mixture was heated at reflux for
two days, during which time the initially-formed red/orange mixture
turned bright yellow in color. After the vessel was allowed to cool, the
solution was filtered from the solid waste products (which were then
washed with 30 mL of THF) and the combined solutions evaporated
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under reduced pressure. The residue was then placed in a Soxhlet
apparatus and extracted with pentane (50 mL), until no yellow color was
present in the extract exiting the extraction thimble. The extractant was
allowed to cool, and the solid product was filtered off and subsequently
washed with cold hexane. Yield = 2.28 g (84%). '"H NMR (400 MHz,
CDCL,): § = 8.10 (s, 2H, N=CHCH=N), 6.66 (s, 4H, m-ArH), 5.97-5.87 (m,
2H, CH=CH,), s5.21-5.10 (m, 4H, CH=CH,), 4.01 (t, ] = 6.7 Hz, 4H,
ArOCH,), 2.58-2.52 (m, 4H, CH,CH=CH,), 2.20 (s, 12H, ArMe). *C{'H}
NMR (100,6 MHz, CDCL): § = 163.62, 156.18, 143.52, 134.74, 128.78, 117.18,
114.53, 67.46, 33.94, 18.93; HR-MS: m/z = 405.2533, calcd. for C,sH;,N,O,
[M+H+]: 405.2538; anal. calcd. for C,sH,,N,O, : C 77.19, H 7.97, N 6.92;
found: C 77.32, H 8.15, N 6.94.

N,N’-bis[4-(3-butenyloxy)-2,6-diisopropylphenyl]-1,4-
diazabutadiene (6 b). Hydroxy-functionalized diazabutadiene 5b (3.85
g, 9.42 mmol, 1.0 equiv.) was added to a

flame-dried Schlenk flask containing .
potassium carbonate (13.0 g, 94.2 mmol, fo NN OLL
10 equiv.) and tetrabutylammonium

iodide (348 mg, 0.942 mmol, 0.10 equiv.). Via syringe, 4-bromobutene
(7.6 mL, 75.0 mmol, 8.0 equiv.) was added, followed by of THF (60 mL).
The mixture was heated at reflux for 48 h, during which time the
initially-formed red mixture turned bright yellow in color. After the
vessel was allowed to cool, the solution was filtered from the solid waste
products (which were then washed with 30 mL of THF) and the
combined solutions evaporated under reduced pressure. The residue
was then placed in a Soxhlet apparatus and extracted with pentane (50
mL), until no yellow color was present in the extract exiting the
extraction thimble. The pentane solution was then boiled down to about
20 mL and allowed to cool. After further cooling in an ice bath, the
supernatant was decanted from the precipitated product, which was
then quickly washed with cold pentane (15 mL). Yield = 4,27 g (88%). 'H
NMR (400 MHz, CDCL): § = 8.07 (s, 2H, N=CHCH=N), 6.73 (s, 4H, m-
ArH), 6.00-5.90 (m, 2H, CH=CH,), 5.23-5.12 (m, 4H, CH=CH,), 4.04 (t, J
= 6.7 Hz, 4H, ArOCH,), 2.97 (sept, ] = 6.8 Hz, 4H, CHMe,), 2.60-2.55 (m,
4H, CH,CH=CH,), 119 (d, J = 6.8 Hz, 24H, CHMe,). *C{'"H} NMR (100,6
MHz, CDCL): § = 163.78, 156.76, 141.83, 138.89, 134.81, 117.24, 109.58,
67.45, 34.07, 28.39, 23.64; HR-MS: m/z = 517.3794, calcd. for C;,H,,N,O,
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[M+H+]: 517.3788; anal. caled. for C;,H,sN,O, : C 79.02, H 9.36, N 5.42;
found: C 79.33, H 9.88, N 5.51.

1,3-bis[4-(3-butenyloxy)-2,6- QN/_\N@\
dimethylphenyl]imidazolium  chloride o Ehe 0
(7a). A flame-dried Schlenk flask was j of I
charged with 6a (1.80 g, 4.45 mmol, 1.0

equiv.), paraformaldehyde (147 mg, 4.89 mmol, 1.1 equiv.) and toluene
(30 mL). This mixture was heated to 8o °C with rapid stirring. To a
separate flame-dried Schlenk flask was added TMSCI (620 pL, 4.89
mmol, 1.1 equiv.) and THF (15 mL). The TMSCI solution was then slowly
added to the heated, stirred solution containing 7a over a period of 45
min, during which time a white precipitate formed. The reaction
mixture was heated for 2 h more, let cool to ambient temperature and
then cooled further in an ice bath. The precipitate was collected by
filtration and washed with toluene. Yield = 1.80 g (89%). '"H NMR (400
MHz, CDCL): § =10.43 (t, ] = 1.4 Hz, 1tH, NCHN), 7.55 (d, ] = 1.4 Hz, 2H,
N=CHCH=N), 6.72 (s, 4H, m-ArH), 5.94-5.83 (m, 2H, CH=CH,), 5.21-5.11
(m, 4H, CH=CH,), 4.02 (t, ] = 6.7 Hz, 4H, ArOCH,), 2.57-2.52 (m, 4H,
CH,CH=CH,), 2.19 (s, 12H, ArMe). 3C{'H} NMR (100,6 MHz, CDCI3): § =
160.17, 139.65 (NCHN), 135.94, 134.12, 125.98, 125.15, 117.40, 114.83, 67.46,
33.50, 1810. HR-MS: m/z=417.2516, caled. for C,,Hy;N,O, [M-CI]:
417.2538; anal. caled. for C,;H;;CIN,O, : C 71.58, H 7.34, N 6.18; found: C
70.97, H7.49, N 6.07.

1,3-bis[4-(3-butenyloxy)-2,6-

diisopropylphenyl]imidazolium chloride %i\'#a
(7b). A flame-dried Schlenk flask was fo g 0\
charged with 6b (2.00 g, 3.87 mmol, 1.0 = =

equiv.), paraformaldehyde (128 mg, 4.26 mmol, 1.1 equiv.) and toluene
(20 mL). This mixture was heated to 8o °C with rapid stirring. To a
separate flame-dried Schlenk flask was added TMSCI (565 pL, 4.26
mmol, 1.1 equiv.) and THF (10 mL). The TMSCI solution was then slowly
added to the heated, stirred solution containing 7b over a period of 45
min, during which time the reaction mixture developed a deep brown
color. The vessel was heated for 2 h more and then, while hot, the
reaction mixture was concentrated under reduced pressure to about 1/3
of its original volume. Hexane (30 mL) was added and the mixture was
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allowed to cool to ambient temperature, and subsequently it was cooled
in an ice bath. The supernatant was then decanted and the black/brown
residue extracted with Et,O until a while powder was obtained, which
was collected by filtration and washed with more Et,O. Yield = 1.03 g
(47%). '"H NMR (400 MHz, CDCL): § = 9.77 (t, J = 1.5 Hz, 1H, NCHN),
8.09 (d, J = 1.5 Hz, 2H, N=CHCH=N), 6.78 (s, 4H, m-ArH), 5.97-5.87 (m,
2H, CH=CH,), 5.24-513 (m, 4H, CH=CH,), 4.06 (t, ] = 6.7 Hz, 4H,
ArOCH,), 2.61-2.56 (m, 4H, CH,CH=CH,), 2.39 (sept, J = 6.8 Hz, 4H,
CHMe,), 1.24 (d, ] = 6.8 Hz, 12H, CHMe,), 1.20 (d, ] = 6.8 Hz, 12H,
CHMe,). ®C{'H} NMR (100,6 MHz, CDCL): § = 161.49, 146.80, 139.17
(NCHN), 134.20, 127.43, 122.87, 117.69, 110.64, 67.66, 33.73, 29.43, 24.90,
23.81; HR-MS: m/z = 529.3860, calcd. for C;;H,(N,O, [M-CI']: 529.3787;
anal. caled. for C;;H, CIN,O, : C 74.37, H 8.74, N 4.96; found: C 73.94, H
9.15, N 4.95.

The C2-labeled compound ®7b was synthesized following the same
procedure (but at smaller scale) using 99% C-enriched
paraformaldehyde. The 'H NMR spectrum exhibits a C2 proton Jc.y of
222 Hz.

1,3-bis(2,6-dimethyl-4-(4-((3-- .
triethoxysilyl)propyl)thio)butoxy)phenyl) O/&g\v'\l@o
imidazolium chloride (8a). A flame-dried X
Schlenk flask was charged with 7a (400 mg, 0.883

mmol, 1.0 equiv.), 3-
mercaptopropyl(triethoxy)silane (540 pL, 2.12 (FIOLST SIOFYs
mmol, 2.4 equiv.) and 2,2-Dimethoxy-2-phenylacetophenone (DMPA, 45
mg, 0.18 mmol, 0.20 equiv.), followed by freshly-dried EtOH (2 mL). The
reaction mixture was then stirred and irradiated with a 125 W high-
pressure mercury lamp (8 cm of separation between the bulb and flask)
at room temperature for 24 h. The solvent was removed under reduced
pressure, and the residue was re-dissolved in CH,Cl, and evaporated
again in order to fully remove the EtOH. Eventually, excess of thiol
reagent was removed by washing the residue with dry hexane (2 x 2 mL)
and filtering this mixture with a cannula. The product thus obtained
was dried under reduced pressure to yield a light yellow, moisture-
sensitive wax. 673 mg (yield = 82%); '"H NMR (400 MHz, CDCl,): § =
10.64 (s, 1H, NCHN), 7.61 (s, 2H, N=CHCH=N), 6.59 (s, 4H, m-ArH), 3.89
(t, ] = 5.9 Hz, 4H, ArOCH,), 3.74 (q, ] = 7.0 Hz, 12H, OCH,CH,), 2.50 (t, ]
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= 7.2 Hz, 4H, SCH,), 2.47 (t, ] = 7.5 Hz, 4H, SCH,), 2.07 (s, 12H, ArMe),
1.84-1.77 (m, 4H, CH,), 1.71-1.59 (m, 8H, CH,), 114 (t, ] = 7.0 Hz, 18H,
OCH,CH,), 0.66 (t, ] = 8.3 Hz, 4H, CH,Si). ®C{*H} NMR (100,6 MHz,
CDCI3): 8 = 160.18, 139.95 (NCN), 135.84, 125.89, 124.94, 114.71, 67.64,
58.37, 35.10, 31.56, 28.24, 26.10, 23.21, 18.32, 18.05, 9.88; HR-MS: m/z =
893.4662, calcd. for C,H,,N,OsS,Si, [M-CI']: 893.4651; anal. caled. for
C,sH,,CIN,OsS,Si,: C 58.12, H 8.35, N 3.01, S 6.90; found: C 57.47, H 7.88,
N 3.51, S 6.83.

1,3-bis(2,6-diisopropyl-4-(4-((3-
(triethoxysilyl)propyl)thio)butoxy)phenyl) =\
imidazolium chloride (8b). A flame-dried o 0
Schlenk flask was charged with 7b (400 mg, 0.708 i ))
mmol, 1.0 equiv.), 3-mercaptopropyl(triethoxy)

silane (431 pL, 1.70 mmol, 2.4 equiv.) and DMPA 0N o,

(36 mg, 0.4 mmol, 0.20 equiv.), followed by

freshly-dried EtOH (3 mL). The reaction mixture was then stirred and
irradiated with a 125 W high-pressure mercury lamp (8 cm of separation
between the bulb and flask) for 24 h. The solvent was removed under
reduced pressure, and the residue was re-dissolved in CH,Cl, and
evaporated again in order to fully remove the EtOH. The crude product
was washed three times with hexane (3 mL), and finally dried under
reduced pressure once again to yield 686 mg (yield = 93%) of colorless,
moisture-sensitive wax 8b. 'H NMR (400 MHz, CDCL,): § = 9.93 (s, 1H,
NCHN), 8.08 (s, 2H, N=CHCH=N), 6.79 (s, 4H, m-ArH), 4.04 (t, ] = 6.1
Hz, 4H, ArOCH,), 3.82 (q, ] = 7.0 Hz, 12H, OCH,CH,), 2.61 (t, ] = 7.1 Hz,
4H, SCH,), 2.57 (t, ] = 7.3 Hz, 4H, SCH,), 2.41 (sept, ] = 6.8 Hz, 4H,
CHMe,), 1.98-1.91 (m, 4H, CH,), 1.87-1.78 (m, 4H, CH,), 1.76-1.69 (m, 4H,
CH,), 127 (d, ] = 6.8 Hz, 12H, CHMe,), 1.23 (t, ] = 7.0 Hz, 18H,
OCH,CH,), 122 (d, ] = 6.9 Hz, 12H, CHMe,), 0.75 (t, ] = 8.3 Hz, 4H,
CH,Si). BC{'H} NMR (100,6 MHz, CDCI3): § = 16115, 146.41, 139.22
(NCHN), 126.98, 122.58, 110.15, 67.49, 58.34, 34.96, 31.47, 29.05, 28.15,
25.90, 24.52, 23.46, 23.09, 18.18, 9.75; HR-MS: m/z = 1005.5986, calcd. for
C;;Hy3N,OsS,Si, [M-CI]: 1005.5901; anal. caled. for C;Hy;CIN,OgS,Si, : C
61.09, H 8.99, N 2.69, S 6.15; found: C 60.75, H 8.61, N 2.94, S 6.03.
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1,3-bis[4-(3-butenyloxy)-2,6-

dimethylphenyl]imidazol-2- /C\(NMN@
ylidenyl(acetylacetonato)palladium chloride ( 2 OJP/d*CI S
10a). A flame-dried Schlenk flask was charged with & _0 /))
7a (200 mg, 0.442 mmol, 1.0 equiv.) and Pd(acac),

(128 mg, 0.420 mmol, 0.95 equiv.), and 1,2-dichloroethane (1,2-DCE, 6
mL) was added. The reaction mixture was stirred at 75 °C for 24 h after
which time the solvent was removed under reduced pressure. The
residue was extracted with toluene (5 mL), and the extract was then
heated at 60 °C while hexane was slowly added until turbidity remained
for an instant after an additional drop was added. The mixture was
allowed to cool to ambient temperature, and the precipitated product
was collected by filtration and washed with Et,O, yielding a very pale
yellow powder. Yield = 235 mg (85%). 'H NMR (400 MHz, CDCL,): § 7.04
(s, 2H, N=CHCH=N), 6.74 (br s, 2H, m-ArH), 6.70 (br s, 2H, m-ArH),
5.97-5.88 (m, 2H, CH=CH,), 5.23-5.12 (m, 4H, CH=CH,), 5.12 (s, 1H, acac-
CCHC) 4.06 (t, J] = 6.7 Hz, 4H, ArOCH,), 2.60-2.55 (m, 4H,
CH,CH=CH,), 2.32 (br s, 6H, ArMe), 2.2 (br s, 6H, ArMe), 1.83 (s, 3H,
acac-Me), 1.76 (s, 3H, acac-Me). BC{'H} NMR (100,6 MHz, CDCI3): § =
187.22, 183.21, 159.13, 154.45 (NCHN), 138.27, 137.31, 134.57, 130.56, 124.10,
117.22, 114.36, 99.79, 67.32, 33.80, 27.24, 25.71, 19.39, 18.23. Anal. Calcd. for
C,,H,,CIN,O,Pd: C, 58,4; H, 6,08; N, 4,26. Found: C, 57,98; H, 6,10; N,
4,15.

1,3-bis[4-(3-butenyloxy)-2,6-diisopropylphenyl]imidazol-2-
ylidenyl(acetylacetonato)palladium chloride

(10b). A flame-dried Schlenk flask was charged N_N

with 7b (200 mg, 0.354 mmol, 1.0 equiv.) and

Pd(acac), (102 mg, 0.336 mmol, 0.95 equiv.), and i\ O-Pd-CI /))
1,2-dichloroethane (1,2-DCE, 6 mL) was added. L. 0

The reaction mixture was stirred at 75 °C for 3

days after which time the solvent was removed under reduced pressure.
The residue was extracted twice with Et,O (10 mL) and the solvent was
removed from the extracts. The evaporated extract was then
chromatographed on silica under N, atmosphere using a 1:1 hexane:Et,O
mixture as eluent, collecting only the pure fractions. Yield = 85 mg
(33%). '"H NMR (400 MHz, CDCL): § 7.05 (s, 2H, N=CHCH=N), 6.82 (s,
4H, m-ArH), 6.02-5.92 (m, 2H, CH=CH,), 5.26-5.14 (m, 4H, CH=CH,),
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5.1 (s, 1H, acac-CCHC) 4.10 (t, J = 6.7 Hz, 4H, ArOCH,), 2.88 (br s, 4H,
CHMe,), 2.64-2.58 (m, 4H, CH,CH=CH,), 1.83 (s, 3H, acac-Me), 1.82 (s,
3H, acac-Me), 1.29 (br s, 12H, CHMe,), 1.07 (d, ] = 6.9 Hz, 12H, CHMe,).
BC{'"H} NMR (100,6 MHz, CDCL,): § 186.74, 183.65, 160.19, 156.58 (NCN),
148.43 (br), 148.21 (br), 134.66, 128.28, 125.58, 117.32, 110.06, 99.52, 67.39,
33.93, 28.80, 27.24, 26.33, 23.08. Anal. Calcd. for C,,HCIN,O,Pd: C,
62.33; H, 7.32; N, 3.63. Found: C, 60.91; H, 6.90; N, 3.81.

General procedure for the covalent immobilization of Pd-NHC
complexes onto inorganic supports.

The experimental procedures will refer to the case of silica gel-
supported Pd-NHC complexes but the same procedures were applied for
the other solid materials, MCM-41, y-Al,O; and TiO..

One-pot procedure for preparation of 1nb@SiO,. A flame-dried

Schlenk flask was charged with 7b (213 _
mg, o0.377 mmol, 10 equiv.), 3- OQT@O
mercaptopropyl(triethoxy)silane (190 pL, I \\\

0.754 mmol, 2.0 equiv.) and DMPA (19 Sk W*KO és
mg, 0.08 mmol, 0.20 equiv.), followed by —osh o
‘ |

? 0
I

freshly-dried EtOH (1.5 mL). The |
reaction mixture was then stirred and

sio,

irradiated with a 125 W high-pressure mercury lamp (8 cm of separation
between the bulb and flask) for 24 h. The solvent was removed under
reduced pressure, and the residue was re-dissolved in CH,Cl, and
evaporated again in order to fully remove the EtOH. Next, Pd(acac), (115
mg, 0.377 mmol, 1.0 equiv.) was added along with 1,2-DCE (5 mL). After
the reaction mixture was heated at 75 °C with stirring for 2 days and
then allowed to cool, it was slowly transferred via cannula to another
Schlenk flask containing a stirred (400 rpm) suspension of previously
dried 60 mesh silica (171 g) in 1,2-DCE (3 mL). This suspension was
stirred at 250 rpm for 30 min at ambient temperature, then the
temperature was increased to 75 °C and stirring was continued for 24 h.
During this time all of the yellow color in the supernatant was
transferred to the silica. Finally, the material was hot-filtered and
washed with copious amounts of CH,Cl,. The recovered yield of
ub@SiO, was 2.5 g. Pd content by ICP: 1.76 wt% (0.165 mmol / g). Anal.
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Caled. for C;,HgoCIN,O¢PdS,Si,@SiO, based on Pd loading: C, 9.91; H,
1.33; N, 0.46; S, 1.06. Found: C, 8.87; H, 1.94; N, 0.58; S, 0.97

One-pot procedure for 7

preparation of 12b@SiO.,. /&,\F\Nﬁ /& ﬁ\

A flame-dried Schlenk flask ? /(

was charged with 7b (875 i\(\( d-cl )) i\(\< el
ke

mg, 1.54 mmol, 1.0 equiv.),

_ 4 \OF O
3 oS ﬁ)
mercaptopropyl(triethoxy)si | L7 50, \

lane (390 pL, 1.54 mmol, 1.0

equiv.) and DMPA (50 mg, 0.20 mmol, 0.13 equiv.), followed by freshly-
dried EtOH (40 mL). The reaction mixture was then stirred and
irradiated with a 125 W high-pressure mercury lamp (8 cm of separation
between the bulb and flask) for 2 days. The solvent was removed under
reduced pressure, and the residue was re-dissolved in CH,Cl, and
evaporated again in order to fully remove the EtOH. Next, Pd(acac),
(469 mg, 1.54 mmol, 1.0 equiv.) was added along with 1,2-DCE (20 mL).
After the reaction mixture was heated at 75 °C with stirring for 2 days
and then allowed to cool, it was slowly transferred via cannula to
another Schlenk flask containing a stirred (400 rpm) suspension of
previously dried 60 mesh silica (510 g) in 1,2-DCE (10 mL). This
suspension was stirred at 250 rpm for 30 min at ambient temperature,
then the temperature was increased to 75 °C and stirring was continued
for 24 h. Finally, the material was hot-filtered and washed with copious
amounts of CH,Cl,. The recovered yield of 12b@SiO, was 6.14 g. Pd
content by ICP: 2.50 wt% (0.237 mmol / g).

11b@MCM-41. Pd content by ICP: 2,21 wt% (0.207 mmol/g). Anal. Calcd.
for C;,HgoCIN,O6PdS,Si,@MCM-41 based on Pd loading: C, 12,51; H, 1.67;
N, 0.58; S, 1.33. Found: C, 12,30; H, 2,54; N, 0,61; S, 0,40.

11a@y-ALO;. Pd content by ICP: 0,72 wt% (0.068 mmol/g). Anal. Calcd.
for C,,He,CIN,O6PdS,Si,@y-AlLO; based on Pd loading: C, 3,42; H, 0,43;
N, 0,19; S, 0,43; Si, 0,38 Found: C, 2,85; H, 2,27; N, 0,19; S, 0,16; Si, 1,33.

1ub@y-ALO,. Pd content by ICP: 1,73 wt% (0.163 mmol/g). Anal. Calcd.
for C;,Hs,CIN,O6PdS,Si,@ y-Al,O; based on Pd loading: C, 9,79; H, 1,33
N, 0,45; S, 1.04. Found: C, 6,62; H, 1,78; N, 0,44; S, 1,08.
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11a@TiO,. Pd content by ICP: 0,90 wt% (0.085 mmol/g). Anal. Calcd. for
C,.Hg,CIN,O6PdS,Si,@TiO, based on Pd loading: C, 4,90; H, 0,54; N,
0.24; S, 0,54; Si, 0,475 Found: C, 2,69; H, 0,23; N, 0,24; S, 0,1; 5i, 1,53.

1ub@TiO,. Pd content by ICP: 0,76 wt% (0.071 mmol/g). Anal. Calcd. for
C5oHsoCIN,O6PdS,Si,@TiO, based on Pd loading: C, 4,30; H, 0,58; N,
0.20; S, 0,46. Found: C, 3,18; H, 0,53; N, 0,19; S, 0,50.

13,14@Si0,. A Schlenk flask was charged with the appropriate supported
Pd complex (1.00 g) and flushed with N,. The solid was suspended in
toluene (3 mL) and then stirred at 400 rpm while MeOSiMe, (1.5 mL)
was added dropwise via syringe. After fastening the flask’s stopper
securely and closing the N, inlet, the reaction mixture was heated at 60
°C with stirring (150 rpm) overnight. Upon cooling, the product material
was collected by filtration and washed with copious amounts of CH,CL,.
Note: the synthesis of 14b@SiO, was also carried out at a 3 g scale.
13b@Si0,: yield = 980 mg. Pd content by ICP: 1.67 wt% (0.157 mmol / g).
14a@Si0,: yield = 990 mg. Pd content by ICP: 1.97 wt% (0.185 mmol / g).
14b@8i0,: yield = 1.00 g. Pd content by ICP: 1.73 wt% (0.163 mmol / g).
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“Application of solid-supported [Pd(NHC)]
complexes in Suzuki-Miyaura, Heck and
Sonogashira couplings. Studies under
batch and continuous flow conditions.”
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Application of solid-supported [Pd(NHC)] complexes in Suzuki-
Miyaura, Heck and Sonogashira couplings. Studies under batch and
continuous flow conditions

4.1. Introduction

Palladium-catalyzed cross-coupling reactions constitute one of the most
efficient methods for the construction of carbon-carbon bonds."*? These
cross-coupling methodologies have lead to a major improvement in
synthetic organic chemistry, shifting paradigm from consecutive
reaction steps using protected substrates to a direct C-C formation in
one step. These remarkable advances were deservedly recognized with
the award of the Nobel Prize in Chemistry in 2010 to the trio of Richard
F. Heck, Ei-ichi Negishi* and Akira Suzuki’. This type of reactions
consists in the carbon-carbon bond formation between a less reactive
organic electrophile, R™-X, and an organometallic nucleophile, R>m (m
is a metal or a semi-metal), in the presence of a catalyst [M] (Scheme
4.1), except for the Heck-Mizoroki coupling where the organometallic
reagent is substituted by an alkene. In some of these reactions, a base is
required and plays different roles within the catalytic cycle.® C-C cross-
coupling reactions are often classified depending on the metal or semi-
metal present in the nucleophile. For instance, Suzuki-Miyaura' is
boron-mediated, Stille” reaction is tin-mediated, Negishi8 reaction zinc-
mediated, etc... The catalysts most widely employed are transition metal
complexes from groups 8-10, and particularly complexes of palladium.

[Catalyst], [M]

X<RD *+ m<RD ®F + mx

Suzuki-Miyaura) [M] = Fe, Rh, Ni, Pd...
(Stille) X =1, Br, Cl, OTf...
(Negishi)

(Sonogashira)

i (Hiyama)

g (Kumada-Corriu)

3

ODONO®®m
c 35 35~

=<

Scheme 4.1. General scheme of metal-catalyzed cross-coupling reactions.

These cross-coupling processes follow a reaction mechanism involving
three main steps: an oxidative addition of the organic electrophile to an
electron-rich coordinatively unsaturated Pd(o) complex,
transmetalation of an organic fragment carried by a suitable
organometallic reagent, and finally a C-C bond is formed from two Pd-
bonded organic fragments via reductive elimination, thus regenerating



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

90

Chapter 4

the active catalytic species (Scheme 4.2). Among these C-C bond-
forming processes, Suzuki-Miyaura, Heck and Sonogashira have found
very wide applicability in both industry and academia, and have thus
been thoroughly studied.”**"*

R'—R? R'-X
PdOL” oxidative addition
reductive elimination )/
1
R R
Pd Pd

RZ \X

m—X m—R?

Transmetalation
Scheme 4.2. General catalytic cycle for Pd-catalyzed cross-coupling reactions.

4.1.1. Suzuki-Miyaura, Heck and Sonogashira
couplings under homogeneous reaction
conditions

The work described in this chapter deals with the
application of supported Pd catalysts in Suzuki-Miyaura, Heck and
Sonogashira. In the next pages, fundamental concepts about these
reactions will be addressed, as well as the type of substrates, the catalyst
systems and the reaction mechanisms.

4.1.1.1.  General aspects about substrate scope and
catalyst systems for these cross-coupling
reactions

The electrophiles used in these coupling reactions
are either aryl or vinyl fragments connected to a halide or pseudohalide
such as triflate or tosyl derivatives. In the first step of the catalytic cycle,
the electrophile adds oxidatively to the catalytically active Pd species,
where the Pd complex increases its coordination number, and its
oxidation state by two units. The rate at which this elementary step may
proceed depends upon the strength of the C-X bond in the substrate;
the bond dissociation enthalpies for chloro-, bromo- and iodobenzene
have been calculated and they range from X = Cl 95.5 + 1.5 kcal mol™; X



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

Application of solid-supported [Pd(NHC)] complexes in Suzuki-
Miyaura, Heck and Sonogashira couplings. Studies under batch and
continuous flow conditions

= Br 80,4 * 1.5 kcal mol™ to X =1 65,0 + 1 kcal mol™.” Therefore, iodide
substrates are the easiest to couple, whereas chorides represent the
most challenging type. Yet from the standpoints of cost and availability,
chloride substrates are more attractive than the corresponding iodides,
bromides or triflates, and thus much effort has been put forth to design
catalysts able to activate C-Cl bonds."

Historically, Pd catalysts bearing phosphorus-based ligands, and
particularly triarylphosphines, such as triphenylphosphine have been
employed for the coupling of iodo- and bromoaryl substrates, due to
their superior stability compared to trialkylphosphines.” Most of the
systems able to activate iodides and bromides were also effective in the
coupling of electron-poor aryl chlorides (Figure 4.1).

Activated aryl chlorides can be classified in two subclasses, heteroaryl
chlorides and substrates where the aromatic ring is functionalized with
an electron-withdrawing group, such as nitro, cyano, carboxy, fluoro,
trifluoromethane... Most of the systems studied are formed in situ by
combining a Pd precursor that can be a Pd(o) such as Pd,(dba), or a
Pd(II) species such as Pd(OAc), with a phosphorus-based ligand.”
Phosphines have been most widely employed,” but bulky phosphites are
also effective.”® In addition to P ligands, other options have been
successfully applied such as diazabutadienes,” N-heterocyclic carbenes™
or even ligandless Pd,” but applying these catalysts in the coupling of
unactivated electron-neutral or electron-rich chlorides led to poor
results (Figure 4.1).>>***

The efficient coupling of unactivated aryl chlorides was not achieved
until 1998 (Figure 4.2). Biichwald proved that the use of dialkyl aryl
phosphines bearing a biphenyl aryl substituent were able to couple
deactivated aryl chlorides even at room temperature. Fu et al. reported
that bulky electron rich trialkyl phosphines such as tri(tert-butyl)
phosphine and tricyclohexyl phosphine efficiently coupled a wide array
of deactivated chlorides.*
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Activated electron-poor aryl chlorides
Heteroaryl chlorides Aryl chlorides with
electron-withdrawing
R groups
R N
(B [gxc I Je ©\”m RN
) (; N‘N) 2 )
o) -
pyridines pyridine-N- PY1932INeS triazines  quinolines R =CN, NOy, Cl,
oxides (3-Cl pyridine),

R R R R COR, CO3R, CF3, CHO...
% N4 A N
| NC! \ NC! | NC¢ Cl Other aryls such as naphtyl
Z Z N’ or anthracenyl have also
isoquinolines quinazolines cinnolines phthalazines been reported

R 7

—\ ‘CI RNy

B- carbolmes phenanthrolines |m|dazo[1 2-b] pyrazolo[1,5-a]-
pyridazines pyrimidines,

Cl. RN:
R% \ Q NﬁjC| N \
N

=z 7

pyrazolopyrimidines pyrazolopyrimidines  purines

Representative examples of the various Pd systems
able to promote the coupling of activated Ar-Cl
PdCly,/

[PdCI(allyl)],/ NS

O
thﬁ PPh2  py(pPhs), @?pa / 033/;
Ph,P PPh,

o
O S SO
Todl (o-Toly); 2 ’ P\® NS
edicyp a
Pd(OAC),/ _
J\ Pd/C Pd(OAc)y/ @
O "ligandless” Pd Cy-| N N Cy {

)\ 2 g \(Pd
oo X

Figure 4.1. Examples of activated electron-poor aryl chlorides and some of the

catalyst systems reported for their conversion into coupling products.

Alternatively to P based ligands, Nolan reported the Suzuki coupling of
deactivated aryl chlorides using a [Pd(IMes)] catalyst generated in situ
from Pd,(dba); and IMes-HCl in the presence of a base.” Compared to
the air-sensitive alkyl phosphines, the advantage of this system is to use
the air and moisture-stable IMes-HCI to generate the carbene ligand in

situ.
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Oxidative addition of the most challenging deactivated aryl chlorides

Ar
N (Pd] /
R T Cl LnPd\C|

R =H, Alk, OAIk, NAIks...

Bulky electron-rich ligand/Pd systems for the coupling of deactivated Ar-Cl

Pd(OAc),/ Pd,(dba)/ Pd,(dba)y/
R1
W gy
PR, cP
R =Cy, tBu
R'=H, NMe,
Biichwald Fu Nolan
iPr iPr Pr = Pt
s QOO
iPrTiPr iPr|iPr
Pd
C|’P‘d’C| Cl/ :,’
oS
Organ Nolan

Figure 4.2. Relevant examples of catalysts systems reported for the coupling of
deactivated aryl chlorides.

The efficiency of these ligands has mostly been attributed to their
electron-rich character thus facilitating the oxidative addition of the Ar-
Cl bond. Their high steric demand also favors the reductive elimination
step, yielding the coupling product and regenerating the highly reactive
monoligated Pd species.*** Nowadays, NHCs stand as an ideal ligand
class for this type of cross coupling reactions, owing to their stronger
donor capacity compared to phosphines and the possibility to tune the
steric and electronic environment of the ligand.” Various preformed
[PA(NHC)] precatalysts have displayed outstanding efficiency, coupling
deactivated, and sterically hindered aryl chlorides at room temperature

at low catalyst loadings.>*"**
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4.1.1.2.  Reaction mechanism

In the case of Suzuki-Miyaura and Sonogashira
reactions, the general reaction mechanism is closely resembled to the
general catalytic cycle shown in Scheme 4.2, although some remarks can
be pointed out. In the Suzuki coupling an external base is used to
promote the reaction. Indeed theoretical calculations have shown a high
energy barrier for the endothermic Suzuki.® The added base may act as
depicted in Scheme 4.3. In the basic reaction medium OH" can be
generated from traces of water (if non-aqueous reaction conditions are
employed), and it binds to the boronic acid, generating an
organoboronate species that transmetalates the organic group to Pd
(Pathway A, Scheme 4.3).

1
R PdOL, & Pd°L, \&

Pathway A Pathway B /

>< %

B(OH); + X

B(OH)y ~——=
Scheme 4.3. Catalytic cycles for the Pd-catalyzed Suzuki-Miyaura coupling.®

In some cases, alternative pathway B has been proposed involving halide
exchange by OH™ followed by transmetalation®. The other steps in the
cycle are common to other cross-coupling reactions.

Typically, the Sonogashira reaction starts with an oxidative addition of
the aryl halide or triflate to the Pd complex (Scheme 4.4). The most
classical reaction conditions involve the use of a Cu(I) salt as a
cocatalyst and a base which is usually a tertiary amine. The base assists
the formation of a copper-acetylide complex, which is the actual
transmetalating agent. The copper is not reduced in the process, so only
a catalytic amount is required, whereas the base is used in
stoichiometric amounts. In some cases, the presence of Cu(I) salts
revealed an inhibitory effect in the Sonogashira reaction,>** and
consequently copper-free protocols have been developed. Thus, the
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alternative copper-free Sonogashira reaction proceeds through the
deprotonation of the m-bound alkyne in the presence of a base*® forming
a o-bound Pd-alkynyl intermediate that undergoes reductive
elimination with the other R group attached to the metal to yield the
disubstituted alkyne product.

R1 — R2 R1’X
)/ Pd‘“n* \&
1 Cu-free
PdR Pd/Cu(l) Pd Pd R2
AN ,
R Hbase*X
Pd X deprotonation
R2— H base
— p2
Cux Cu—=R
RZ—=-H
HNR3*" X NR;*

Scheme 4.4. Mechanistic picture of the Sonogashira reaction. Pd(o)/Cu(I) (left)
and Pd/Cu-free variants.’®

The Heck reaction proceeds in a slightly different manner, since the
electrophile is coupled with an alkene instead of a metal/semi-metal
containing nucleophile (Scheme 4.5).>

Reductive R™-X

elimination OA
R? PdL, \(\
R1/\/ R!
Pd.

+
Base-HX

ZR2
Base
TR .
x-Pa-| X*Pd-\\

R?
Bhydr\k RjﬁR1 /mlgratory

elimination X—Pd insertion

Scheme 4.5. Catalytic cycle for the Heck-Mizoroki coupling.”

The olefin coordinates to the Pd(II) intermediate, and undergoes
subsequent migratory insertion into the Pd-Ar' bond to generate a Pd-
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alkyl species, thus forming the new C-C bond. From this intermediate,
3-hydride elimination results in the formation of a Pd(II)-hydride with
a m-bound olefin product. The Heck coupling product is released and
the Pd-hydride reductively eliminates in the presence of a base to
regenerate the catalytically active Pd(o) species.

4.1.1.3.  Exploiting the potential of Pd-catalyzed C-C
couplings

To highlight the relevance of these Pd-mediated
transformations some examples of complex organic molecules which are
currently synthesized at industrial scale through a synthetic route
involving at least one metal-catalyzed cross-couplings step are displayed
(Figure 4.3).373%%

HECK -MIZOROKI

(o)
SN 2
CF3
. CO,H
Prosulfuron (Herbicide) o Singulair (asthma drug),

Ciba-Geigy, Novartis Merck
Naproxen (antiinflammatory
drug), Albermarle, Hoechst, AG

SUZUKI-MIYAURA

- o
O HN™ "0 N= O

HIV transcriptase inhibitor

(Nevirapine analog) Fungizide (Boscalid) Blood pressure regulator
Boehringer-Ingelheim BASF, >1000 ton/year (Losartan) Merck
SONOGASHIRA
‘ =
Z 0]
N~ P
HN ‘
0 oy
H
Antimyotic (Lamisil) Dehydrogenase inactivator
Sandoz (Enduracil) GlaxoSmithKline

Figure 4.3. Examples of industrially relevant products involving a metal-
catalyzed cross-coupling step in the synthetic route.>®
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The synthesis of multikilogram quantities of high added value products
principally from the pharmaceutical, fine chemicals and agrochemicals
sectors relies upon these transformations and the catalysts that make
them possible. In spite of their high efficiency there’s still room for
improvement since several drawbacks can be pointed out.

When Pd-catalysis is applied to the synthesis of biologically active
compounds at meso- or industrial scale, several factors need to be
considered: due to its elevated cost, the TON achieved needs to be
sufficiently high to be cost-effective compared to other (non-catalytic)
synthetic routes; moreover, there’s an important issue of product
contamination with residual metal and ligands. This is of special
concern in the case of pharmaceuticals, where stringent regulations
apply and wusually the heavy metal content in API's (Active
Pharmaceutical Ingredients) has to be controlled to levels below 10

ppm.*°

Scavenging methods are effective especially when ligand-less or
colloidal Pd(o) is used,"****However, complications arise for the case
of less reactive substrates such as aryl chlorides or alkyl halides for
instance which require the presence of Pd in combination with
sophisticated “state of the art” ligands such as bulky, electron-rich

monophosphines, 447

which are sometimes even more expensive than
the metal itself. In these cases, Pd may remain ligated to the phosphine
or interacting with some additives and it may remain in solution, thus

difficulting its adsorption by the scavenger.

Several approaches may help to improve the efficiency of these catalytic
processes (Scheme 4.6). Much effort has been devoted to the design of
improved catalysts able to activate the most challenging substrates,
achieving high TON and working under mild reaction conditions.**
Catalysts based on cost-effective non-precious metals such as copper,*
nickel or iron*® have been developed, although they do not constitute an
alternative to Pd catalysts to date. A lot of work has been carried out to
develop recyclable catalysts with the aim of combining great efficiency
and building up high cumulative TON by recovering and reusing the

catalyst in successive operations.
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Scheme 4.6. Strategies to improve the synthesis of complex organic molecules
such as APT’s.

Homogeneous (or liquid-liquid biphasic) reaction conditions have been
applied, showing great potential. The most important systems are based
on Pd catalysts stabilized by ionic liquids.””>">* Clearly, the vast majority
of the work on recyclable catalysts has been devoted to solid-supported
(heterogeneous) catalysts due to the ease of recovery and reuse by
filtration or centrifugation.”

Finally, though it cannot strictly be considered as a mean of catalyst
recycling, operation in continuous flow reactors provides various
appealing advantages® (already commented in Chapter 1), and
especially the combination of continuous flow reactors with
heterogenized catalysts constitutes a very desirable synthetic strategy
since it allows for the recovery and reuse of the catalysts while obtaining
the desired products with minimal cost in terms of time and waste.>
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4.1.2. Heterogeneous catalysts for Suzuki-Miyaura,
Heck and Sonogashira couplings

A plethora of heterogeneous Pd catalysts have been
developed and applied in C-C cross coupling processes over the recent

. . 6,56
years, and they have been comprehensively reviewed.>”>

The reported
catalysts mainly differ in i) chemical nature (organic, inorganic, or
hybrid organic-inorganic) of the solid matrix containing the Pd catalyst,
and ii) the nature of the catalyst attachment (chemical or physical
entrapment), which, in turn, is related to the nature of the attached
catalyst (a Pd organometallic complex or Pd nanoparticles®”). Due to the
vast amount of reports in this area, and the lack of uniform criteria to
present the collected data a direct comparison between the different
catalysts types is practically not feasible. However, the big efforts
undertaken to date have certainly helped to expand the knowledge in
this field of research and to shed light on the challenges, and
requirements which should guide the development of improved
heterogeneous catalysts.

When using heterogeneous, supported Pd catalysts in cross-coupling
chemistry, several mechanistic pictures need to be considered (Scheme
4.7).”® Three main cycles may contribute to a certain extent in the
formation of the coupling product. On one hand, the supported catalyst
may act as a truly heterogeneous system providing a stable linkage with
the support. This possibility is applicable to either heterogenized
complexes or supported Pd NPs. Another possibility is that “naked” Pd
atoms leave the surface of the support by dissociation from the original
catalyst precursor. Finally, in the case of particulate catalysts, the
presence of the substrate may be responsible to oxidatively add to a
surface Pd atom, thus facilitating its release into the reaction medium.
The last two cycles actually involve homogeneous catalysis. A
completely heterogeneous cycle is the most desirable scenario, as it
grants the absence of contaminating metal in the reaction products, and
moreover, enables the use of the heterogeneous phase catalyst under
continuous flow conditions.
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Truly heterogeneous catalysis

Ar-X Heterogeneous
Product catalyst
eterogeneous
catalytic

P Ar-X
o Ar Ar
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L O

Homogeneous
catalytic
cycle

catalytic
cycle

Product

oxidative addition at the NP surface,
leaching of the Pd(Ar)X species,
active homoegeneous catalysts

"naked" Pd atom leaching
active homogeneous catalysts

Scheme 4.7. Catalytic cycles that may be in operation when using supported
Pd catalysts in cross-coupling reactions.

Since most of the reported heterogeneous catalysts have been typically
tested in various cross-couplings with satisfactory results, in the
following, observations, comments and explanations about the distinct
catalyst materials will be made regardless of which particular cross-
coupling they have been successfully applied in.

4.1.2.1.  Recyclable supported catalysts applied in C-C
cross couplings.

The first commercially available heterogeneous Pd
catalysts for C-C cross couplings were based on Pd particles supported
on inorganic materials such as Pd/C, Pd/SiO, or Pd/ALO;. They were
effective in the Suzuki, Heck and Sonogashira couplings providing up to
36000 TON upon successive reuses.”* Whilst these catalysts performed
well for the coupling of the more reactive aryl iodides, activation of
challenging substrates was elusive. Therefore there was a need to
develop more sophisticated catalyst materials.>°

In response to this need, many efficient catalysts have been developed.
Nanoparticles (preformed or in situ generated) as well as Pd complexes
or even Pd salts immobilized on organic, or inorganic (or hybrid)
supports have been described in this respect. Organic support materials
can roughly be classified in polymeric beads, or fibers, encapsulated
catalysts... etc.” The structure of this polymeric materials can be
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tailored by varying the synthetic route, and different types of ligands or
functional groups can be introduced. Among inorganic supports besides
the use of silica or alumina materials, many other types have been
explored: metal organic frameworks (MOFs),” Pd embedded in
polyoxometalates and supported on a carrier, ® Pd incorporated in
perovskite type structures,® or materials prepared by sol-gel
techniques,® only to cite some of the most relevant.

Criteria to assess the performance of a supported catalyst applied in C-C

coupling reactions

In many cases, leached Pd from the heterogeneous phase contributes to
some extent to the catalytic cycle.”® However, this does not necessarily
limit the practical synthetic advantages of these materials, although the
cases for which the catalyst is recyclable and leaching is limited must be
distinguished from options for which the catalyst is strongly modified
and the original activity is dramatically reduced after one run. Pagliaro
addressed this issue and introduced some criteria in order to assess the
performance of a supported catalyst and to grant comparison between
the different catalyst types. According to his criteria, hot filtration tests
should be performed, to tell if there’s any “homogeneous” contribution
from leached Pd. However, inactive leached species may lead to an
erroneous interpretation of this test, and therefore actual values of
leached Pd should be measured. Then, the activity of the catalyst in
further recycles may show if any deactivation is occurring. Nonetheless
these data may not be completely reliable since excessive reaction times
are sometimes used, and therefore, catalyst deactivation upon recycling
can be masked. Another point is that new catalysts should be tested in
the coupling of challenging substrates, because even traces of Pd in the
ppb or ppm level can promote the coupling of aryl iodides and
bromides.”

Various tools have been applied to evaluate the nature of the
catalytically active species, for instance the mercury drop test (mercury
is known to amalgamate metallic Pd but not homogeneous Pd
complexes), % and the three-phase test,”* where one of the reagents is
bound to a solid support, therefore, a true heterogeneous catalyst would
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be inactive due to limitations in diffusion and accessibility to (and of)
the active sites. Addition of solid or soluble poisons, such as thiol- or
urea-containing resins which can trap Pd clusters or particles has been
used to assess hetereogeneity of a supported catalyst.

However, from a practical perspective, what really matters most when
evaluating a supported catalyst is the total TON that can be achieved,
and the related TOF. That should be the ultimate goal, for productivity
and environmental reasons.3*® In this respect, the two highest TON
displayed by any supported catalysts in any cross-coupling reaction
involving bromide substrates were achieved using catalysts 15 and 16

(Figure 4.4).
C8F17‘Ph )‘(1
\@P,Pd , Pd(NH3),4Cl,/USY
2 16

15
CgF17

Figure 4.4. Most active catalysts reported for cross-coupling reactions
involving aryl bromides.

Catalyst 15 could be reused 5 times without noticeable decrease in
activity, achieving a total TON of 530000 in the Suzuki coupling
between 4-bromomandelic acid with phenylboronic acid.®® Catalyst 16,
consists in in situ generated Pd nanoclustes in the nanocages of zeolite
USY.® This catalyst provided TON of 5300000 in the Suzuki coupling
between 4-bromoacetophenone and phenylboronic acid. However,
these results compare unfavorably to the use of Pd(OAc), in the Heck
coupling between bromobenzene and styrene, for which TON 47000000
was reported by Kohler et al.”

The main conclusion that can be drawn from these examples is that in
most cases, the supported systems have not reached the TON achieved
when using homogeneous catalysts.” Indeed, in industry, very often, the
use of ligand-less systems, such as Pd(OAc), is preferred for the cross-

coupling of aryl iodides and bromides. 73*
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Supported Pd catalysts for the C-C coupling of aryl chlorides

Because of the intrinsic advantages of heterogeneous catalysis regarding
separation of the catalyst from the products and avoiding metal
contamination, efforts continue towards the design of more active
heterogeneous catalysts. In this regard, the development of supported
catalysts able to promote the coupling of the least reactive aryl chlorides
represents an important challenge. It is well-known that coordination of
a ligand modifies the reactivity of a metal catalyst.”*”? With a few
exceptions®7+7 activation of aryl chlorides has mostly been achieved by
the use of immobilized Pd complexes featuring electron-donating
ligands such as phosphines or NHC’s (Figure 4.5).

Catalysts 197° and 21”7 were shown to be truly heterogeneous according
to hot filtration tests and Pd analysis on the reaction mixtures;
moreover, catalyst 22 could be recycled up to 10 times without
observable decrease in activity for the coupling of 4-chloroanisole with
phenylboronic acid. Catalyst 21 showed the highest level of activity, very
close indeed to that of unsupported catalyst 22 which is one of the most
active catalysts reported for the Suzuki coupling.* However, recycling
and reusing this catalyst was unsuccessful. Catalyst 17 promoted the
Suzuki coupling between 2-methylchlorobenzene and phenylboronic
acid.”® However, recycling of deactivated aryl chlorides was not
reported. Hybrid organic-inorganic silica material 21 developed by Yang
could be recycled up to three times in the Suzuki coupling between 4-
chloroacetophenone and phenylboronic acid before activity started to
drop.”

In view of the published results, evaluation of the maximum TON that
can be reached with these systems is lacking, and therefore the long-
term stability of these catalysts remains uncertain. While the presented
examples refer to the Suzuki coupling, literature reports on recyclable
catalysts able to promote the Sonogashira coupling of aryl chlorides are

much scarcer.”%%°
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Figure 4.5. Supported Pd complexes active in the Suzuki coupling of aryl

chlorides.

On the contrary, extensive reports have been made on the application of

heterogeneous catalysts in the Heck reaction,®® but very few of them

could promote the Heck coupling of unreactive aryl chlorides in

repeated runs.®"*>®

% In the Heck reaction, catalysts decomposition to

generate catalytically active Pd NP’s has been reported for many

homogeneous systems, including Pd pincers,® palladacycles®®® a

[PA(NHC)]®, this phenomenon is favored when the reaction is

performed at higher temperatures,®® and may explain the fast loss of

activity of the recyclable catalysts due to the progressive agglomeration

of Pd particles. Therefore, the development of supported catalysts with

improved stability remains challenging.
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4.1.2.2. Immobilized catalysts applied in C-C cross
couplings under continuous flow conditions

In the recent years, a number of heterogeneous
catalysts have been applied in various C-C cross coupling reactions
under continuous flow conditions. Most of them were based on Pd and
were recently reviewed.* The main requirements for a catalyst system
to be implemented in a flow process are high activity, robustness, and
high resistance to leaching. To cope with the issue of Pd leaching,
several strategies have been developed® such as the use of scavengers
after the catalyst bed®® or performing the reactions in cyclic flow set-
ups.® As also encountered in the case of heterogeneous Pd catalysts
tested in batch experiments, most of the reported continuous flow tests
refer to the more reactive aryl iodides,”***°* and very often small scale
tests are reported.”

Among the most robust systems reported® catalyst 23 (Figure 4.6)
achieved a TON of 3800 in the Suzuki coupling of 4-bromotoluene with
phenylboronic acid and only marginal Pd leaching was observed in the
products thanks to the cyclic design of the flow system. ** Importantly, a
much lower E-factor (defined as Kg of waste per Kg of product
manufactured) was calculated by the authors for the flow experiment
compared with the corresponding batch process due to the need of a
purification step and the difficulty in recovering the mix of solvents
used when the reaction was performed under batch operation.

ﬁﬂ

(polymer “"Wuu @Pd
support)

Figure 4.6. Pd NPs supported stabilized by a cross-linked matrix of IL, 23.

Pagliaro and Béland reported on the application of commercially
available SiliaCat-dPP-Pd in the Suzuki coupling between 2-
chlorobenzonitrile and p-tolylboronic acid.”” A rate enhancement was
demonstrated when the optimum reaction conditions were transferred
from batch to continuous flow experiments.
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Many heterogeneous Pd systems have appeared in the last decades, yet
truly heterogeneous catalysts able to efficiently couple challenging
chloride substrates and having sufficient stability for prolonged use are
lacking.

In the next section the results obtained in the application of supported
Pd catalysts bearing bulky electron-rich NHC ligands in Suzuki, Heck
and Sonogashira couplings will be presented and discussed.

4.2. Results and discussion

4.2.1. Application of solid-supported [Pd(NHC)]
complexes in the Suzuki-Miyaura coupling of
aryl bromides and  chlorides  with
phenylboronic acids

In this section the heterogenized [Pd(NHC)] complexes
described in Chapter 3 are used as catalysts in the Suzuki-Miyaura
reaction with the objective of recycling and reusing the catalysts as well
as applying them under continuous flow conditions. The application of
catalysts supported on amorphous silica will be described.
Subsequently, the influence of catalysts support material on the
catalysts’ performance will be studied, both in batch and in continuous
flow experiments.

4.2.1.1. Studies on SiO2z-supported Pd-NHC catalysts;
from batch tests to a continuous flow
application

4.2.1.1.1. Optimization tests, substrate scope and
recycling studies

Optimization of reaction conditions, and comparison between catalysts

Initial studies on SiO,-immobilized [Pd(NHC)] complexes 11-14@SiO,
(Chapter 3, Scheme 3.6 and Scheme 3.17) aimed at evaluating the
impact of reaction parameters on the catalysts’ performance in the
coupling of 1-bromo-2,4-dimethylbenzene with 4-phenylboronic acid
(Table 4.1). Entries 1-8 correspond to the application of catalysts 11a-
14a@Si0, (Figure 4.7).
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Figure 4.7. Molecular structure of catalysts na-14a@SiO..

In contrast with other [PdA(NHC)] catalysts, where optimal reaction
conditions comprised alkoxide bases in non-aqueous solvents such as
iPrOH®® or dioxane,” herein the best results were obtained when the
reaction was carried out in a biphasic toluene/water mixture in the
presence of carbonate bases (entries 1, 2, 4 vs entries 5, 6).°° These
conditions provide the added advantage of increased solubility of base
and boronic acid partner. Moreover, the use of a mild base at relatively
low temperatures (60°C) is highly desirable regarding the coupling of
thermally sensitive or unstable substrates.”” Next, the influence of a
double (11a@Si0.), or single linkage (12a@85i0,) of the Pd complex with
the support in the catalytic activity was evaluated (entry 2 vs entry 4),
and similar results were obtained, indicating that the different linking
mode does not have a large effect on catalysts activity for this particular
ligand scaffold.
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Table 4.1. Optimization of reaction conditions for the Suzuki Miyaura coupling
of 1-bromo-2,4-dimethylbenzene (24a) with 4-methoxyphenylboronic acid

(25a).
X mol% [Pd]
2 equiv. base
Br@ + MeO@B(OH)Z Meo
242 252 60°C, solvent 26a

E. Cat. Solv. Base t(h) Yield(%)®

1 1a@Si0, toluene/ Na,CO; 20 69(1)
2.5 mol% Pd H,O

2 1a@8Si0, toluene/ Cs,CO, 20 40(0)
1.5 mol% Pd H,O

3 12a@Si0, toluene/ Na,CO, 16 46(36)
2.4 mol% Pd H,O

4 12a@8Si0, toluene/ Cs,CO; 20 35(1)
1.5 mol% Pd H,O

5 12a@Si0, dioxane KO'Bu 20 21(16)
2.4 mol% Pd

6 12a@8Si0, dioxane NaOMe 20 8(<1)
2.4 mol% Pd

i 12a@8Si0, MeCN/H,O Na,CO; 20 49(44)
2.4 mol% Pd

8 14a@Si0, toluene/ Na,CO; 20 35(56)
1.8 mol% Pd H,O

9 ub@Ssio, toluene/ Na,CO; 20 52(0)
1.8 mol% Pd H,O

10 1ub@Ssio, toluene/ Cs,CO, 20 85(0)
2.0 mol% Pd H,O

11 13b@SiO, toluene/ Cs,CO, 5 87(0)
2.0 mol% Pd H,O

12 12b@SiO, toluene/ Cs,CO; 20 85(0)
1.5 mol% Pd H,O

13 14b@8SiO0, toluene/ Na,CO, 5 81(0)
2.0 mol% Pd H,O

14 14b@SiO, toluene/ K,CO, 5 81(0)
2.0 mol% Pd H,O

15 14b@SiO, toluene/ K,PO, 5 >95(0)
2.0 mol% Pd H,O

16  14b@SiO, toluene/ Cs,CO;, 5 >95(0)
2.0 mol% Pd H,O

17 14b@SiO, toluene/ Cs,CO, 5 77(0)
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2.0 mol% Pd H,O
18 14b@SiO0, toluene/ Cs,CO;, 5 88(0)
1.0 mol% Pd H,O
Conditions: 0,5 mmol 1-bromo-2,4-dimethylbenzene, 0,6 mmol 4-

methoxyphenylboronic acid, 2 mL organic solvent or 1,5 mL organic solvent/o,75 mL
H20; reactions were run under Ar atmosphere, using degassed solvents. “Determined by
GC-FID, yield based on ArBr, average of two runs; In parenthesis percent of 0.5 mmol
ArB(OH)2 needed for C—C coupling converted to deboronation product

The selectivity of the reaction is influenced by the choice of the
carbonate base; cesium carbonate was more efficient than sodium
carbonate and no deboronation byproducts were formed with the
former base (entry 4 vs entries 3, 7, 8).

In entries 8-18, results obtained in the application of materials bearing
the bulkier 2,6-diisopropylphenyl motif (11b-14b@8Si0O,) are displayed
(Figure 4.8). Catalytic precursors based on this motif displayed higher
activity in the coupling of 24a with 25a compared to catalysts bearing
2,6-dimethylphenyl substitution (entry 2 vs entry 10), a trend that is also
observed in the case of unsupported [Pd(NHC)].”® Capping the
remaining silanol groups on the surface of amorphous silica-based
materials resulted in enhanced activity compared to non-capped
catalysts, and the former achieved the same conversions at much
shorter reaction time (entry 10 vs entry 11). Finally, among end-capped
catalysts bearing diisopropylphenyl substitution, catalysts containing a
single-tethered-enriched mixture performed better than double-
tethered materials (entry 12 vs entry 10 and entry 16 vs entry 11). The best
results were obtained by using end-capped-one-tethered 14b@SiO, in
combination with either Cs,CO; or K;PO, (entries 15, 16).

Importantly, the use of biphasic reaction conditions may provide the
benefit of complete dissolution of all reagents, base and also products
and byproduct salts, thus preventing clogging of the microreactor
channel during a continuous flow process.”
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Figure 4.8. Molecular structure of catalysts 11b-14b@8iO,

Substrate scope

The most active catalyst formulation 14b@SiO, was used to briefly

explore the substrate scope possible with this system (Table 4.2). Ortho-

substitution is tolerated in both coupling partners, yielding the di-ortho

substituted biphenhyl product in 79% isolated yield (entry 1).

Heteroaromatic bromides can be coupled in up to 92% isolated yield

(entry 2); switching the boronic acid partner from 16¢ to 4-

methoxyphenyl boronic acid 16b resulted in lower reaction rates,

yielding the corresponding biaryl in 50% yield. Activated bromide 15f

bearing the electron-withdrawing cyano group at the para position was

coupled with 16b in 92% yield, indicating that coupling of this substrate

proceeded slightly faster compared to bromide 15d (entry 1), very likely

due to more favorable electronic and steric effects in this substrate.
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Table 4.2. Scope of aryl halides and phenylboronic acids tested in the Pd-
catalyzed Suzuki-Miyaura reaction using 14b@8i0, as catalyst.

1 mol% 14b@SiO, R4 R

R!
2 equiv. Cs,CO3
MePh/H,0,

60°C, 5h

Br@ Br@ Br@CN Cl@w m@
24a 24b 24c 24e

24d

@B(OH)Z MeO@B(OH)Z
25

25b

Entry ArX ArB(OH), Isolated
yield (%)?
1 24a 25b 79
2 24b 25b 92
3 24b 253 50
4 24¢ 252 94
5 24d 253 84
6 24e 25b 45

* Conditions: o,5 mmol ArX, 0,6 mmol ArB(OH),, 1,0 mmol Cs,CO,, 1,5 mL toluene, 0,75
mL H,O, 60°C, 5h No starting material or by-products observed by GC-FID, yield
indicates loss during workup.

Activated chlorides 24d was also coupled in high yield (84%) (entry 5).
The coupling of the heteroaryl chloride 24e represented a more
challenging substrate for this catalyst and 45% yield was obtained after 5
hours, posing some limitations on the catalyst system under the present
reaction conditions (60°C).
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On the basis of these results, catalyst 14b@SiO, can couple moderately
difficult deactivated and sterically hindered aryl bromides, and also
activated chlorides at relatively low reaction temperatures; related
supported catalysts bearing phosphine®® or NHC® ligands frequently
operate at higher temperatures (80-110°C) for the coupling of bromide
substrates. However, they are much less efficient than homogeneous
[PA(NHC)] systems containing the bulky IPr ligand** which quickly
couple aryl chlorides at room temperature, using much lower catalyst
loadings.

Recycling tests and investigations on catalyst’s instability

Material 14b@SiO, was applied as catalyst in the coupling of 1-bromo-
2,4-dimethylbenzene 24a with 4-methoxyphenylboronic acid 25a and its
recyclability was tested. In the first run, the cross-coupling product was
obtained in 97% yield with perfect selectivity; the supernatant was
filtered and the solid catalyst was successively washed with H,O, EtOH
and Et,O, and it was dried under vacuum before being used in the next
reaction run. However, successive catalyst’s recyclings resulted in a
rapid drop in product yield, and no conversion was observed in the 4™
run (Figure 4.9). During these experiments, the formation of a black
residue was observed within the solid catalyst material, which was
pointed out as Pd black formed upon catalyst degradation. This was
surprising given the relatively mild reaction conditions employed
(60°C), and the stable nature of the NHC-Pd bond. Therefore, the origin
of such instability was investigated.

In order to facilitate analysis and also to obtain a direct comparison with
the homogeneous [Pd(IPr)(acac)Cl] catalyst, an experiment was
performed where unsupported alkene-tethered Pd complexes 10a and
10b, and parent [Pd(IPr)(acac)Cl] were tested as precatalysts in the
Suzuki coupling between 24a and 25a under the reaction conditions
previously used for the supported -catalysts (Table 4.3). When
[Pd(IPr)(acac)Cl] was employed, full conversion to the desired product
was obtained within two hours (entry 1). Furthermore, the reaction
mixture did not darken noticeably. However, when 10a or 10b were used
as precatalysts, a black precipitate formed shortly after the sample was
brought to temperature.
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1 mol% 14b@Si0,

2 equiv. Cs,CO3
o o ool Hsom, o weod Y )
24a 25a

MePh/H,0,
60°C, 5h

100
80

60

Yield (%)

40 4

204

Run #

Figure 4.9. Recycling tests for the Suzuki-Miyaura coupling between 24a and
25a using catalyst 14b@8iO, under optimized reaction conditions. Conditions:
0,5 mmol ArX, 0,6 mmol ArB(OH)z, 1,0 mmol Cs2CO3, 1,5 mL toluene, 0,75 mL H20,
60°C, sh.

This difference in aspect was accompanied by poor product yields after 2
h of reaction time for both catalysts (entries 2, 4). Tripling the reaction
time resulted in only modest increases in yield (entries 3, 5) which
indicated that, by that time, most of the catalyst had decomposed.
Therefore, it was concluded that deactivation of the supported catalysts
presented above is due to an intrinsic instability of the (NHC)Pd core
complexes and not to “external” factors such as interactions with the
solid support or the thioether tether linkages.

A simple explanation for the instability of these catalysts would be that
the (NHC)-Pd bond is somehow weakened by the changes made to the
ligand architecture, although prior studies using other metals do not
indicate that this should be the case.”>'*"*

13
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Table 4.3. Activity comparison between [Pd(IPr)(acac)Cl] and 10a/b in the
Suzuki coupling between 24a and 25a under biphasic reaction conditions.

1 mol% [Pd]
Br@— + MeO@B(OH)Z 2emo3 MeO
MePh/H,0,
24a 25a 60°C
Entry Catalyst Time (h) Yield® (%)

1 [Pd(IPr)(acac)Cl] 2 >05

2 (10a) 2 39

3 () 46

4 (10b) 2 55

5 6 73

Conditions: 0.5 mmol ArBr, 0.6 mmol ArB(OH),, 1.0 mmol Cs,CO;, 1.5 mL MePh, 0.75
mL H20, 60 °C. a By GC-FID, average of two runs.

Nevertheless, this issue was investigated computationally (Scheme 4.8)

(see footnote).
'BugP—I[Pd]
N_N
eyt ;ﬁ -
[Pd]

A: AG = -27.9( 268 kcal mol™!

B: AG = -8.9(-7.5) kcal mol!
MeO-~ ﬁ b
[Pd
[Pd] + IMes
MeO N OMe
27
A: DG = 0.2(0.5) kcal mol-1

B: DG = -0.8(-0.8) kcal mol-1

cl
[Pd] = Pd—NCMe (A) Pd—NCMe (B)
|

Scheme 4.8. Comparison of B,LYP-d;/LACVP* ligand exchange energies for
Pd(I) and Pd(o) complexes of PtBua, IMes and 27. Gibbs free energies
incorporate PBF benzene and DMF (in parentheses) solvent corrections.

Theoretical calculations were carried out by P.-O Norrby et al. at University of
Gothemburg, Sweden
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The relative binding energies of tBu,P, IMes and ligand 27 bearing 2,6-
dimethyl-4-methoxyphenyl substitution at the N wingtips (ligand 27
was chosen due to its steric and electronic similarities with the NHC
ligand obtained from deprotonation of 7a). As shown in Scheme 4.8, the
IMes ligand was correctly predicted to displace tBu,P in complexes of
both Pd(II) and Pd(o). As could be expected, the substitution reaction
was calculated to be much less exothermic for the Pd(o) system than for
that containing divalent palladium. Conversely, no significant difference
between Pd(o) and Pd(II) was predicted for the IMes/27 substitution
reaction. More importantly, the reaction is predicted to be
thermoneutral in both cases, that is, negligible differences in binding
energy between IMes and 27 were found. These data are in agreement
with the experimental findings concerning other NHC-metal
complexes?'>'** for predicting NHC-palladium bonding properties, and
cast further doubt on an unstable NHC-Pd bond as a culprit for catalyst
decomposition in this case.

In light of the findings presented above, additional experiments were
performed to rule out other possible modes of catalyst decomposition.
While the catalytic reaction conditions reported here are relatively mild,
the ligands ether linkages could conceivably be susceptible to cleavage
by base and/or halide ions present in the reaction medium. To check for
such reactivity, complex 10a was treated with 12 equivalents each of
Cs,CO; and KBr in toluene/H,O solvent in the absence of substrate
(Scheme 4.9, compare with optimized catalytic reaction conditions).

/\
N_N
0 T o 60°C
+ 12KBr + 12Cs,CO3 no reaction

0-Pd-Cl MePh/H,0
N O 7

10a

Scheme 4.9. Reactivity of precatalyst 10a when treated with potassium
bromide and cesium carbonate under the reaction conditions but in the
absence of substrate.
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After 20 hours at 60 °C, no precipitates formed and no change to 10a
was observed by 'H NMR spectroscopy. Three conclusions can be
derived: a) direct attack by base or Br~ ion on the ligand’s ether linkage
is not operative; b) more generally, catalyst decomposition does not
occur by base/halide-mediated decomposition of precatalyst 10a; c) if
catalyst activation to [Pd(o)(NHC)] occurs by attack of the base on the
precatalyst’s acac ligand, as proposed for Nolan’s system using alkoxide
bases,”” then this process is very slow under the conditions employed
here.

A second set of experiments involved direct observation of the catalysts’
behavior at high loading under the full set of reaction conditions, using
6 equivalents of 4-methoxyphenylboronic acid and 4-bromo-m-xylene
substrates in addition to the 12 equivalents of Cs,CO; used in the
experiment outlined above (Scheme 4.10).

@\ :( 032CO3

24a (6,0 equiv) i
g (120 equiv.) 1y 4nq 3¢ NMR
i d CI j MePh/H,0 analysis
N \(\ﬁo 7 Meo@ B(OH), 60°C, 16h
25a (6,0 equiv)
R = Me,10a
R =iPr, 10b

Scheme 4.10. Suzuki-Miyaura coupling between 24a and 25a using 10a and 10b
at high catalyst loadings.

When 10a or 10b were used as precatalyst, a noticeable quantity of black
precipitate was observed after heating the reaction mixture at 6o °C for
3 hours (10b generated this precipitate after a few minutes). However,
little more precipitate had formed after 16 additional hours at this
temperature. After 19 h, the volatiles were removed and the remaining
organic-soluble material analyzed by 'H NMR spectroscopy. The spectral
region corresponding to the OCH,R protons of the NHC ether linkages
exhibited peaks arising from three major species containing that
fragment, the most abundant being unreacted 10a/b or a very closely
related species (characteristic signals arising from the NHC backbone
and acac methyl groups were retained). Combined peak integrations
(relative to substrate signals) indicated that at least the vast majority of
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added ligand was present as soluble species. Furthermore, no signals
corresponding to the imidazolium salts were detected.

A BC Cz-labeled sample of 10b was prepared in order to facilitate the use
of ®C{'H} NMR spectroscopy as an additional analysis tool. Precatalyst
10b displays a resonance at 156.7 ppm corresponding to the imidazol-2-
ylidene (C2) carbon nucleus, whereas in the imidazolium pre-ligand this
carbon nucleus resonates at 139 ppm. After the catalytic reaction, three
peaks with large intensity (due to the ®C label) were observed at 155.7,
156.1 and 156.7 ppm, in agreement with the identification of three major
NHC-containing species from the above analysis. Their extremely
similar C2 chemical shifts, and the fact that one of those signals is due
to, or overlaps that of 10b supports the assignment of all three species as
intact [PA(NHC)] complexes.

All data from the catalytic experiments discussed above indicate that, at
high precatalyst loadings, very little of the [PdL(acac)Cl] complex is
activated and thus only a small fraction yields a highly active, yet
unstable catalyst. Furthermore, the remaining precatalyst was not
catalytically degraded by the active species. Therefore, the only
forthcoming explanation for catalyst decomposition in this system is
that a reactive intermediate in the catalytic cycle (or a side product
arising from the activated catalyst) is susceptible to decomposition via a
stoichiometric pathway.

An obvious candidate for this catalytic intermediate is the 1-coordinate
[Pd(0)(NHC)] complex proposed as the active catalyst in such systems.
A bulky phosphine-containing Pd(o) complex has been shown to cleave
O-CH; bonds of aryl methyl ethers.®® According to this proposal the
highly unsaturated [Pd(o)(NHC)] compounds would attack the O-R
bond of a neighboring [Pd(NHC)] complex. Under the catalytic reaction
conditions, the initially-formed [Pd(NHC)(OAr)R] then presumably
decomposes to precipitate palladium metal (Scheme 4.11).

17
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Scheme 4.11. Proposed deactivation pathway involving cleavage of ArO-R bond
in the ligand framework by highly reactive Pd(o) species.

However, it is not clear how this mechanism would operate when the
ligands are immobilized on a solid support, wherein each catalytic site is
fairly distant. Moreover, formation of imidazolium salt was not detected
in the above described experiments. An alternative explanation would
be occasional, reversible dissociation of an unsaturated Pd(o) fragment
from the NHC ligand, which might go unnoticed in systems employing
non-functionalized NHCs but which in this case could result in
intramolecular O-R activation. It is often stated that the NHC-Pd bond
is sufficiently strong that dissociation should not occur. However,
mechanisms involving IPr dissociation from palladium have been

107

proposed.
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4.2.1.1.2.  Alternative conditions for improving
catalyst’s stability. Batch and continuous
flow studies

Suzuki-Miyaura reaction in the absence of water

Although initial optimization of the reaction conditions for these
systems (Table 4.1) had pointed out to an optimal reaction medium
involving a biphasic toluene/water mixture, several [Pd(NHC)]-based
heterogenized catalysts have been applied under non-aqueous reaction
conditions, displaying enhanced recyclability compared to their use
under aqueous/organic biphasic conditions.”” Moreover, the Pd-
catalyzed Suzuki-Miyaura reaction has been described in toluene, in the
absence of any other solvent.” Thus, alternative reaction conditions
were used involving the use of anhydrous toluene, and the reaction
temperature was rised from 60°C to 80°C. Under these conditions,
longer reaction times were needed (compared to the use of biphasic
toluene/water medium) to achieve high conversions, in spite of the
higher temperature. However, the robustness of supported [Pd(NHC)]
catalysts 13b@SiO, and 14b@SiO, (Figure 4.8 page 110) under these
conditions was evaluated in the Suzuki-Miyaura coupling between 24a
and 25a (Figure 4.10).

In the first reaction run, catalyst 14b@SiO, achieved 95% conversion
compared to 80% for catalyst 13b@SiO.. Both catalysts displayed perfect
selectivity under these conditions, and undesired deboronation and
homocoupling were not observed. The catalysts were washed and
recycled as described before, and used in successive runs. In the second
run, lower yields were obtained with both catalysts; for catalyst
14b@Si0O, a drop of more than 50% of the initial yield was found,
whereas for catalyst 13b@Si0, a smaller drop of 25% compared to the
first run was quantified (from 81% to 60% yield). Further recycling the
catalysts resulted in similar performance over the next two runs for
catalyst 13b@SiO,, or three runs for catalyst 14b@SiO, before a large
drop in yield observed in the 5™ and 6™ runs respectively.
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Therefore, under these conditions, double tethered catalyst 13b@SiO,
displayed superior robustness compared to single-tethered enriched
14b@SiO0,.

1 mol% [Pd]

2 equiv. Cs,CO3
oY+ weo-{)aion, w0 <)
25a

toluene, 80°C,
24a 12h

—=— 14b@SiO,
1004 —e 13b@SIO,
80 +
60
S
e
° 404
>-
20 4
04
T T T T 1
1 2 3 4 5 6

Run #

Figure 4.10. Recyclability studies on catalysts 13b@S5iO, and 14b@8SiO, in the
Suzuki coupling between 24a and 25a under anhydrous reaction conditions.

Conditions: 0.5 mmol ArBr, 0.6 mmol ArB(OH),, 1.0 mmol Cs,CO;, 2,0 mL toluene, 8o
°C, 12h. Yields obtained by GC-FID, average of two runs.

To know whether the observed decrease in catalyst activity maight be
attributed to catalyst degradation or to Pd leaching, the reaction
mixtures were analyzed by ICP-OES (Table 4.4).

Table 4.4. Values of leached % Pd leached with respect to initial Pd content in
each reaction run.

Entry 1 2 3 4 5 6

Run 1 2 3 4 5 6
13b@Si0, 0,58 0,67 0,78 0,82 0,98 0,88
14b@SiO, 0,87 0,388 0,9 0,87 0,38 0,39
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A non-negligible amount of Pd was present after every single run,
however the observed values are too small to solely explain the drop in
activity. Therefore, partial deactivation of the catalysts under these
conditions might still be occurring, although formation of Pd black was
not evident.

Continuous flow experiments for Suzuki-Miyaura

The most active silica-supported catalysts 13b@SiO, and 14b@SiO,
were selected for their application in the Suzuki-Miyaura coupling
between 24a and 25a under continuous flow conditions, in order to
evaluate the benefits of this technique over conventional batch
operation. The continuous flow experiments were carried out at
University of Cambridge in collaboration with the group of Prof. Dr. A.
Lapkin. Representation of a continuous flow microreactor is illustrated
in figure 4.11.

RI

R x R

R~ _-B(OH), + BASE

SUPPORTED
\ \ CATALYST

. s < — 3  PRODUCTS

Figure 4.11. General scheme of a continuous flow reactor. SI is Solution I
containing the aryl halide; SII is Solution II, containing the arylboronic acid and
the base; (1) is called T connection; (2) is the packed bed containing the
supported catalyst.

A solution of the substrate (SI) and a second solution containing the
arylboronic acid and the base (SII) are fed into the flow reactor at equal
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flow rates by menans of an HPLC pump. These two solutions mix when
they get into the T-connection (1). The merged flow is then introduced
to the inlet of the packed bed column assembly (2) containing the solid
catalyst. The reaction takes place in the packed bed and the products
flow out of the flow reactor and are collected.

To carry out the continuous flow Suzuki reactions, needed to be
adjusted, because base, boronic acid and byproduct halide salts are
poorly soluble in toluene, which could lead to clogging of the
microreactor. Among the different alternatives tested in batch,
methanol was chosen to run the continuous flow tests because it offered
the best option for the solubility of the reactants and byproduct salts.
(See table S4.1 in the experimental part for details).

Two continuous flow experiments were carried out, in order to compare
the performance of one-tethered and two-tethered catalysts under these
conditions (Table 4.5).

Table 4.5. Reaction conditions for the Suzuki coupling between 24a and 25b
under continuous flow conditions.

[Pd]

2 equiv. base
o o weod Hosom, 2SS0 YL
25a

solvent, 65°C
24a

Sol. 1 Sol. 11 Catalyst
Exp Solv. [ArBr] Solv. Base/ [ArB] Title Pd.
M c(M) (M) mmol
1 MeOH 0,2 MeOH  Cs,CO, 0,2 14b@Si0, 0,07
/0,4
2 MeOH 0,2 MeOH  Cs,CO, 0,2 13b@SiO, 0,07
/0,4

Conditions: 65°C, p, = p, = 0,15 mL/min. Aliquots were analysed using GC, mesitylene
was used as the internal standard.

In the case of single-tethered 14b@Si0O, an initial activation period was
observed under flow conditions, and the highest conversion (94%) was
achieved after 40 minutes on stream (Figure 4.12, black filled circles). In
contrast, catalyst 13@8iO, (red filled circles) achieved its maximum
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activity after 15 minutes on stream. initial activities were observed
compared to double tethered.

—e— 14b@SIO,
L —e— 13b@SIO,
-- @ P-corrected Exp 2
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Figure 4.12. Conversion vs time on stream for the Suzuki coupling between 24a
and 25a catalyzed by 3b@SiO, and 14b@SiO, under continuous flow; reaction
conditions shown in Table 4.11.

A maximum 94% conversion was obtained with the former system after
40 minutes on stream. After this initial activation for catalyst 14b@SiO.,
a similar deactivation trend to that previously observed for batch
experiments was also detected under flow conditions, and conversion
decreased rapidly over the next 40 minutes. After two hours conversion
was in the 50% range. For the analogous two-tethered catalyst, a small
decrease in activity was also evident, although to a lesser extent, going
from 68% maximum conversion down to 45% after 2 hours on stream,
and remained stable until t = 120 minutes. Although initial
concentration of the reagents were selected to always generate the
byproduct bromide salt below its solubility limit, during the course of
the experiment, at some points, the local concentration of the salt at the
catalytic centers may exceed this value during the experiment, due to
faster reaction compared to the dissolution rate, thus resulting in
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temporary constriction/blockage of the flow paths. These phenomena
caused a change in the flow rate/residence time and hence oscillations
of the conversion (see arrows in Figure 4.12). At the same time the
catalytic activity (and therefore the rate of formation of CsBr) dropped
due to the blockage of the Pd centres.The “shells” of CsBr are then
partially dissolved by the unsaturated reaction mixture during the
period of lower reaction rate/prolonged residence time, which in turn
increases the conversion and decreases the residence time and so on. In
spite of the differences in reaction conditions applied due to the
solubility restrictions in the case of continuous flow operation, the
productivity in terms of space-time yields can still be compared with the
batch process. Considering the results obtained by using the double-
tethered 14b@SiO, catalyst in batch and in continuous mode, the TOF
was ca 4 times higher (Table 4.6) for the latter mode, even when non
optimal reaction conditions and lower temperature (65°C vs 80°C) were
used. The criterion used for comparing results obtained under batch
with those obtained under continuous flow conditions is that reliable
comparison between TOF’s must be done at closely similar TON’s.

Table 4.6. Comparison of the performance of catalyst 13b@SiO, in the Suzuki
coupling between 24a and 25a by operating under batch or continuous flow
conditions.

[13b@Si0,]
Br@— + MeO@B(OH)Z 2 equiv. Cs;C04 MeO
24a 25a solvent, T
Mode mmol mmol T(°C) Operation TON* TOF?
conv. Pd Time (h) (h)
Batch® 0,405 0,005 80 12 81 6,75
Cont. 3,6° 0,07 65 2 51 25,5

flow

*TON and TOF data refer to the overall continuous flow process and to the 1* run of the
corresponding batch process (under anhydrous conditions). ° for the exact reaction
conditions in the batch experiments see Table 4.11. . © A constant conversion of 45%
during 2 hours flow run was considered to calculate the amount of cross-coupling
product.

The results presented, although involving only small scale tests provide
some evidence of the enhanced productivity achieved when the Suzuki
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reaction was performed in the confined channels of a continuous flow
microreactor.>*

4.2.1.2.  y-ALO; and TiO,-supported [Pd(NHC)],
materials for continuous flow applications

After studying the recycling and the evaluation of
[PA(NHC)] immobilized on silica, and in view of the results obtained, it
was considered of interest to evaluate the influence of other supports on
catalysts performance and stability. Therefore, the protocols developed
for the silica-immobilized catalysts were then extended to the
application of catalysts heterogenized onto MCM-41, y-ALO; and TiO,
in the Suzuki-Miyaura coupling.

4-.2.1.2.1.  Influence of the support material on the
robustness of the heterogenized catalysts

In order to allow for a comparison between
the different catalyst formulations regarding the solid support, the two-
tethered materials based on the 2,6-diisopropylphenyl scaffold were
chosen; end-capped SiO,- and MCM-41-based materials were used.
These catalysts were first tested in the Suzuki coupling between 24a and
25a under batch conditions (Figure 4.13).

A very similar activity was found for the TiO,-, y-ALO;- and MCM-41-
supported [PA(NHC)] in the first reaction run, the three of them
reaching conversions above 95%, outperforming the SiO,-supported
catalyst. SiO,-supported 13b@SiO, and y-Al,O;-supported nb@y-AlL O,
displayed a similar recycling profile, and some deactivation was
observed after the 1* run. This deactivation was more pronounced for
the silica-tethered catalyst, but then both materials yielded the desired
cross-coupling product in over 50% yield after 5 runs. Microporous
TiO,-supported material ub@TiO, proved the most robust of the four,
and conversions were maintained above 80% during 4 successive runs
before ultimately showing signs of deactivation in the 5™ run. The use of
MCM-41 as support led to a rapid and constant decline in activity, which
might be associated to the rather thin pore walls in this material with
low (hydro)thermal stability which may lead to structure collapse.'®
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Figure 4.13. Influence of the support material on the catalysts’ performance on
successive reaction runs for the Suzuki-Miyaura reaction between 24a and 25a.

Conditions: 0,5 mmol 1-bromo-2,4-dimethylbenzene, 0,6 mmol 4-
methoxyphenylboronic acid. Conversions determined by GC-FID relative to calibration
curves.

In view of these results MCM-41 was discarded due to its lower long-
term stability and TiO,-, y-AL,O;-supported 1b@TiO, and nub@y-ALO,
were taken up for evaluation under continuous flow operation.

4.2.1.2.2. Performance of y-ALO;- and TiO.-
supported [PdA(NHC)] as catalysts in the
Suzuki reaction under continuous flow
conditions

Two continuous flow experiments were carried out using 1b@TiO, and
1@y-ALQ,; (Figure 4.14). Conditions are detailed in Table 4.7.
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Figure 4.14. Molecular structure of catalysts nub@y-AlL O, and ub@TiO,.

Table 4.7. Reaction conditions for the continuous flow experiments involving
the Suzuki coupling between 25a and 25a catalyzed by nb@TiO, and ub@y-

ALO, .
[Pd]
Cs,CO3 (2 iv..
—@Br N (HO)ZBOOMe 52003 (2 equiv-) OMe
24a 25a
Sol. I Sol. I1 Catalyst
Exp Solv. [ArBr] Solv. Base/ [ArB] Title Pd.
M c(M) (M) mmol
1 MeOH 0,2 MeOH  Cs,CO, 0,2 ub@TiO, 0,020
/0,4
2 MeOH 0,2 MeOH  Cs,CO, 0,2 ub@y- 0,045
/0,4 ALO,

Conditions: 65°C, p, = p, = 0,2 mL/min. Aliquots were analysed using GC, mesitylene
was used as the internal standard

Compared to the previous flow experiments using silica-supported
catalysts the catalyst loadings are lower due to the minor content of Pd
in catalysts 13b@TiO, and 1b@y-AlL,O; compared to catalyst 13b@SiO..
Moreover, the applied flow rate is slightly higher (0,4 mL/min vs 0,3
mL/min referred to the merged flow), thus implying a shorter residence
time. The best conversions over time in flow were observed for ub@y-
Al,O; (Figure 4.15, black curve);
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Figure 4.15. Performance of nb@y-Al,O; and nb@TiO, in the Suzuki coupling
between 24a and 25a under continuous flow conditions; reaction conditions
shown in Table 4.13.

the initial 100% conversion dropped to 89% during the first 20 minutes
on stream, clearly showing the better performance over its silica
counterpart, where lower conversions were achieved in spite of the
higher amount of Pd in the packed bed of the reactor, and the longer
residence time. Morover, no significant deactivation was observed, and
no Pd black was observed in the outlet of the flow reactor. Lower
conversions were measured for nb@TiO,. A drop in activity was
observed within the first 10 minutes (from 85% to 70%) but then this
level of conversion slightly above 70% was maintained for the rest of the
experiment up to 88 minutes. In the case of nb@TiO, the activity is
remarkable given its lower Pd content (Table 4.7). Therefore, a more
logical comparison between the two materials would be according to
the TON and TOF achieved by the end of the flow experiment (Table
4.14). The higher values in TON and TOF displayed by catalyst
11b@TiO, correlate with the superior performance of this catalyst in the
previously described batch studies (Figure 4.8). Under continuous flow
conditions, TiO,-supported 11b@TiO, more markedly outperforms
ub@y-ALO; (Table 4.8). Under continuous flow conditions, both



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

Application of solid-supported [Pd(NHC)] complexes in Suzuki-
Miyaura, Heck and Sonogashira couplings. Studies under batch and
continuous flow conditions

catalysts display increased activity and stability compared to silica-
supported 13b@Si0, (Figure 4.12). Consequently, catalyst 13b@SiO,
bearing the largest surface area and the highest Pd loading (see Table
3.1) displayed the poorest performance, whereas catalyst nub@TiO,
bearing microporous titania as support, and having the lowest surface
area and Pd loading, displayed the best results of the series in the
Suzuki-Miyaura coupling between 24a and 25a both under batch and
continuous flow operation.

Finally, with the collected data in hand a comparison is possible
between the productivity of batch and continuous processes in terms of
space-time yields (Table 4.14). As in the previous case for silica-
supported catalysts, TOF values obtained in flow experiments and in
batch reactions, are presented at similar TON to obtain a more reliable
comparison. For the case of ub@TiO,, the TOF was improved by more
than one order of magnitude, and a 6-fold rate enhancement was
achieved for catalyst 1b@y-AlLO;. These results highlight the potential
of the continuous flow techniques in organic synthesis.

Table 4.8. Comparison in activity and productivity of catalysts 11b@y-Al,O;
and ub@TiO, in the Suzuki coupling between 24a and 25a in relation to the
mode of operation (batch or continuous flow).

[Pd]
2 equiv. Cs,CO3
Br + MeO@B(OH)z —— MeO O O
solvent, T

24a 25a

Mode Cat.* mmol mmol T(°C) Operation TON” TOF®

conv. Pd Time (h) (hY
Batch® Ti 0,47 0,005 80 60 94 7,83
Al 0,49 0,005 80 60 98 8,17
Cont. Ti 2,52° 0,045 65 1,5 126 84
flow Al 3,24° 0,045 65 1,5 72 48

*Ti = ub@TiO,, Al = ub@y-ALO;; ® TON and TOF data refer to the overall continuous
flow experiment and to results obtained in the first run of the batch tests. “ For the exact
reaction conditions in the batch experiments see Figure 4.6. © total cross-coupling
product obtained after go minutes in flow, by GC analysis using mesilylene as standard.
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4.2.2. Application of solid-supported [Pd(NHC)]
complexes in related Pd-mediated cross-
coupling processes

Besides the application of the heterogenized Pd-NHC
complexes in continuous Suzuki couplings, it was considered of interest
to study their performance in related Pd-catalyzed Sonogashira and
Heck couplings. In view of their higher activity in the Suzuki-Miyaura
reaction, precatalysts containing NHC ligands with the more bulky 2,6-
diisopropylphenyl motif were chosen for these studies.

4-.2.2.1.  Application of supported [Pd(NHC)] complexes
in the Cu-free Sonogashira coupling

4.2.2.1.1. Evaluation of catalyst performance in batch
mode

Taking into account the previous results on the
use of these supported catalysts in the Suzuki-Miyaura reaction it was
considered of interest to explore their activity, recovery and reuse in the
Sonogashira reaction, since this transformation offers a convenient
access to substituted alkynes."” Initial tests focused on optimizing the
reaction conditions for this transformation bearing in mind the
improved stability of the catalysts under anhydrous conditions (see
results on the Suzuki coupling)(Table 4.9).

Table 4.9. Screening of various solvents for the Sonogashira coupling between
24f and 28a catalyzed by nb@y-Al,O;.

[11b@y-Al,03] 1 mol(%)

0} 2 equiv. Cs,CO4 o
e e =) =)

solvent, 80°C, 24h

24f 28a 29a
Entry Solvent Yield (%)*
1 Toluene traces
2 1,4-dioxane 33
3 DME 26
4 DMF 99

Conditions: 0,5 mmol ArBr, 0,75 mmol phenylacetylene, 2 mL dry and degassed solvent.
* GC yield using mesitylene as internal standard and correlated to a calibration curve.
the reaction was completed after 16h.
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When toluene was used as the solvent in combination with Cs,CO,
(Table 4.9, entry 1), only traces of the coupling product were detected.
Better results were obtained using more polar solvents such as dioxane
(entry 2) or DME (entry 3), but only partial conversion was obtained.
However, running the reaction in DMF afforded complete conversion
and perfect cross-coupling selectivity after 16 hours at 80°C. Next, the
Sonogashira reaction was examined for various alkynes and the results
are gathered in Table 4.10. Reaction of 4-acetophenone (24f) with
phenylacetylene (28a) led to the corresponding coupling product 29a in
98% isolated yield. Good-to-excellent yield was obtained in the coupling
of p-bromoacetophenone 28a with electron rich alkynes 28b and 28c
(entries 2 and 3, respectively) and finally ortho-substitution in the
alkyne was tolerated providing the final product 29d in excellent yield
(entry 4). Thus this results showed that precatalyst nb@y-ALO; is
active in the Sonogashira coupling of aryl bromides with ortho-
substituted and electron rich aromatic alkynes.

Table 4.10. Alkyne scope in the Sonogashira coupling between p-
bromoacetophenone 24f and various aromatic alkynes using catalyst ub@ y-

ALO,;.
R1 [11b@y'A|203] R1
(@] C52003 o)
DMF, 80°C, 24h
24f  R1-H R2=H, 28a R'=H, R2=H, 29a
R'=H, R? = 4-OMe, 28b R'=H, R? = 4-OMe, 29b
R'=H, R?= 4-NH,, 28d R'=H, R?= 4-NH,, 29d
R'=H, R? = 2-Me, 28d R'=H, R% = 2-Me, 29d
Entry Alkyne Product Yield (%)*
1 28a 29a 98
2 28b 29b 80
3 28¢ 29c¢ 96
4 28d 29d 95

Conditions: 1,0 mmol ArBr, 1,5 mmol alkyne, 2,0 mmol Cs,CO;, 1 mol% [Pd]. ? Isolated
yield after column chromatography
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The recyclability of these materials was tested in batch mode in
successive reaction runs for the coupling of 4-bromoacetophenone 15b
with phenylacetylene 28a (Figure 4.16).

[Pd], 1 mol%
(0] 2 equiv. Cs,CO3 O,
b Orw o =) = = ()
DMF, 80°C, 16h
24f 28a 29a
10 N 11b@y-AlLO,
i [ 11b@TiO,
_113@sio,
80 —
< 60 m -
c
S
[4
2 404
=
o
o
20
0= T T T T
1 2 3 4
Run #

Figure 4.16. Influence of the support material on the catalysts recyclability in
the Cu-free Sonogashira coupling of 24f with 28a.

Conditions: 0,5 mmol 4-bromoacetophenone, 0,75 mmol phenylacetylene, 1 mol% [Pd],
2 mL dry and deoxygenated DMF

Catalysts immobilized onto mesoporous MCM-41 were not included in
the study. Under these conditions 1b@y-Al O, exhibited higher activity
than the other materials, providing product 29a in more than 95% yield
over the first two runs, and then only slightly decreasing its activity to
88% in the 4™ run. Catalyst ub@TiO, afforded 29a in yields above 85%
over the first three runs before a slight decrease in activity was observed
in the fourth run (76%). The silica-supported 13b@SiO, afforded 80% of
the coupling product in the 1* run and then gradually dropped its
activity to 56% in the 4™ run. In any of these experiments formation of
Pd black was evident. As observed in the study of the Suzuki-Miyaura
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coupling, catalysts nb@ y-Al,O; and ub@TiO, provided better
reusability compared to silica supported 13b@SiO..

Due to their increased robustness 11b@ y-AlLO; and 11b@TiO, were
selected for application under continuous flow conditions.

4.2.2.1.2.Evaluation of catalyts performance in
continuous flow operation

Catalysts 11b@y-AlL,O; and ub@TiO, were
evaluated in the continuous Sonogashira coupling of p-
bromoacetophenone 24f with phenylacetylene 28a (Table 4.1). Both
systems displayed excellent activity in flow mode (Figure 4.17). Whereas
Sonogashira couplings of aryl iodides have been reported,® very few
works have reported the Sonogashira coupling of the more challenging
aryl bromides under continuous flow operation.®

Table 4.11. Reaction conditions for the continuous Sonogashira
couplingsbetween 24f and 28a

2 equiv. Cs,CO
24f 28a a s 29a

Sol. 1 Sol. 11 Catalyst
Exp Solv. [15b] Solv. Base/ [28a] Title Pd.
M c(M) (M) mmol

1 MeOH 0,2 MeOH  Cs,CO, 0,3 ub@y- 0,047
/0,4 ALO,

2 MeOH 0,2 MeOH  Cs,CO, 0,3 ub@TiO, 0,028
/0,4

3° MeOH 0,2 MeOH  Cs,CO, 0,3 ub@TiO, 0,028
/0,4

4 MeOH 0,2 MeOH  Cs,CO, 0,3 ub@TiO, 0,028
/0,4

Conditions: 65°C, j, = i, = 0,05 mL/min. * i, = y, = 0,1 mL/min. ° Long term experiment.
Aliquots were analysed using GC, mesitylene as the internal standard

For this reaction, an initial incubation period was observed in both
experiments, which could indicate the possible generation of palladium
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nanoclusters,” although no decomposition was apparent during the

experiments.
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Figure 4.17. Performance of catalysts nb@y-Al,O; and 1b@TiO, in the
Sonogashira coupling between 24f and 28a under continuous flow conditions;
reaction conditions are shown in Table 4.17.

Under these conditions, the reaction reached the steady state after 70
minutes on stream for nb@y-ALO; and after 80 min for nb@TiO.,.
Again, as in the case of the Suzuki reaction, remarkably high activity
was exhibited by 1b@TiO, which contains lower amount of Pd. In Exp 3
(Table 4.11) the performance of ub@TiO, was assessed by increasing the
flow rate by a factor of two compared to Exp 2 while maintaining the
same substrate concentration, therefore reducing the mean residence
time also by a factor of two. At these reaction times, the conversion
afforded by both catalytic systems was higher than 92%.These high
levels of conversion were maintained during the following 70 minutes
under the continuous flow process and no by-products could be
detected by GC. The vast majority of supported catalysts applied in the
copper-free Sonogashira reaction under continuous flow conditions

involve particulate catalysts,"

and not well-defined organometallic
complexes.” In the most cases only the coupling of aryl iodides is

described,”™™ and reactions usually take place at rather high
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temperatures (110°C-170°C)."* Moreover, leaching is observed in some
cases, which requires the installation of a scavenging column at the end

of the reactor.”®

Under these conditions the steady state was reached
more rapidly, 40 minutes after the start of the experiment. Over the
next 60 minutes, 85% conversion was achieved, after which time
conversion slowly dropped to 79% after 160 minutes under continuous

flow.

As in the case of the Suzuki reaction, with the data collected from batch
and continuous flow experiments the overall TOF can be used as a
measure of the space-time productivity. Again, a rate enhancement was
found when the cross-coupling reaction was performed inside the flow
microreactor; in the case of the 1b@y-ALO; the reaction rate gain was
rather small (Table 4.12), whereas for the case of 11b@TiO, the reaction
was ca 5 times faster compared to the corresponding batch process.

Table 4.12. Comparison in activity and productivity of catalysts 11b@y-Al,O,
and 1b@TiO, in the Sonogashira coupling between 24f and 28a in relation to
the mode of operation (batch or continuous flow).

O>—< %Br + :—< > [Pd] N Q Q = O

2 equiv. Cs,CO3
24f 28a 29a

Mode Cat® mmol mmol T(°C) Operation TON® TOF’

conv. Pd Time (h) (h™)

Batch® Ti 0,46 0,005 80 64 o1 5,69
Al 0,49 0,005 80 64 99 6,19

Cont. Ti 1,938 0,028 65 2,33 69,21 29,7
flow Al 1,06° 0,045 65 2,33 24 10,11

* Ti = ub@TiO,, Al = ub@y-ALO;; ® TON and TOF data refer to the overall flow
experiment and to results obtained in the first run of the batch tests; (the first 140
minutes were considered for the flow experiment). © For the exact reaction conditions in
the batch experiments see Figure 4108 Sum of the total cross-coupling product
obtained after 5 successive runs. ° total cross-coupling product obtained after 140
minutes in flow, by GC analysis using mesilylene as standard. fRefers to Exp 3.

Next, a long term Sonogashira experiment employing the titania
supported catalyst ub@TiO, was carried out (Figure 4.18). The reaction

135



UNIVERSITAT ROVIRA I VIRGILI

HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

136

Chapter 4

was carried out employing the same conditions as previously (Table 4.1,
entry 4,). Again, an incubation period was observed, after which a
maximum of 82 % of conversion was achieved. This conversion was
maintained for 4 hours under continuous flow. At longer reaction times,
the conversion started to decrease, before apparently settling down
again at 57% conversion during the last hour of the experiment.

Despite this deactivation, the results obtained using nb@TiO, represent
the first example of the application of a heterogenized Pd complex in
the Sonogashira coupling of aryl bromides under continuous flow
conditions.

Under flow conditions catalyst 1b@TiO, displayed significantly higher
TOF compared to the corresponding batch process, demonstrating the
potential of catalytic flow synthesis.

100 ~
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40 4

Conversion (%)

20
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Figure 4.18. Performance of ub@TiO, in the Sonogashira coupling between
24f and 28a in a long continuous flow run.

4.2.2.2. Application of heterogenized [Pd(NHC)]
complexes in the Heck coupling

The Heck reaction is a very convenient
methodology for the synthesis of vinylarenes and the construction of
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conjugated double bonds.* For this reason the previously described
solid-supported [Pd(NHC)] complexes were applied in this useful
transformation. In view of the detrimental effect of the presence of
water on catalyst’s stability in related C-C processes, the supported
catlaysts were tested in the reaction between 4-bromoacetophenone
(24f) and ethyl acrylate (30) using various combinations of bases and
solvents under non-aqueous reaction conditions (Table 4.13). When
Cs,CO; was used as the base, in combination with polar and non polar
solvents, very little of the desired Heck product was obtained (entries 1-
4). In contrast, high yield was obtained by using K,CO, instead, yielding
31a in up to 88% yield when the reaction was run in DMF (entry 5). The
use of organic bases such as trimethylamine is interesting regarding its
higher solubility in organic solvents, and also the better solubility of
byproduct ammonium salts compared to the very low solubility of alkali
halides in DMF for instance. However only low product yields were
obtained using this base in combination with either DMF (Table 4.13,
entry 7) or MeOH (entry 8).

Table 4.13. Optimization of reaction conditions for the Heck coupling between
24f with 30 catalyzed by 3b@MCM-41.

[13b@MCM-41] o)

(0] (0] (0]

solvent, 80°C, 16h

24f 30 31

Entry Solvent Base Yield(%)*

1 toluene Cs,CO; trace

2 DMF Cs,CO, trace

3 MeOH" Cs,CO, 5

4 dioxane Cs,CO, trace

5 DMF K.CO, 38

6 MeOH" K,CO, 60

7 DMF NEt, 22

8 MeOH NEt, 19

Conditions: 0,5 mmol 4-bromoacetophenone, 0,75 mmol ethyl acrylate, 2,0 equiv base, 1
mol % 13b@MCM-41; * GC-FID using mesitylene as standard, and referred to calibration
curves. = the reaction mixture was heated to reflux.

137



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS

Alberto Martinez Lombardia

Chapter 4

Next, the most successful reaction conditions (entry 5) were used to
evaluate the robustness of this system by recycling and reusing the
catalysts. In view of the better performance of TiO,- and y-AlLO;-
supported catalysts in related C-C coupling processes only these two
materials were included in the study (Figure 4.19). nb@TiO, showed
higher activity in the first cycle, affording the coupling product 31 in
98% vyield to 78% for nb@y-ALO;. However, a marked, constant
decrease in activity was observed for both catalysts, ultimately resulting
in zero conversion after the 4™ run for both systems. ICP-OES analysis
of the reaction mixtures after each run revealed a total amount of
leached Pd representing 10,11% of the total Pd in the fresh catalyst.

o [Pd] o) 4
0]

solvent, 80°C, 16h

24f 30 31
100—'\
80 \\\\\\\\\\\.

—e 11b@TIO,
< ] —m—11b@y-AL,0,
o
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Figure 4.19. Recycling of catalysts ub@y-ALO; and b@TiO, in the Heck
coupling between 24f and 30 under batch conditions.

Conditions: 0,5 mmol 4-bromoacetophenone, 0,75 mmol phenylacetylene, 1 mol% [Pd],
2 mL dry and deoxygenated DMF.
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These results indicate that some of the catalyst is lost during the
reaction under these conditions and a contribution from in situ formed
NPs or Pd clusters on the results must be considered. The leaching
values observed in the recycling experiments for the Heck reaction
between 24f and 30 are slightly higher than those measured in the
Suzuki coupling of 24a with 25a (Table 4.4), but the quantified leached
Pd does not entirely explain the drop in catalyst activity, and other
phenomena may also be contributing to the activity decay.

4.3. Conclusions

The heterogenized [Pd(NHC)] complexes were active in three different
C-C bond forming processes. In the Suzuki-Miyaura reaction, various
SiO,-supported materials were tested, and compared. The results
highlighted the importance of bulky ortho-substitution on the aromatic
wingtips of the ligand for high catalytic activity. The end-capping of the
silica surface with apolar groups resulted in more active/stable
materials. Activation of challenging aryl chlorides was achieved, and
bromide substrates with varying steric and electronic effects or having
an heteroaromatic structure were coupled with efficiency under
relatively mild conditions. However, under optimized reaction
conditions, degradation of the catalyst occurred, resulting in the
leaching of Pd species into the product. Running the Suzuki coupling
under non-aqueous conditions resulted in improved catalyst stability,
and degradation of the catalyst occurred more slowly, and without
visible formation of Pd black. This enhanced stability allowed for the
application of 13b@SiO, and 14b@Si0, in the Suzuki coupling under
continuous flow conditions, maintaining a moderate conversion after
two hours on stream.

Heterogenized [Pd(NHC)] precatalysts were also applied in the
Sonogashira coupling of aryl bromides with various alkynes, obtaining
high to excellent yields in batch mode. Furthermore catalytic materials
based on SiO,, y-ALO; and TiO, could be recycled for at least four
consecutive runs; again 11b@y-Al,O; and 11b@TiO, were the most
robust under the applied reaction conditions. Performing the
Sonogashira coupling under continuous flow conditions revealed that
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both catalytic materials remained active after more than two hours on
stream without significant loss in catalytic activity.

An induction period of ca 40 minutes was observed, in contrast with
what was observed during the Suzuki reaction, and could be due to the
in situ formation of catalytically active clusters, although no Pd black
was found in the outlet flow in any of the anhydrous experiments.
Finally the nb@TiO, material was applied in a long-term continuous
experiment, and catalyst deactivation was detected after 4 hours on
stream. Again, the TOF’s obtained in the continuous flow experiments
were compared with those obtained for the corresponding batch
process, and the reaction rates were increased up to 5 times, confirming
the increased space-time yields that can be achieved by operating a
synthetic process in a continuous manner.

Lastly, nub@TiO, and ub@ALO; were active in the Heck coupling of
aryl bromides with electron-poor olefins. However, under the most
optimal reaction conditions (excluding the presence of water) poor
recyclability was observed.

4.4. Experimental part
General

Reactions were carried out using standard bench-top techniques unless
the use of a Schlenk flask is specified, in which case Schlenk-line inert
atmosphere techniques were used. Where stirring of the reaction
mixture is indicated, magnetic stirring using a Teflon-coated stir bar
was employed throughout. Commercially supplied compounds were
used without further purification. Dry solvents were prepared by
distillation from Na/benzophenone, CaH, or P,O;, or collected from a
Braun SPS800 solvent purification system. Solution-state NMR spectra
were obtained at the Servei de Recursos Cientifics i Técnics (SRCiT),
URV, with Varian (Agilent) Mercury VX400 or NMR Systemgo00 400
MHz spectrometers and calibrated to residual solvent peaks. Chemical
shifts for 'H and ®C{'H} NMR spectra are reported relative to TMS. ICP
analyses were conducted at the SRCiT using an ICP-OES Spectro Arcos
instrument. Samples were digested in concentrated HNO3 under
microwave irradiation before being diluted for analysis. Other than
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solvents, reagents obtained from commercial sources were used without
further purification.

General procedure for catalytic Suzuki-Miyaura reaction runs.

A small Schlenk flask or a 5 mL screw topped vial was charged with the
catalyst, base, boronic acid, and the aryl halide (if solid). The flask or
the vial was capped with a septum and flushed with N,, and then the
aryl halide was added using a microsyringe if liquid. The solvent was
added using a syringe (2 mL of organic solvent or 1.5 mL of organic
solvent and 0.75 mL of water) and, in the case of the Schlenk flask runs,
the septum was replaced with a glass stopper. The reaction mixture was
then stirred at 400 rpm and heated at the indicated temperature. After
the indicated reaction time, the vessel was cooled in an ice bath. Next,
the organic fraction was filtered through a small plug of silica. In the
case of the biphasic aqueous runs, the aqueous layer was then extracted
with toluene (2 x 0.5 mL) and the extracts were filtered through the
same silica plug. The silica plug was then washed with toluene (1 mL).
The product mixture was analyzed by GC-FID at this stage, and then it
was evaporated under reduced pressure and purified by silica gel
chromatography using hexane/EtOAc as the eluent.

General procedure for catalytic Sonogashira reaction runs. A small
Schlenk flask was charged with the catalyst, base, alkyne and p-
bromoacetophenone. 2 mL of solvent were added and the septum was
replaced with a glass stopper. The reaction mixture was then stirred at
400 rpm and heated at the indicated temperature. After the indicated
reaction time, the vessel was cooled in an ice bath. Next, the organic
fraction was filtered through a small plug of silica. The silica plug was
then washed with toluene (1 mL). The product mixture was analyzed by
GC-FID at this stage, and then it was evaporated under reduced
pressure and purified by silica gel chromatography using hexane/EtOAc
as the eluent.

General procedure for catalytic Heck reaction runs. A small
Schlenk flask was charged with the catalyst, p-bromoacetophenone and
ethyl acrylate. 2 mL of solvent were added and the reaction was brought
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to the indicated temperature. Inmediately, the base was added and the
reaction mixture was maintained at the indicated temperature while
stirring. After the reaction time, the vessel was cooled in an ice bath.
The supernatant was decanted and additional solvent was added to
collect any remaining substrate Next, the organic fraction was filtered
through a small plug of silica. The silica plug was then washed with
toluene (1 mL). The product mixture was analyzed by GC-FID at this
stage, and then it was evaporated under reduced pressure and purified
by silica gel chromatography using hexane/EtOAc as the eluent.

Coupling products obtained by SM reactions

4-methoxy-2 ,4” -dimethylbiphenyl. The reagents 4-bromo-m-xylene
(136 pL, 1.0 mmol, 1.0 equiv.), 4-methoxyphenylboronic acid (182 mg, 1.2
mmol, 1.2 equiv.), Cs,CO; (652 mg, 2.0 mmol, 2.0 equiv.), (14b@SiO,)
(60 mg, 0.01 equiv.) were used as described in the general procedure for
catalytic SM reaction runs. Purified by column chromatography using
25:1 n-hexane/EtOAc as the eluant. 'H NMR (400 MHz, CDCL,): § 7.24
(d, ] = 8.8 Hz, 2H), 7.12 (d, ] = 7.7 Hz, 1H), 7.09 (s, 1H), 7.05 (d, ] = 7.7 Hz,
1H), 6.94 (d, ] = 8.8 Hz, 2H), 3.85 (s, 3H), 2.36 (s, 3H), 2.25 (s, 3H). NMR
data match literature values. MS (EI): m/z = 212 (H+), 197, 181.

2,4-dimethyl-2'-methylbiphenyl. The reagents 4-bromo-m-xylene (136
pL, 1.0 mmol, 1.0 equiv.), 2-methylphenylboronic acid (164 mg, 1.2 mmol,
1.2 equiv.), Cs,CO; (652 mg, 2.0 mmol, 2.0 equiv.), (14b@Si0,) (60 mg,
0.01 equiv.) were used as described in the general procedure for catalytic
SM reaction runs. Purified by column chromatography using n-hexane
as the eluant. 'H NMR (400 MHz, CDCl,): § 7.26-7.19 (m, 3H), 7.1-7.09
(m, 2H), 7.04 (br d, ] = 7.6 Hz, 1H), 7.00 (d, ] = 7.6 Hz, 1H), 2.37 (s, 3H),
2.06 (s, 3H), 2.03 (s, 3H). MS (EI): m/z = 196 (M+), 181, 165, 152. NMR and
MS peaks match literature values.

2-(2-methylphenyl)pyridine. The reagents 2-bromopyridine (96 pL, 1.0
mmol, 1.0 equiv.), 2-methylphenylboronic acid (164 mg, 1.2 mmol, 1.2
equiv.), Cs,CO; (652 mg, 1.0 mmol, 2.0 equiv.), (14b@S5i0,) (30 mg, o.01
equiv.) were used as described in the general procedure for catalytic SM
reaction runs. Purified by column chromatography using 10 : 1 n-
hexane/EtOAc as the eluant. 'H NMR (400 MHz, CDCL;): 8§ 8.1 (dd d, J'
=4.9Hz, J*=1.8 Hz, ’= 0.9 Hz,1H), 7.78 (d d d, J' = 7.7 Hz, J* = 7.7 Hz, J?
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=1.8 Hz,1H), 7.43 (dd d, J' = 7.8 Hz, J* = 1.1 Hz, J? = 1.0 Hz, 1H), 7.41-7.39
(m, 1H), 7.32-7.26 (m, 4H), 2.03 (s, 3H). HR-MS: m/z = 170.1000, calcd.
for C,H,N [M-H+]: 170.0966.

2-(4-methoxyphenyl)pyridine. The reagents 2-bromopyridine (96 pL,
1.0 mmol, 1.0 equiv.), 4-methoxyphenylboronic acid (182 mg, 1.2 mmol,
1.2 equiv.), Cs2CO; (652 mg, 1.0 mmol, 2.0 equiv.), (14b@Si0,) (30 mg,
0.01 equiv.) were used as described in the general procedure for catalytic
SM reaction runs. Purified by column chromatography using 10 : 1 n-
hexane/EtOAc as the eluant. "H NMR (400 MHz, CDCI3): § 8.65 (ddd, J'
= 4.9 Hz, ] = 1.8 Hz, J?> = 1.0 Hz, 1H), 7.95 (d, ] = 9.0 Hz, 2H), 7.75-7.66
(m, 2H), 7.18 (ddd, J' = 7.2 Hz, J* = 4.9 Hz, J?> = 1.3 Hz, 1H), 7.00 (d, ] = 9.0
Hz, 2H), 3.87 (s, 3H). HR-MS: m/z = 186.0889, calcd. for C,H,,NO [M-
H+]: 186.0015.

4-(4-methoxyphenyl)benzonitrile. The reagents 4-bromobenzonitrile
(91 mg, 0.5 mmol, 1.0 equiv.), 4-methoxyphenylboronic acid (91 mg, 0.6
mmol, 1.2 equiv.), Cs,CO, (326 mg, 1.0 mmol, 2.0 equiv.), (14b@Si0.) (30
mg, o0.01 equiv.) were used as described in the general procedure for
catalytic SM reaction runs. Chromatographed with 5:1 n-hexane/EtOAc.
'"H NMR (400 MHz, CDCL): § 7.70 (d, ] = 8.7 Hz, 2H), 7.64 (d, ] = 8.7 Hz,
2H), 7.54 (d, ] = 8.9 Hz, 2H), 7.01 (d, J = 8.9 Hz, 2H), 3.87 (s, 3H). HR-
MS: m/z = 232.0712, calcd. for C,,H,NNaO [M-Na']: 232.0735.

Coupling products obtained by Sonogashira reactions

1-(4-((4-methoxyphenyl)ehtynyl)phenyl)ethanone. 4-
bromoacetophenone (203 mg, 1.0 mmol, 1.0 equiv.), ethynylanisole (200
pL, 1.5 mmol, 1.5 equiv.), Cs,CO; (652 mg, 2.0 mmol, 2.0 equiv.),
(ub@Al,0;) (60.4 mg, o.01 equiv.). Chromatographed with 51 n-
hexane/EtOAc. '"H NMR (400 MHz, CDCL): § 2.59 (s, 3H), 3.81 (s, 3H),
6.88 (d, 2H, ] = 8.8 Hz), 7.48 (d, 2H, ] = 9.2 Hz), 7.56 (d, 2H, ] = 8.8 Hz),
7.91 (d, 2H, ] = 8.8 Hz); NMR and MS peaks match literature values. MS
(EI): m/z = 212 (H+), 197, 181.

1-(4-o-Tolylethynylphenyl)ethanone. 4’-bromoacetophenone (203 mg,
1.0 mmol, 1.0 equiv.), 2-ethynyltoluene (195 pL, 1.5 mmol, 1.5 equiv.),
Cs,CO; (652 mg, 2.0 mmol, 2.0 equiv.), (ub@ALO;) (60.4 mg, o.o01
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equiv.). Chromatographed with n-hexane. '"H NMR (400 MHz, CDCL,):
8 2.53 (s, 3H), 2.62 (s, 3H), 7.18-7.27 (m, 3H), 7.51 (d, 2H, ] = 8.4 Hz), 7.61
(d, 2H, J = 8.4 Hz), 7.94 (d, 2H, ] = 8.8 Hz); m/z = 196 (M+), 181, 165, 152.
NMR and MS peaks match literature values.™

1-(4-(Phenylethynyl)phenyl)ethanone. 4’-bromoacetophenone (203
mg, 1.0 mmol, 1.0 equiv.), 2-phenylacethylene (170 pL, 1.5 mmol, 1.5
equiv.), Cs,CO; (652 mg, 2.0 mmol, 2.0 equiv.), (1b@ALO;) (60.4 mg,
0.01 equiv.). Chromatographed with n-hexane. 'H NMR (400 MHz,
CDCL): § 2.62 (s, 3H), 7.36-7.39 (m, 3H), 7.54-7.57 (m, 2H), 7.60-7.63 (m,
2H), 7.95 (d, 2H, ] = 8.0 Hz); m/z = 196 (M+), 181, 165, 152. NMR and MS
peaks match literature values.”

1-(4-((4-aminophenyl)ethynyl)phenyl)ethanone. 4-
bromoacetophenone (203 mg, 1.0 mmol, 1.0 equiv.), 4-ethynylaniline
(182 pL, 1.5 mmol, 1.5 equiv.), Cs,CO; (652 mg, 2.0 mmol, 2.0 equiv.),
(1b@ALO;) (60.4 mg, o.01 equiv.). Chromatographed with n-hexane.
'H NMR (400 MHz, CDCL,): § 2.60 (s, 3H), 7.64 (d, 2H, ] = 8.0 Hz), 7.35
(d, 2H, J = 8.0 Hz), 7.55 (d, 2H, ] = 8.0 Hz), 7.91 (d, 2H, ] = 8.0 Hz); m/z =
196 (M+), 181, 165, 152. HR-MS: m/z = 186.0889, calcd. for C,H,,NO [M-
H+]: 186.0015.

Coupling products obtained by Heck reactions

(E)-Ethyl 3-phenylacrylate: The reagents 4-bromoacetophenone (99,5
mg, 0,5 mmol, 1.0 equiv.), ethyl acrylate (8o pL, 0,75 mmol, 1.5 equiv.),
K,CO; (138 mg, 1.0 mmol, 2.0 equiv.), (ub@y-Al,0;) (31 mg, 1 mol%.)
were used as described in the general procedure for catalytic SM
reaction runs. Chromatographed with 6:1 n-hexane/EtOAc. . 'H NMR
(400 MHz, CDCL): § 7.68 (d, ] = 16.03 Hz, 1H), 7.52-7.36 (m, 5H), 6.43
(d, J =16.01 Hz, 1H), 4.26 (q, J = 716 Hz, 2H), 1.33 (t, ] = 7.10 Hz, 3H).

Peaks match literature values.””

General procedure for recycling of the supported catalysts under
batch operation.

In the cases where catalyst recycling was performed, an internal
standard (undecane) was added after cooling the reaction mixture in an
ice bath; the supported catalyst was separated from the organic phase by
decantation, filtration and washing with toluene (2 x 1 mL), which was



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

Application of solid-supported [Pd(NHC)] complexes in Suzuki-
Miyaura, Heck and Sonogashira couplings. Studies under batch and
continuous flow conditions

then combined with the organic phase of the reaction. The supported
catalyst was then successively washed with water, EtOH and Et,O, then
dried under vacuum and directly reused in the next cycle.

Experimental procedure for continuous flow tests. The catalytic
activity and stability of the supported catalysts were studied under flow
conditions using a Vapourtec system with an R2 pump module and an
R4 reactor module. Two feed solutions were deoxygenated by bubbling
N, for 1 h prior to reactions and then were pumped by two HPLC pumps
into the T-connection (PTFE, o.5 mm through holes, Upchurch
Scientific) via PFA tubing (1.6 mm in OD, 1.2 mm in ID) at equal flow
rates (u1 = u2 = 0.15 mL min— 1). The merged flow was then introduced
to the inlet of the packed bed column assembly (borosilicate glass with
PTFE end pieces, 6.6 mm in ID x 100 mm in length, OmniFit). The
column was packed with a catalyst and has a catalytic bed length of 2.3
cm, which corresponds to a packed bed volume of 0.787 mL. The
measured amount of the catalyst was diluted with QuadraSil AP
(Johnson Matthey) spherical silica beads. The void volume in the
catalytic bed in the approximation of random close packing of ideal
spheres is 0.295 mL (the void fraction is about 0.375, neglecting the
porosity of the support). The mean residence times in the packed bed
were found to be 3.5 and 1.9 minutes in the cases of organic and
aqueous-organic flow, respectively (calculated from the residence time
distribution curves measured for the QuadraSil AP using a standard
tracer technique). For the loadings of the catalysts used in this study
this void corresponds to an initial molar ratio of Ar-Br : Pd ~ 2.1 in the
reactor in the case of the aqueous-organic flow experiment or 0.4 in the
case of the organic anhydrous conditions. The catalytic loadings in the
reactor are still quite high even if we assume the porosity of the support
to be about 60% (ArBr : Pd ~ 4.2 or 0.9 for the aqueous-organic and
anhydrous conditions, respectively).
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Table S4.1. Screening of polar solvents for the Suzuki-Miyaura coupling
between 24a and 25a under batch conditions.

Br@— + MeO@B(OH)Z
24a 25a

1 mol% [Pd]
2 equiv. base

solvent, 65°C

Entry Base Solv. Conv. [Base]s [Byprod.]s [Subst.]s
%)  ™° (M) (M)
1 Cs,CO; Toluene 95 0,002 CsBr (low) 0,0005
2 Dioxane 4 0,005 CsBr (low)  0,00025
3 MeOH 74 1,2 CsBr (o,11) 0,055
4 EtOH 16 0,3 CsBr (<o,11) <0,05
5 DMF N/T 0,4 CsBr (0,024) 0,012
6 DMSO o 1,1 N/A N/A
7 NMP N/T 2,2 N/A N/A
8 CsF MeOH 23 6 CsBr (0,11) 0,055
9 EtOH 44 <6 CsBr (<o,m1) <0,05
10 DMF 17 0,0006 CsBr (0,024) 0,012
1 K;PO, MeOH 70 0,09 KBr (0,17) 0,045
12 EtOH 71 <0,09 KBr (0,04) 0,02
13 DMF 41 N/A KBr (0,008) 0,004

Conditions: 0.5 mmol ArBr, 0.6 mmol ArB(OH)z, 1.0 mmol base, 2,0 mL solvent, 60 °C.
* Conversions obtained by GC-FID, average of two runs.” Solubilities at 25°C; N/T = Not
tested; N/A = Not available.
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Application of supported [Pd(NHC)] complexes in the semi-reduction
of alkynes and alkynols

5.1. Introduction

5.1.1. Background

The catalytic reduction by partial hydrogenation (semi-
hydrogenation) of alkynes is an efficient method for the production of
olefins, and palladium catalysts have been the most effective achieving
this transformation.”*** In the bulk chemical industry, this reaction is
used in the polymerization of ethylene to polyethylene to purify the
feedstock from acetylene, which would otherwise poison the
polymerization catalyst.>® Thus, research on new palladium species for
the catalytic semi-hydrogenation of acetylene to ethylene is a subject of
present industrial interest.”® The catalytic reduction of alkynes is also
relevant to the fine chemicals sector. Many biologically active molecules
incorporate  carbon-carbon double bond(s) with well-defined
configurations (E or Z), such as B-carotene,” polyene antifungal drugs,"
crocacine,” but also polyunsaturated fatty acids (PUFAs),
pheromones,?*" and cruentaren.”

In this context, various methodologies have been developed to synthesize
alkenes with high regio- and stereocontrol of the resulting double bond.
Several of these methods imply the construction of a C-C double bond,
namely Wittig,”® Horner—-Emmons-Wadsworth,” Julia—Kocienski,
Peterson,” Takai olefination,** olefin metathesis®** and cross-couplings.”
Alternative methods for the stereoselective access to alkenes are
elimination of halides*® and reduction of alkynes.””**> While most of the
above-mentioned reactions afford selectively (E)-alkenes, Pd-catalyzed
semi-reduction of internal alkynes leads selectively to (Z)-alkenes
(Scheme 5.1).

[Pd]
1 2
H /H source R_R
2(9) Y=(

H H
(2)

R'=-R?

Scheme 5.1. Pd-catalyzed (Z)-selective semireduction of alkynes.

Over the last six decades, Lindlar’s catalyst has been the benchmark for
the selective semi-hydrogenation of internal alkynes to cis-alkenes.” This
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heterogeneous catalyst is composed by Pd (5% weight) deposited on
CaCO; and partially poisoned with Pb(OAc), and quinoline.** This
catalyst is commercially available, cheap, easy to handle, insensitive to air,

and works under mild reaction conditions, usually room temperature and

atmospheric H, pressure. Moreover, it tolerates the presence of other

reducible functional groups, for instance free* and protected® alcohols,

epoxide,® ketones* esters,® allylic chloride,® cyclopropane,” and

dihydrooxazole.?® However, it also presents some important limitations.

In the semi-reduction of terminal alkynes, low alkene selectivity is

sometimes obtained due to overhydrogenation of terminal alkenes to

alkanes. Furthermore, for internal alkynes, careful monitoring of the

reaction is  required in order to  avoid

isomerization/overreduction processes, Finally, a more environmentally

friendly hydrogenation protocol, avoiding the use of toxic lead is highly

desirable.

To overcome these drawbacks, improved transition metal catalysts have

been developed, based on Ni*** Cu,* Ru,*” Au,® but especially on Pd.

Besides the wuse of heterogeneous palladium catalysts,®*

publications have appeared on the development of nanoparticles

supported nanoparticles.*”**** Finally, homogeneous catalyst systems

were also developed, which are more suitable for establishing quantitative

structure-activity relationships, and thus rational catalyst design. Two

methodologies have been applied for the catalytic semi-reduction of

alkynes: semi-hydrogenation, in which the reductant is hydrogen gas, or

transfer semi-hydrogenation, where organic molecules are used as

hydrogen donors.

To test the efficiency of new catalysts in the semireduction of alkynes, and

to compare them with other existing catalysts several benchmark alkyne

substrates are employed including terminal and internal alkynes and

alkynols (Figure 5.1).
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Benchmark substrates

= OH o
H @ = @ =\ / = n R—=H
28e 28f 28g +28h R =CgHys, 28]
28i R =Ph, 28a

Figure s5.1. Internal alkyne substrates frequently used to test new
semihydrogenation catalysts.

5.1.2. Catalytic semi-hydrogenation of alkynes using
molecular Pd catalysts

Only a few homogeneous Pd catalysts have been reported for the (Z)-
selective alkyne semihydrogenation. Some of these catalysts were Pd(II)
complexes®™* and other reports involved the wuse of Pd(o)
precatalysts.”>**>> One of the most successful examples reported used the
Pd(o) complex 32 (Scheme 5.2). Besides benchmark substrates shown in
Figure 5.1, catalyst 32 efficiently semi-hydrogenates a broad substrate
scope including internal and terminal alkynes and alkynols, enynes and
substrates bearing reducible functional groups such as nitro, carboxylic
acids, or carboxylic esters. All these substrates were converted to the
corresponding (Z)-alkenes in 87-99% selectivity measured at 99,5%
alkyne conversion.

— 2. AN e (O
R'=—-R = 3 CF3
R R T
2 A\
. (Z)-alkene selectivity N\ /N
R? = H terminal alkynes . F4C Pd CF,4
R? = C-substituted internal alkynes 87_99/‘_’ e.llkene ‘
selectivity at ﬂ
99,5% conversion 0> 0

15 substrates 32

Scheme 5.2. Structure of [Pd{(3, 5’-(CF;),C¢H;)-bian}(ma)] (32); (bian =
bis(imino)acenaphthene; ma = maleic anhydride).

Kinetic studies PHIP, '"H NMR and *H NMR experiments helped to clarify
the mechanism behind the high selectivity displayed by the complex 32,
which is one of the most selective homogeneous catalysts reported for
this transformation (Scheme 5.2).° The high reactivity of this system
precluded the isolation of any intermediate from the catalytic cycle.
According to the collected data from kinetic measurements, PHIP 'H
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NMR studies and *H NMR studies, the authors proposed the catalytic
cycle shown in Scheme 5.3.

5

Precatalyst
N = 27—\ -atal
N N Ar-N N-Ar l activation
Ar = 3, 5'(CF3), 7= . A
R R N\ /N H2
ﬁ)d Heterolytic
R——R R—-R H, activation
F Y N NIRY N e
Pd g <Pz N N.oNH
D, - Pd, = Pd . R
H 'y D D I_P — H|H HPd\
R R H L Vi
R R R
R _R
D 7\
[N SN N, s
— S“ '”E‘ Reductive Pd7:< Olefin
H elimination R R insertion
/R .
G N N Reductive c
R ‘Pd. elimination,
Défa@H D slow
H R
p-hydride
Tl'HD elimination
/R
N, N
Pd
R|H
=
H R
H

Scheme 5.3. Proposed catalytic cycle for the semihydrogenation of 4-octyne
(28e) using 32.%°

The preactivation of complex 32 occurs in the presence of hydrogen; as
the maleic anhydride ligand is hydrogenated, thus generating a vacant
site that is occupied by the alkyne substrate, to form the catalytically
active species A. Theoretical calculations in related catalyst systems
indicated that heterolytic activation of H, has a lower energy barrier with
respect to activation through oxidative addition,” therefore, protonolysis
of the Pd-N bond very likely occurs to generate a Pd(alkyne)-hydride
species B. From species B, rapid insertion of the alkyne into the Pd-H
bond, and addition of the N-H bond to Pd generates the Pd(alkenyl)-
hydride species C. Then, reductive elimination generates the (n*-alkene)-
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Pd intermediate D where the (Z)-alkene product remains coordinated to
the Pd(o) fragment. From this intermediate, the (Z)-alkene product is
displaced by a molecule of alkyne which regenerates the catalytically
active species A. Moreover, experiments using deuterium demonstrated
that alkenes undergo isomerization. From species D, in the presence of H,
(or D,), a dihydride species E is formed, and rapid insertion of the alkene
into the Pd-H(or D) bond leads to Pd(alkyl)-hydride F. Then, the Pd-
bonded alkyl fragment can rotate around the C-C bond generating F
which undergoes 3-hydride elimination to give the (E)-alkene.

It is remarkable that in this system, the selectivity does not depend
neither on the H, pressure, nor on the substrate concentration, nor on the
concentration of the precatalyst. In the study, the semihydrogenation of
4-octyne led to a 95% yield of the cis-alkene, with formation of 5% trans-
alkene and no overreduction. This high chemoselectivity is explained due
to the much stronger binding of alkynes compared to the alkene
products. Whereas cis/trans isomerization only occurs to a very small
extent, overreduction is completely prevented, although a
[Pd(hydrido)(alkyl)] species is assumed during the isomerization process
(F, G). Apparently, the B-elimination, which is known to be a very low-
barrier process in the case of palladium,® is much faster than the
reductive elimination of the alkane from [Pd(H)(alkyl)] species. For this
catalyst, the reaction rate showed a first order dependence on the
concentration of palladium, indicating that only mononuclear species are
involved in the product formation.

[PA(NHC)] complexes shown in Scheme 5.4 have also been applied in the
semihydrogenation of alkynes.”*>” The [Pd(0)(NHC)] catalysts 33 provided
higher selectivity in the hydrogenation of substrate 28f compared to the
preformed Pd(o) complex 34. For this substrate, the complex 34d
displayed the best selectivity of the series yielding the (Z)-alkene in 95%
selectivity, whereas the undesired (E)-alkene and alkane products were
only obtained in 2% and 3% respectively, measured at 99% alkyne
conversion.
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o [catalyst]
O= — %

28f
catayst 33d, 95% (Z)-selectivity

catalyst 34, 79% (Z)-selectivity
catalyst 35, 89% (Z)-selectivity

selectivity measured at 99% alkyne conversion

R R
N® tBuOK N
S>—H | >—Pd
[Pd(nbd)(ma)] + [N% THE. 1h.20°C [N
nbd = norbornadiene R R
ma = maleic anhydride R = (2,4,6)-triMe-CgH; (33a)

= (2,6)-diPr-CgH,4 (33b)

—_ R = 2-Me-C¢Hs (33c)
& NTN R = (2,6)-diEt-CgH, (33d)
[ %Pd drpd\/‘/
/ OSI

\Q 1o 00 Support = hybrid

d “ organic-inorganic

[ Support | silica material
34

Scheme 5.4. Molecular (homogeneous and supported) Pd catalysts applied in the
semihydrogenation of alkynes.

Other substrates such as diphenylacetylene (28g)  were semi-
hydrogenated in lower selectivity and the possible products ((Z)-
stilbene/(E)-stilbene/diphenylethane) were obtained in a (88/5/7) ratio,
which is a similar selectivity to that obtained using catalyst 32.
Surprisingly, the catalyst 33d could not hydrogenate 4-octyne (28e). In
spite of the good selectivity towards the (Z)-alkenes, overhydrogenation
to the corresponding alkane products was difficult to control at high
alkyne conversions. Moreover, the semihydrogenation reaction proceeded
at rather slow rates, with the fastest TOF of 49,9 h™ for the semi-
hydrogenation of 28f using catalyst 33d.

A significant difference between the catalyst 32 and [Pd(NHC)] catalysts
concerns the mechanism for hydrogen activation. For catalyst 32, the
diazabutadiene ligand assists the heterolytic splitting of hydrogen (B,
Scheme 5.3), which is not an option for the [Pd(o)(NHC)] complexes
where the hydride has to be formed through oxidative addition. This
oxidative addition is proposed to have a large energy barrier which makes
the reaction relatively slow. Hence, the application of an alternative
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hydrogen source should improve this system. An ionic hydrogen source
would transfer a hydridic type of hydrogen and a proton-like hydrogen to
the catalyst and would provide a route that is similar to the BIAN system

(32).

The [Pd(IT)(NHC)] complexes are also active catalysts in this reaction.
The supported catalyst 35 was much faster than catalysts 33, achieving a
maximum TOF of 13200 h™ in the semihydrogenation of 4-octyne 28e.
With this catalyst the substrates 28e, 28f and alkynol 28i were converted
to the corresponding (Z)-alkenes in 87%-92% selectivity at 99% alkyne
conversion. However, the more challenging diphenylacetylene was
semihydrogenated to (Z)-stilbene in lower selectivity (56%) due to
overreduction at high alkyne conversion.

5.1.3. Catalytic transfer semi-hydrogenation of
alkynes using molecular Pd catalysts

The catalytic transfer hydrogenation consists in the reduction
of an unsaturated organic substrate in the presence of a catalyst and a
hydrogen donor (Scheme 5.5).°

non-H,
hydrogen source

X==Y X=Y

[cat.]
Scheme 5.5. General scheme of a transfer hydrogenation reaction.

This reaction has been widely studied for the case of substrates with
polarized multiple bonds, such as carbonyls or imines.®"*>% According to
theoretical calculations, activation barriers for the transfer hydrogenation
of non-polar substrates are ca. 10 kcal mol® higher than for polar
substrates,** and because of this, the transfer hydrogenation of C-C

multiple bonds is more challenging, and fewer examples have been

65,66,67 68,69,70,71,72

reported, especially in the case of alkynes.

Compared with semi-hydrogenations conducted under hydrogen
atmosphere, the transfer semi-hydrogenation of alkynes is an attractive
method due to its operational simplicity, the environmental friendly
properties of the hydrogen donors and the safer, non flammable
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operation conditions. Various metals have been used to promote this
reaction, for instance Ru, Rh, Fe or Ni, but usually Pd has provided the
most effective catalysts.” Various hydrogen donors have been reported,
such as triethylammonium formate,* sodium methoxide,”* KOH/DMF,”
silanes (monohydrosilanes” and dihydrosilanes’)/acetic acid, or
Hantzsch ester 1,4-dihydropyridine.”

Since the earlier reports by Sato” and Trost” on the use of Pd(o)/PR,
catalyst systems for the transfer semi-hydrogenation of alkynes a variety
of homogeneous, and also supported Pd complexes have been applied in
this reaction.” Among the various types of reported Pd complexes, [Pd(N-
Heterocyclic carbene)] complexes have displayed enhanced chemo- and
stereoselectivity.®>7

5.1.3.1.  [Pd(NHC)] complexes for the selective transfer
semi-hydrogenation of alkynes

Elsevier et al. synthesized a [Pd(o)(NHC)] complex
(36) (Scheme 5.6) that was applied in the semi-hydrogenation of terminal
and internal alkynes and alkynols using NEt;/HCOOH as the hydrogen
donor.” For substrates 28e, 28f, 28g and 28h product distribution ((Z)-
alkene/(E)-alkene/alkane) at >99% alkyne conversion was (93/3/4),
(96/4/1), (>99/-/-) and (>99/-/-). Moreover, substrates bearing carbonyl
functionalities could be reduced without affecting the C=O double bond.
Remarkably, the catalyst 36 did not lead to significant overreduction after
complete consumption of the alkyne substrates .

The mechanism of this highly selective reaction was investigated in
detail.>* Kinetic experiments, measurement of kinetic isotope effect and
NMR analysis, including studies with deuterium labeled formic acid led to
the proposal of the reaction mechanism as shown in Scheme s5.6.
Compared with the reaction mechanism shown in Scheme 5.3 for the
semi-hydrogenation using dihydrogen, II is generated by exchange of the
MeCN molecule by an incoming substrate molecule.

NMR studies provided evidence for the coordination of a formate anion to
Pd, as in species III. Then, carbon dioxide is released by decarboxylation
that generates a Pd(alkyne)-hydride species IV, that undergoes migratory
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insertion followed by protonolysis assisted by the base to generate the
(Z)-alkene product.

(o]

Bu O IMesHCI /é\ &
_N KO'Bu N /Y0
C pa-[ O [ >—Pd

N MeCN

\ [N N
tBu e} \\\
36

Ligand
o exchange o Forr}"tatei o .
< O R—=-R MeCN &coordmatzon O)LH
/
NHC-Pd’ O NA NHC- pd/\ < NHC-Pd o
\\ ! / /
]
n
H H decarboxylation %COZ
g:%R
/H ©
NHC- Pd\ R
MeCN™ | o_=-R Hco2 //
R
Chemoselectivjty- ) v
determining step migratory A
insertion
@
(0] H-NEt; 0 )
N\
/ (0]
NHC-Pd_ H HC- Pd
HEX\R Protonolysis H‘Z»
R

Scheme 5.6. Proposed mechanism for the selective transfer semihydrogenation
of alkynes catalyzed by 37.%

The stability of species VI, where the already formed cis-alkene remains
coordinated to Pd has a tremendous importance for the selectivity of the
reaction. Ideally, the alkene should be easily and rapidly displaced by a
molecule of solvent or substrate. The longer the alkene stays coordinated
to Pd, the more chances to undergo overhydrogenation to the alkane.
Experimental findings on this system told that the use of a coordinating
solvent such as MeCN is essential, not only to improve the
chemoselectivity, but also to prevent stabilization of the Pd(o) complex.
In comparison, when the reaction was performed in THF, faster reaction
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rates were observed (probably due to the lack of competition for the
alkyne to bind to Pd), but the chemoselectivity was worse, and some
overhydrogenation occurred. Additionally, when higher catalyst loadings
were applied (lower [alkyne]/[Pd] ratio), lower selectivities were observed,
which was accompanied by decomposition of part of the catalyst to Pd
black. This is in agreement with the fact that at higher Pd loadings, there
is less alkyne available to stabilize the unsaturated Pd(o) species, which
tend to aggregate into particles and ultimately into Pd black.

While this system is highly selective, practical limitations arise from the
fact that it needs to be generated in situ shortly before being used, and it
needs to be kept under inert atmosphere. Therefore, a more user friendly
protocol would be desirable. Recently, the application of bench stable
[PA(IT)(NHC)] complexes 37 and 38 in the selective transfer semi-
hydrogenation of alkynes was reported (Scheme 5.7).” Reactions were
performed in acetonitrile, a this coordinating solvent plays a role both in
stabilizing the Pd(o) active species and in preventing overreduction and
isomerization by displacing the cis-alkene product (see Scheme 5.6).

[P R
HCO,H/Et3;N —

Ri="R? A
MeCN

[/ N/:\
/&N Nb\ —~ Y )=
T RN N T Ny NR
ey N g Pay N

R = (2,6-diisopropyl)-phenyl
+ 2% PPh3

37 38

Scheme 5.7. [Pd(II)(NHC)] catalyst systems reported for the selective transfer
59,52

semihydrogenation of alkynes.
In the complex 38 two 1,2,3-triazole moieties were introduced in the
ligand structure, under the premise that they would act as hemilabile
ligands, allowing for the coordination of the alkyne, and then upon
formation of the alkene product the triazoles would coordinate to Pd,
displacing the alkene, and preventing isomerization and overreduction.
However, the reaction rate was greatly reduced, probably due to a strong
coordination of the triazole arms, which blocks the binding of the alkyne
substrates.
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The use of precatalyst 37 provided excellent selectivities for both internal
and terminal alkynes with negligible isomerization and overreduction in
the most cases. Benchmark substrates 28f, 28h and 28j were converted
into the corresponding (Z)-alkenes (or terminal alkenes) with selectivities
ranging from 92% to 99% at alkyne conversions above 93% in all cases.
Numerous substrates bearing various functional groups were used to
demonstrate the usefulness of this catalyst system.

Importantly, the high selectivity achieved with catalyst 37, required the
addition of a small amount of PPh, (2,0 equiv. of PPh; with respect to the
Pd complex). The role of PPh; was to displace the Pd-bound cis-alkene
product especially at high alkyne conversions (see Scheme 5.6). A
decrease in the reaction rate was observed due to the competition
between the alkyne and PPh, in binding to the Pd center; however the
reaction is not inhibited, and complete conversions were achieved with
excellent chemo- and stereoselectivities.

In the next section, the results obtained in the semi-reduction of alkynes
catalyzed by heterogenized [Pd(NHC)] complexes described in Chapter 3
will be presented and discussed.

5.2. Results and discussion

The objective of this chapter is to use the supported [Pd(NHC)]
complexes previously described in Chapter 3 as catalysts in the semi-
reduction of alkynes to alkenes. In view of the superior performance of y-
ALO;- and TiO,-supported catalysts under flow conditions in comparison
with the silica-supported analogs in the C-C bond formation reactions,
the former materials were selected for their application in the semi-
reduction of alkynes.

5.2.1. Semihydrogenation of internal alkynes to (Z)-
alkenes

First, the supported catalysts na@y-AlL,O;, nb@ y-ALO;,
11a@Ti0, and nb@TiO, (Chapter 3, Scheme 3.16) were evaluated in the
(Z)-selective  semi-hydrogenation of internal alkynes under H,
atmosphere. Diphenylacetylene (28g) was selected as the benchmark
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substrate to explore the potential of the supported catalysts in the
semihydrogenation reaction (see Figure 5.1).

5.2.1.1. Optimization of the reaction conditions in the

semi-hydrogenation of internal alkynes under
batch conditions

The material na@y-ALO; was used as the in the
screening of the optimal reaction conditions for these systems in the
semi-hydrogenation of 28g (Table 5.1). Pd catalysts are usually active
enough to perform this transformation, and in many cases they operate at
room temperature and under atmospheric H, pressure.’* Nevertheless,
incomplete conversion was observed in the semihydrogenation of
diphenylacetylene (28g) at 25°C and under 10 bars of H,(g), but with very
good selectivity, only marginal isomerization and overreduction (entry 1).
When the reaction was run for a longer time (entry 2), complete
conversion was observed after 9 hours, but under these conditions the
major reaction product was 1,2-diphenylethane. Then, the reaction time
was shortened and the temperature was risen from 25°C to 40°C (entry 3).

Table 5.1. Optimization of the reaction conditions for the semi-hydrogenation of
internal alkynes using na@y-ALO;.
Pd.H, Rt gz R R
R'—=-R? =/ =
R? R?
@) (E) Alk

E. Alkyne R,R* P(H,) T°C t(th) Conv (Z)/(E)/alk®®

(bar) %

1 28g Ph, Ph 10 25 sh 78 93/3/3(86%)
2 28g Ph, Ph 10 25 oh 100 39/5/56(95%)
3 28g Ph, Ph 3 40 2h 100 69/4/27(97%)
4° 28g Ph, Ph 3 40 2h o) -

54 28g Ph, Ph 3 40 2h 76 93/1/6

6 28f Ph, Me 3 40 2h 69 93/0/7

7 281 Ph, 3 40 2h o -

CH,OH

1 mol % 1a@y-Al,O;, 3 mL degassed MeCN. @ conversion and selectivity determined by
'H NMR by correlation to mesitylene as external standard ® mass balances are expressed
in parentheses if they are not 100%;.° 1,5% PPh; was added; 4 the reaction was run in
degassed AcOEt.
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Under these conditions, full conversion of 28g was achieved, yielding (Z)-
stilbene in 69% selectivity along with 4% of (E)-stilbene and 27% of 1,2-
diphenylethane. As reported for other Pd catalysts, overreduction of the
alkene to the alkane was difficult to avoid at high alkyne conversions.”
The use of additives is a widely used strategy to improve the catalyst
selectivity, either for heterogeneous® or homogeneous systems.*
Therefore, the semi-hydrogenation of 28g was carried out in the presence
of 1,5 mol% of PPh,. Under these conditions the activity of the catalyst
was completely inhibited (entry 4). Running the reaction in ethyl acetate
as solvent provided cis-stilbene in 93% selectivity at 76% conversion
(Entry 5). Lastly, good selectivity was achieved for 1-phenyl-1-propyne
(28f) at 69% conversion (entry 6). 3-phenyl-2-propyn-1-ol (281) could not
be hydrogenated under these conditions (entry 7).

1-phenyl-1-propyne (28f) was used to test the performance of other
catalysts under the above optimized conditions (Table 5.2).

Table 5.2. Comparison in the performance of supported catalysts na@y-ALO;,
ub@ y-ALO;, na@TiO, in the semihydrogenation of 28f under optimized
reaction conditions.

I [Pd.H, Ph_, Phﬁ Phﬁ
28f @ E) Ak
Entry Catalyst Conversion(%) Z/E/Alkane
1 na@y-Al,O, 69 93/0/7
2 ub@y-ALO, 34 33/0/1
3 1a@Tio, 30 30/0/0

Conditions: 1 mol % [Pd], 3 mL degassed MeCN, 40°C, 2 bars H,, 2 hours; conversion and
selectivity were determined by 'H NMR by correlation to mesitylene as external standard.

Faster reactions were achieved by catalysts bearing 2,6-dimethylphenyl
substitution motif on the NHC wingtips in comparison with bulkier 2,6-
diisopropylphenyl substitution (entry 1 vs entry 2)(see Chapter 3, Scheme
316 for the molecular structure of the supported Pd complexes).
Furthermore, materials supported onto y-ALO,; provided higher
conversions than catalysts supported onto TiO, (entry 1 vs entry 3).

Since the supported systems tested showed promising activity in the
semi-hydrogenation of internal alkynes under batch reaction conditions,
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following experiments were aimed at testing the performance of the
supported catalysts under continuous flow conditions. For these tests, the
catalysts 1ma@y-ALO; and 1na@TiO,, bearing the 2,6-dimethylphenyl
motif were selected, since they had shown superior performance in the
batch experiments compared with the catalysts bearing the 2,6-
diisopropylphenyl motif.

5.2.1.2. Preliminary studies on the continuous semi-
hydrogenation of diphenylacetylene

Continuous operation provides the opportunity to
better control reaction parameters,” and therefore to improve the
selectivity obtained under batch reaction conditions. The experiments
carried out under continuous flow conditions presented in this chapter
were performed in collaboration with the group of Prof. W. Leitner, under
the supervision of Dr. G. Francio, at RWTH University of Aachen. An
initial test was conducted in a continuous flow microreactor to look for
the best reaction conditions for the semi-hydrogenation of 28g under
continuous flow operation, using catalyst na@y-ALQO;,. In this initial
experiment, various reaction parameters were systematically modified,
namely temperature, flow rate and flow of H, (the whole continuous flow
experiment was operated at a constant P(H,) = 3 bar). The results
obtained are collected in Table 5.3. Importantly, the flow microreactor
used did not provide the opportunity to perform an online analysis of the
samples, therefore, the samples were only analyzed after the experiment.

Initially, the reaction temperature was set at 40°C, in accordance with the

optimized conditions used in the batch experiments, and the substrate
solution was injected into the reactor at a flow rate of 1 mL/min. Under
these conditions complete conversion of diphenylacetylene (28g) was
achieved together with 73% selectivity towards cis-stilbene (Entry 1).
Decreasing the flow rate from 1 mL/min to o,5 mL/min implies an
increase of the mean residence time.
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Table 5.3. Study of the influence of various reaction parameters in the
semihydrogenation of 28g under continuous flow conditions using catalyst
1na@y-ALO;.
Pdl,H, Ph Ph Ph Ph
Ph—==Ph LZ» \—/ \:\Ph \—\Ph
28g (2) (E) Alk

E. P(H,) T Flow rate Flow(H,) Conv. Z/E/alk

(bar) (°C) (mL/min) (mL/min) (%) (%)
1 3 40 1,0 15 100 73/8/19
2 3 40 0,5 15 100 59/11/30
3 3 40 0,5 30 100 56/10/34
4 3 40 0,5 45 100 49/13/39
5 3 50 0,5 45 100 4/12/84
6 3 50 1,0 45 100 34/12/54
7 3 50 1,0 15 100 33/10/57
8 3 60 1,0 15 100 10/12/78
9 3 60 1,0 45 100 12/11/77

Conditions: 0,05M substrate stock solution in AcOEt, not degassed; conversion and yield
determined by 'H NMR analysis, relative to mesitylene. Note: for each entry, which
represents a variation in one of the reaction parameters, the system was allowed to settle
(until “stable” was read on the display screen of the apparatus) and then 5 minutes later
the sample to be analyzed was collected. Online analysis was not possible, so “blind
samples” were taken which were not analyzed until the end of the experiment.

Under these conditions (Entry 2), full conversion was observed, but the
selectivity towards (Z)-stilbene decreased due to an increase in the
formation of undesired overhydrogenation product 1,2-diphenylethane
(entry 2). Increasing the flow of H,, (at constant P) resulted in a slight
increase in overreduction (entries 3, 4, vs entry 2). At 50°C almost total
hydrogenation was observed (84% selectivity towards 1,2-diphenylethane)
(entry 5). Increasing the flow rate at this temperature, thus reducing the
residence time, reduced the selectivity towards the overreduced product
to 54% (entry 6). Finally, at 60°C up to 78% of the starting material was
fully hydrogenated to the alkane (entry 8).

A comparison between Table 5.3, entry 1 vs Table 5.1, entry 3 indicates that
similar activity and selectivity were observed under batch and continuous
flow conditions.
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Additional continuous flow experiments are presented (Table 5.4) using
the catalyst 11a@TiO, in which MeCN was used as the reaction solvent. In
these experiments, the solution of the substrate was twice as concentrated
as in the continuous flow experiment shown in Table 5.3.

Table 5.4. Study of the robustness of catalyst ma@TiO, in the semi-
hydrogenation of 28g under continuous flow conditions.
Pd], H Ph Ph
Bh—Ph [Pd], Hp Ph_ Ph —
28g @ (E)

E. P(H,) T Flow rate Flow(H,) Conv. Z/E/alk
(bar) (°C) (mL/min) (mL/min) (%)

1 25 0,5 15 47% 93/5/2

2 2 25 1,5 15 37% 90/6/4
3 2 25 2,5 15 35% 84/9/7

4 2 30 1,0 15 100% 69/10/21
5 2 30 2,0 15 01% 80/8/12
6 2 35 1,0 15 100% 29/8/63
7 2 35 2,0 15 97%  55/10/35
8 2 35 2,5 15 91% 59/9/32
9 2 25 1,0 15 100% 20/7/73
10 2 30 2,0 15 100% 43/11/46

Conditions: 0,1M substrate stock solution in deoxygenated MeCN; conversion and yield
determined by 'H NMR analysis, relative to mesitylene. Note: for each entry, which
represents a variation in one of the reaction parameters, the system was allowed to settle
(until “stable” was read on the display screen of the apparatus) and then 5 minutes later,
the sample to be analyzed was collected. Online analysis was not possible, so “blind
samples” were taken which were not analyzed until the end of the experiment.

At the longest possible residence time (0,5 mL/min flow rate) (entry 1)
nearly half of the substrate was converted with 93% selectivity to cis-
stilbene. Increasing the flow rate to 1,0 mL/min and then to 2,5 mL/min
(hence decreasing the residence time) resulted in lower conversions as
could be expected (entries 2, 3). However, these results deserve careful
analysis. When increasing the flow rate from 1,0 mL/min to 2,5 mL/min
(entry 2 vs entry 3) conversion is practically unaffected (from 37% to 35%),
whereas selectivity to (Z)-alkene dropped from 9o% to 84%. This very
likely points out to an alteration of the original active species, and its
conversion into more reactive but less selective species under the reaction
conditions.”
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Increasing the temperature to 30°C and applying a flow rate of 2,0
mL/min resulted in 91% conversion and 80% selectivity to (Z)-stilbene
(entry 5). When the temperature was further increased to 35°C (entries 6-
8) lower chemoselectivity was observed, and the alkane was formed in
over 30% selectivity.

Importantly, resetting the initial reaction conditions, led to a different
conversion and selectivity (entry 9, vs entries 1, 2). Again, this observation
gives a hint that the nature of the active species changed during the
course of the experiment.

Unfortunately, a single continuous flow experiment carried out entirely
under the same reaction conditions could not be realized. Under all
tested conditions, initial semi-reduction of internal alkyne substrates
proceeded with good chemo- and stereoselectivity to the (Z)-alkenes.
However, at high alkyne conversions (over 70%) the supported catalysts
displayed low chemoselectivity, and significant amounts of isomerized
and overreduced byproducts were detected. Apparently catalyst
decomposition to Pd black did not occur under these conditions, and the
visual aspect of the catalyst did not change during these experiments.

In an attempt to improve the selectivity of the semi-reduction of alkynes
to (Z)-alkenes, the catalysts na@y-ALQ,, and 11a@TiO, were tested in
the transfer semi-hydrogenation of alkynes.

5.2.2. Transfer semi-hydrogenation of internal and
terminal alkynes

There are some precedents on the application of
homogeneous [Pd(II)(NHC)] catalyst precursors in this type of
transformation,®®* In most cases, triethylammonium formate has been
used as the hydrogen donor.”®**** However, to the best of our knowledge,
the application of supported molecular Pd complexes as catalysts for the
reduction of alkynes under transfer hydrogenation conditions has not yet
been reported.
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5.2.2.1.  Transfer semi-hydrogenation of internal alkynes

to (Z)-alkenes.

Optimization of the reaction conditions

Initial experiments were conducted using the catalyst ma@y-ALO; to
explore the most suitable reaction conditions for the chemo- and
stereoselective transfer semi-hydrogenation (TSH) of internal alkynes
(Table 5.5). Among disubstituted alkynes, diphenylacetylene (28g) was
chosen as a model to optimize the reaction conditions. Acetonitrile, due
to its coordination capability plays a role in stabilizing the active catalytic
species, and preventing decomposition into elemental Pd and hence was
the solvent of choice in these experiments.*” The presence of an excess of
H-donor (5,0 equiv.) was thought to be important to assess the true
selectivity of the catalyst, and not a selectivity imposed by stoichiometry.
Generally, transfer hydrogenation reactions require higher temperatures
compared to typical hydrogenations in the presence of H,(g).*

Table 5.5. Optimization of the reaction conditions in
semihydrogenation of 28g employing catalyst na@y-ALO;

[Pd] Ph Ph Ph Ph
\—/

Ph=="Ph HCOOH/EtzN \:\Ph Ph
28¢g 3 ) (E) Alk

the transfer

Entry Additive Solv. T t Conv. (Z)/(E)/alk

0 () %) (%)

1 - MeCN 7o 16 94% 90/10/0
2@ - MeCN 7o 16 0% -

3 - MeCN 7o 24 100% 3/77/20

4 - MeCN 82 16 100% 0/65/35
5 - MeCN 7o 16 100% 13/57/30
6 - MeCN 70 16 100% 4/45/51

7 - AcOEt 7o 24 85% 86/12/0

8 2% PPh; MeCN 82 16 94% 96/4/0

9 5% PPh; MeCN 82 16 55% 97/3/0

Conditions: 1 mol% na@y-Al,0;, 0,5 mmol diphenylacetylene, HCOOH/Et;N (5.0 equiv.),
3 mL solvent.”/Control experiment in the absence of any catalyst or additive.  10.0 equiv.

of HCOOH/Et,N.  20.0 equiv. HCOOH/Et,N.
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Performing the TSH at 70°C (entry 1) afforded 94% conversion and 90%
selectivity towards cis-stilbene, although 10% trans-stilbene was formed.
A blank experiment was performed in the absence of the Pd catalyst
(entry 2) but no reaction occurred.Running the reaction for a longer time
(entry 3) provided full conversion of the starting material, although a
mixture of cis- and trans-stilbene and 1,2-diphenylethane was obtained,
with the (E)-isomer being the major product and the (Z)-stereoisomer the
minor product. This is a different situation to the previous results
obtained in the semihydrogenation of 28g using H, gas, where the trans-
alkene was only observed in small amounts (below 10%) whereas the
major  byproduct was always 1,2-diphenylethane due to
overhydrogenation. Maintaining the same reaction time as in entry 1, and
increasing the temperature to reflux had a similar negative effect on the
selectivity (entry 4). An increase in the concentration of H donor also
yielded an unselective mixture of the (Z), (E) and alkane products (entries
5, 6). The solvent AcOEt did not provide better results than MeCN (entry
7 Vs entry 1).

In order to enhance the selectivity of the system and to prevent
isomerization and overreduction after reaching complete conversion, a
small amount (2%) of PPh, was added to the system (entries 8, 9).”” With
this modified system, at 80°C 96% selectivity was obtained towards cis-
stilbene at 94% conversion (entry 8). This result compares favorably with
the results obtained using other [Pd(NHC)] catalysts in the semi-
reduction of this challenging substrate.””*>* When a higher amount of
PPh, (entry 9) was added the reaction became slower, but the selectivity
remained unaltered. Using these reaction conditions, the substrate scope
was briefly explored (Table 5.6).

Besides the excellent selectivity obtained with the difficult substrate 28g,
replacing one of the phenyl groups of diphenylacetylene by an alkyl group
resulted in only a small loss in selectivity, achieving 87% and 88%
selectivity towards the cis-alkene products in the TSH of 1-phenyl-1-
propyne (28f) and 1-phenyl-1-butyne (28m), at full conversion (entries 2
and 3). Replacement of the two aromatic rings by alkyl groups such as in
4-octyne (28e) had a more pronounced effect, and overreduction
occurred more rapidly, thus addition of an extra amount of PPh; (5 mol%
vs 2 mol% for the rest of the substrates) was necessary in order to
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maintain the selectivity in good levels, (92% selectivity at 82%. conversion
after 72 hours, entry 4). Finally 3-phenyl-2-propyn-i-ol (281) (entry 5) was
fully converted after 3 days. Overreduction was not an issue although the
selectivity was compromised by isomerization to the (E)-alkene and by
the competitive formation of elimination products, which were detected
by GC-MS.

Table 5.6. Substrate scope possible for the transfer semi-hydrogenation of
internal alkynes and alkynols catalyzed by na@y-Al,O;.

[Pd] 1 p2 R R’
Rl—=R? R = : g

R'=R2=Ph, 28¢g

R' = Ph, R% = Me, 28f
R'=Ph, R? = Et, 28m
R'=R?=Pr, 28e

R' = Ph, R? = CH,0H, 28I

Entry Alkyne Time(h) Conv.(%) Z/E/Alk
1 28g 16 94 96/4/0
2 28f 16 100 87/9/4
3 28m 16 100 88/12/0
4° 28e 72 82 92/8/0
5b 281 72 100 84/16/0

Conditions: 1 mol% na@y-Al,0;, HCOOH/Et;N (5.0 equiv.), T = 82°C, 3 mL deoxygenated
MeCN (d?), 2 mol% PPh3.(a) 5 mol% PPh, was used. ®) 76% selectivity towards
hydrogenation products. Products coming from elimination side reactions were observed
by NMR and GC-MS. Conversions and yields determined by 'H NMR and by GC-MS.
Mesitylene was used as the standard

In summary, the catalytic system formed by na@y-ALO; + 2% PPh, could
be applied in the TSH of internal alkynes and alkynols, and the
corresponding (Z)-alkene products were obtained in high selectivity,
especially comparing these results with the lower selectivities achieved in
the semihydrogenation reaction presented in the previous section.

5.2.2.2. Transfer semi-hydrogenation of terminal alkynes

In view of the results achieved in the TSH of internal
alkynes and alkynols using the catalyst na@y-AlLQ,, the application of
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this methodology was extended to the TSH of terminal alkynes and
alkynols (Table 5.7).

Table s5.7. Transfer semi-hydrogenation of terminal alkynes and alkynols
catalyzed by na@y-ALO,;.

[Pd]
T HICOOH/EGN
gk\/A\/\v/ <:>%AEE S§\¢/\/OH ,/\j/ég
OH
28n 28a 280 28p
OH OH
N N
28q 28r

Entry Alkyne Conv.(%) Alkene(%) Byproducts
1 28a 100 40

28n 100 o Ci16

280 100 99 -

28p 100 95

28q 100 o @f O~

28r 100 80 ©)v/

Conditions: 1 mol% na@y-Al,O;, HCOOH/Et,N (5.0 equiv.), T = 82°C, t = 16h, 3 mL
deoxygenated MeCN (d®), 2 mol% PPh,. Conversions and yields determined by 'H NMR
and by GC-MS. Mesitylene was used as the standard.

AN U1 AW N

For alkyne substrates without hydroxy groups, poor performances were
obtained. Phenylacetylene (28a) was fully converted after 16 hours, but
the yield of styrene was only 40% and products arising from the
dimerization of styrene product were observed by GC-MS analysis (entry
1). Oligomerisation and polymerization products can also be formed from
styrene, although they could not be detected by GC-MS analysis due to
their high molecular weight. Such selectivity was also observed in related

7 1-octyne (28n) was also fully converted, although 1-

catalyst systems.
octene was not observed (entry 2). C16 products were observed by GC-MS,
which could come from homocoupling of two alkyne molecules, or from
oxidative coupling. Similar Pd catalysts also give rise to these Ci6

products at high alkene concentrations.>
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On the contrary, the reduction of terminal alkynols provided much better
selectivity. Isomeric pentynols (280 and 28p) were cleanly converted to
terminal alkenes (entries 3, 4). 1-phenyl-2-propyn-1-ol (28q) was fully
converted, but the desired alkene could not be detected and the only
observed products came from dehydration reactions (entry 5). Better
selectivity was obtained for 2-phenyl-3-butyn-2-ol (28r) (entry 6) yielding
80% of the semi-hydrogenation alkene product, and 20% of dehydration
product.The described results indicate that terminal alkynes without
hydroxyl functionalization were converted into various products, but
their selective transformation into terminal alkenes proved difficult
mainly due to in situ dimerization or oligomerization processes. In the
case of terminal alkynols much better selectivities towards the terminal
alkenes were generally obtained, except for substrate 28q for which the
only observed products arised from the competitive dehydration reaction.

5.2.2.3. Insightsin the role of PPh, in the catalyst system

In view of the results obtained using catalyst na@y-ALO; in the absence
of the phosphine additive, it was reasoned that isomerization was
occurring leading to subsequent overreduction to the alkane byproduct.
Generally, the expected route for (Z) to (E) isomerization of an alkene
should involve a metal-hydride species, to effect the “1 hydrogen atom
half-hydrogenation” to generate a metal-ligated alkyl species, which could
now rotate around the single C-C bond, and then subsequent B-hydride
elimination can produce the more thermodynamically stable trans-
alkene.®

In Scheme 5.8 the isomerization of to trans-stilbene under TSH
conditions catalyzed by 1na@y-Al,O, is demonstrated. In the absence of a
H source, catalyst 11a@y-Al,O; did not convert cis-stilbene (39a) (Scheme
5.8, a); the signals corresponding to the alkenic protons and to the
aromatic protons of 39a or 39b is highlighted in each case). However,
when a substoichiometric amount (10%) of HCOOH/Et;N was added
(Scheme 5.8, b)), complete conversion of (Z)-stilbene (39a) into (E)-
stilbene (39b) was observed by 'H NMR.
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Ph  Ph

Ph  Ph 11a@y-ALO;(1%) Ph_ |

a) | 302 MeCN,70°C, 16h sop™"
[ L L K
Ph_H
H Ph
11a@y-Al;05 (1%)
Ph ph  HCOMELN (10%) Ph
b) ,‘ J 508 MeCN, 70°C, 16h g8 h | ‘
\
- = ,A“,“um. L . . R W7 N -~ _—
Ph  Ph
H H
11a@y-Al,05 (1%) ‘
Ph ph  HCOHELN (10%) Ph
= < N
‘ 302 5% PPh;, MeCN, 39b ¢!
‘ ’ 70°C, 16h ‘ I
| M/

Conditions: 0,5 mmol 4o0a, 1 mol% na@y-ALO,, , T = 70°C, t = 16h, 3 mL deoxygenated
MeCN,. Conversions and yields determined by '"H NMR using mesitylene was used as the
standard.

Scheme 5.8. Isomerization of 39a catalyzed by na@y-ALO,;.

Finally, performing the isomerization reaction under the reaction
conditions used in Scheme 5.8 b) but adding a substoichiometric amount
of PPh, (5 mol%) resulted in no conversion.

A very similar effect of the addition of PPh; was reported by Elsevier et al.
in a related [Pd(NHC)]-based catalyst system.” Their proposed
explanation for the observed results is consistent with the experimental
results presented here (Scheme 5.9).”

The [PA(IT)(NHC)] precatalyst A is in situ converted into the active Pd(o)
species B; an activation pathway was proposed (not shown in the scheme
above) involving exchange of the chloride ligand by a formate anion,
which then generates a hydride species by liberating one molecule of CO,.
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Scheme 5.9. Proposed mechanism for the transfer semihydrogenation of
1‘79

substrate 28f using catalyst system 37 reported by Elsevier et a
Reductive elimination of propene generates a Pd(o) species, in which two
molecules of either a coordinating solvent (MeCN) or alkyne substrate (or
PPh,) are occupying the available coordination positions and stabilizing
this compound. This was supported by the detection of propene and CO,
in the gas phase of the reaction and also by trapping a [Pd(o)(IMes)]
species with CS, and characterizing the resulting complex. The main
difference (not considering the presence of the support) between the
system reported by Elsevier et al. and the system under study here is the
substitution of an n*-allyl by a n*-acetylacetonato ligand. Nonetheless a
similar route could well be in operation, since reductive elimination in
related [Pd(II)-n*-(acac)] complexes yielding Pd(o) species has been
demonstrated.®®
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From species B the catalytic cycle proceeds via intermediates I, IT and III
obtained after formation of a Pd-hydride species II which undergoes
migratory insertion to the alkenyl species III; then protonolysis by
tryethylammonium results in the formation of intermediate C.Ideally,
the cis-alkene in n*-alkene species C should be readily replaced by a new
molecule of the alkyne substrate, regenerating species B and starting a
new catalytic cycle. However, as the conversion increases there are less
alkyne molecules available and this can compromise the liberation of the
cis-alkene in C, leading to undesired isomerization and overreduction
processes. The presence of PPh; as an additional ligand helps displacing
the cis-alkene from C, resulting in formation of intermediate D, which
can be viewed as a protected catalyst dormant state, which can eventually
give rise to B again if there’s still any alkyne left in the reaction medium.
To summarize, the phosphine binds much stronger than the Z-alkene,
and hence, the additive slows down the overreduction and isomerization
steps by substituting the alkene and preventing its recoordination. The
semihydrogenation steps are also slowed down but to a lesser extent
because the binding affinity of the alkyne and PPh, are competitive.

Since the results obtained demonstrate that catalyst 11a@y-ALOs; is active
in the TSH reaction and also in the isomerization of (Z)-alkenes to (E)-
alkenes it was decided to explore the possibility of converting
diphenylacetylene (28g) into trans-stilbene (39b) in a one-pot protocol.
Catalytic (E)-selective synthesis of alkenes has been reported for
homogeneous Pd catalysts, operating via (Z)-selective alkyne
semihydrogenation, then isomerization, which can also be referred to as
indirect (E)-selective semihydrogenation,”” in contrast to direct (E)-
selective semihydrogenation, which has been reported with Ru catalysts.*®
Thus, under carefully controlled reaction conditions, in the absence of
any additive trans-stibene was obtained in 90% yield from
diphenylacetylene, with only 10% overreduction (Scheme 5.10). Extended
studies on other substrates have not been carried out yet.
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[Pd] Ph Ph

Ph—=—Ph
HCOOH/Et;N (E)Ph Ph

28 °
[¢] MeCN, 70°C, 16h 20% 10%

Scheme 5.10. Indirect (E)-selective transfer semihydrogenation of 28g catalyzed

by na@y-ALO,;.

Conditions: 0,5 mmol substrate, 1 mol%, 5,0 equiv HCOOH/Et;N, 3,0 mL deoxygenated

MeCN. Yields determined by 'H NMR analysis relative to mesitylene.

5.2.2.4. Recycling experiments

Recycling of catalysts na@y-Al,O, and n1a@TiO, in

the TSH reaction was studied under batch conditions. These catalysts

were applied in the TSH of diphenylacetylene (28g) under the conditions

previously described in Table 5.5, entry 8. Both catalysts, na@y-Al,O; and

11a@Ti0, yielded (Z)-stilbene in more than 90% yield in the first reaction

run. After the reaction, the supernatant was filtered and the solid catalyst

was washed with dichloromethane and allowed to dry under vacuum

before the addition of fresh reagents (see experimental part for detailed

recycling procedure). However, complete loss of activity was observed for

both catalysts in the next reaction run.

To understand the reasons behind this rapid deactivation, the reaction

mixtures were analyzed by ICP-AES. Pd leaching was found for both

catalysts, accounting for a total 5% of the initial Pd in the case of catalyst

11a@y-ALO;, and a higher 19% Pd leaching was found for catalyst

1a@TiO,. This constitutes a very serious concern by itself, but it doesn’t

explain the complete loss in catalytic activity observed.

Another possible explanation for the observed results could be the

agglomeration of Pd atoms resulting in the formation of clusters,

nanoparticles and ultimately in inactive bulk Pd.* The greyish colour of

the recovered catalyst after the reaction could be an indication of this

process. Therefore, the recovered catalyst was analyzed by TEM, but the

presence of NP’s or Pd agglomerates was not detected, probably due to

the low Pd loading in both materials. XRD analysis of the catalysts after

the reaction runs was carried out but metallic Pd could not be found, and

the only relevant diffraction peaks were those coming from the ordered

structure of the titania support.
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Under the present reaction conditions, the issue of Pd leaching, and the
total loss of activity observed in the second reaction run prevented further
studies regarding long term reusability and application of this system
under continuous flow conditions.

5.3. Conclusions

Supported catalysts na@y-ALO,;, nb@ y-ALO; and na@TiO, were
shown to be active in the semihydrogenation of internal alkynes using
H.(g), although selectivity was difficult to control at high alkyne
conversion, and rapid overreduction to the alkane occurred. Promising
results were found when the reaction was run under continuous flow
conditions. The most influencing parameters in the selectivity of this
system were the residence time (reaction time) and the temperature.
Only a slight increase in the temperature resulted in a pronounced
enhancement in activity, but selectivity was negatively affected.
Regarding the performance of the catalyst distinct results were obtained
over time even under the same reaction conditions. This can be an
indication of a change in the nature of the catalytically active species over
time, possibly generating clusters or nanoparticles under hydrogenation
conditions.

Alternatively to the use of a H, atmosphere, the use of triethylammonium
formate as H-donor in combination with PPh, as additive provided higher
chemo- and stereo-selectivity. With this methodology various internal
alkynes were reduced to the corresponding (Z)-alkenes in high yields and
selectivities. The system is also effective for the semihydrogenation of
terminal alkynols. Due to a slower overreduction reaction compared to
the case of hydrogenations with H,(g) a one-pot semihydrogenation-
isomerization  protocol allowed for the obtention of the
stereocomplementary trans-stilbene in 9o0% yield under appropriate
reaction conditions.

However, recycling studies showed complete loss of activity in the second
reaction run. This deactivation could be due to the agglomeration of Pd
atoms into bulk metal, although experimental evidence supporting this
hypothesis could not be obtained. Pd leaching was encountered, ranging
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from 5% for catalyst na@y-ALO; and 19% for catalyst 11a@TiO, referred
to the initial Pd content in both catalysts.

5.4. Experimental Part
General

Schlenk-line and other inert atmosphere techniques were used. Teflon-
coated stir bars were used for magnetic stirring. Commercially supplied
alkyne substrates as well as cis-stilbene were used without further
purification. Et;N was distilled over CaH, prior to use, and HCOOH was
95% reagent grade from Aldrich. 99,5% MeCN-as received was used.
AcOEt was distilled under vacuum prior to use. Solution-state NMR
experiments were carried out at the Servei de Recursos Cientifics i Tecnics
(SRCiT), URV, with Varian (Agilent) Mercury VX400 or NMR System4o0
400 MHz or at the Institut fiir Technische und Makromolekulare Chemie,
RWTH Aachen University with Bruker AV 400 (400 MHz) or Bruker AV
300 (300 MHz). In all cases, spectra were calibrated to residual solvent
peaks. Chemical shifts for 'H and ®C{'H} NMR spectra are reported
relative to TMS. ICP analyses were conducted at the SRCiT using an ICP-
OES Spectro Arcos instrument. Samples for measuring the leached Pd
were prepared by refluxing in concentrated HNO, before being diluted
for analysis. GC-MS (ESI-TOF) analyses were performed at the CTQ, on
an Agilent 7980A GC System connected to a 5975C MSD spectrometer.
TEM analysis of the supported catalyst after the transfer
semihydrogenation runs was carried out at the SRCiT, using a JEOL JEM-
1011 electronic microscope. XRD of the used catalysts was also carried out
at SRCiT using a Siemens D 5000 Diffraktometer apparatus.

General procedure for the semi-hydrogenation reactions

An appropriate vessel, fitted with a teflon coated stirring bar was charged
with the supported catalyst. Then, this vessel was placed in a 20 mL
autoclave. After securely tightening all the valves and screws, the reactor
was connected to the line, and three cycles of vacuum/Argon were
applied, and the autoclave was left under an Argon atmosphere.
Separately, in a small schlenk flask, 3 mL of AR-grade MeCN were added,
and Argon was bubbled in for 3 minutes through a needle and a septum.
Then, under a flow of Argon, the alkyne substrate was added and
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dissolved by shaking. This substrate solution was then transferred via
cannula to the vessel inside the autoclave containing the catalyst. Then all
connections within the autoclave were securely closed, and this
equipment connected to the high-pressure end for pressurizing. When
small H, pressures were applied, an external manometer ranging from o-
25 bar was installed in between the high pressure end and the autoclave.
After charging the autoclave with the indicated H, pressure, stirring was
set to 500 rpm.

Experimental set-up for the continuous semihydrogenation of
diphenylacetylene using the H-Cube Pro Reactor

Preparation of the substrate stock solution:

In a 250 mL schlenk flask, a concentration of 0,05 M or 0,M of
diphenylacetylene was built up by exactly weighing the added amount of
each the substrate and the solvent. After complete dissolution of
diphenylacetylene, this mixture was deoxygenated by bubbling through
Argon for 15 minutes. The exact weight of the schlenk flask plus the whole
reaction mixture was written down. The schlenk flask was connected to
Argon, and the screw lid was replaced by a screw stopper fitted with a
pierced septum.

Packing of the supported catalyst in the CatCart®:

The small size 30 x 0,4 mm CatCart® cartridge which is the exchangeable
part of the H-Cube Pro reactor was charged with the supported catalyst
ensuring the appropriate packing using the H-Cube Pro filling station
provided for this purpose. This resulted in a catalyst loading of ca. 320
mg.

Setting reaction parameters, sample collection and sample analysis:

First, an empty but yet sealed cartridge was fixed, and solvent was
pumped into the system through both “reactant” and “solvent” tubing
inlets at a flow rate of 1,0 mL/min; this procedure was carried out for 10
minutes. The solvent was pumped out through the “product” tubing
outlet and afterwards through the “waste” outlet. Then, quickly the
“reactant” inlet was placed inside the substrate stock solution through the
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pierced septum, and the “product” outlet was fixed at the mouth of an
Erlenmeyer flask of exactly known weight. The desired reaction
parameters were set at the main display menu in the H-Cube Pro. Then
pressing the “Start” button results in the set parameters being applied
After a few minutes, the “stable” state can be read on the main display.
From this moment 10 minutes were counted. After this time, samples
were collected in vials of exactly known weight. After the reaction run,
“reactant” inlet was moved back into the flask containing clean MeCN,
and the “product” outlet was fixed into the mouth of the Erlenmeyer flask
of known weight. MeCN was pumped into the system for 15 minutes to
ensure that no reaction products neither starting materials remained
inside the capillaries. From each sample, an aliquot was taken, and its
exact weight was measured. A known weight of external standard
mesitylene (for NMR analysis) and dodecane (for GC analysis) was added
to each aliquot. 1,2 mL from this aliquot was placed in a GC vial, and 12
drops were pippeted into an NMR tube, which was brought to 0,6 mL
with CDCI3. The results thus obtained after GC and NMR analysis of these
aliquots were extrapolated to the original sample. Finally the schlenk flask
containing the substrate stock solution was weighed and the difference in
weight compared with the starting solution was calculated. An aliquot
was taken from the Erlenmeyer flask containing the initial and the final
fractions coming out of the reactor, and after adding a known amount of
external standards, they were also analyzed by GC and NMR, and the
results were extrapolated to the total sample volume. With these data in
hand, the percentage recovery for each reaction run could be calculated.

General procedure for the transfer semihydrogenation of internal
and terminal alkynes

In a small schlenk flask fitted with a teflon coated stirring bar, 3 mL of
AR-grade MeCN were added (or AcOEt when indicated). NEt; (352 pL; 2,5
mmol) was dissolved and then HCOOH (94 pL; 2,5 mmol) was added to
the mixture. A septum lid was placed on top, and Argon was bubbled in
this solution through a needle for 2 minutes. After this time 0,5 mmol of
the alkyne substrate were added, the vessel was capped with a Teflon
screw stopper and it was placed in the heating bath with stirring at 500
rpm, and brought to the reaction temperature. After reaching the reaction
temperature, the catalyst and the additive (when indicated) were added
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under a flow of Argon, and this reaction mixture was left with heating and
stirring for the indicated reaction time. After the reaction time, this
mixture was allowed to cool, and then external standard mesitylene (70
uL; 0,5 mmol) was added. After ensuring homogeneous mixing of the
liquid phase, and letting the solid decant during a few minutes 12 drops
were pippeted out to an NMR tube, and CDCl; was added for a total
volume of 0,6 mL. Quantitative analysis of these samples was carried out
using a 300 MHz spectrometer.

General procedure for the isomerization experiments

In a schlenk flask Et;N/HCOOH (10% or 25% as indicated) were dissolved
in 3 mL MeCN. Argon was bubbled in this solution for 2 minutes through
a needle, and right after cis-stilbene (93 pL, 0,5 mmol, 1,0 equiv.) was
added. This solution was heated to the 70°C and upon reaching the
reaction temperature (the additive and) the catalyst (1 mol%) were added.
After the reaction time, the vessel was allowed to cool and external
standard mesitylene was added (70 pL; 0,5 mmol). After decanting of the
solid, 12 drops were pippeted out to an NMR tube, and CDCI; was added
to a total volume of 0,6 mL for '"H NMR analysis.

General procedure for the recovery and reuse of the catalyst in
consecutive reaction runs

After running the transfer semihydrogenation reaction (following the
same procedure as described above), the reaction vessel was removed
from the heating bath and it was allowed to cool down to room
temperature. Mesitylene (71 pL, 0,5 mmol, 1,0 equiv.) were added, with
shaking to ensure homogeneous mixture. The reaction mixture was
allowed to stand for a few minutes, after which time it was filtered via
cannula. The solid catalyst was washed with CH,Cl, (3 x 2 mL) and filtered
with a cannula each time. Then it was dried for 2 hours under vacuum,
before it was recharged with PPh, (2,6 mg, 2 mol%), MeCN (3 mL) and
HCOOH/EN (5,0 equiv). This mixture was heated to reflux and then
diphenylacetylene (91 mg, 0,5 mmol, 1,0 equiv.) was added.
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Products obtained by Transfer semi-hydrogenation of internal and
terminal alkynes and alkynols

Cis-stilbene. The reagents diphenylacetylene (89 mg, o,5 mmol, 1,0
equiv), Et;N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5 mmol, 5,0
equiv.), additive PPh; (2,62 mg, 0,00 mmol, 0,02 equiv.) and catalyst
11a@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as described in
the general procedure for catalytic TSH reaction runs. Not purified.
Quantification by 'H NMR analysis of a dilution of the reaction mixture in
CDCl,. Mesitylene was used as external standard. '"H NMR (400 MHz,
CDCLy): 8 7,26 (m, 10H), 6,64 (s, 2H). Peaks match the literature values.*”
Identity of cis-stilbene was further confirmed by GC-MS analysis.

(Z)-1-phenyl-1-propene. The reagents 1-phenyl-1-propyne (63 pL 0,5
mmol, 1,0 equiv), Et;N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5
mmol, 5,0 equiv.), additive PPh, (2,62 mg, 0,01 mmol, 0,02 equiv.) and
catalyst na@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as
described in the general procedure for catalytic TSH reaction runs. Not
purified. Quantification was carried out by 'H NMR analysis of the
reaction mixture. Mesitylene was used as external standard. 'H NMR (400
MHz, MeCN(d,)): § 7,33 (m, 4H), 7,12 (m, 1H), 6,45 (dq, ] = 11,6 Hz, 1,8 Hz,
1H), 5,84 (dq, J = n, Hz, 7,2 Hz), 1,01 (dd, J = 7,2 Hz, 1,9 Hz, 3H). Peaks
match the literature values.® Identity of (Z)-1-phenyl-1-propene was
further confirmed by GC-MS analysis.

(Z)-1-phenyl-1-butene. The reagents 1-phenyl-1-butyne (71 pL 0,5 mmol,
1,0 equiv), Et;N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5 mmol,
5,0 equiv.), additive PPh; (2,62 mg, 0,00 mmol, 0,02 equiv.) and catalyst
11a@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as described in
the general procedure for catalytic TSH reaction runs. Not purified.
Quantification was carried out by 'H NMR analysis of the reaction
mixture. Mesitylene was used as external standard. '"H NMR (400 MHz,
MeCN(d,)): 8 7,38-7,29 (m, 4H), 7,24 (m, 1H), 6,41 (dq, ] = 1,7 Hz, 1,9 Hz,
1H), 5,69 (dt, ] = 1,7, Hz, 7,3 Hz), 2,33 (m, 2H), 1,06 (t, ] = 7,5 Hz, 3H).
Peaks match the literature values.” Identity of (Z)-1-phenyl-1-butene was
further confirmed by GC-MS analysis.

(Z)-4-octene. The reagents 4-octyne (73 pL 0,5 mmol, 1,0 equiv), Et;N
(349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5 mmol, 5,0 equiv.),
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additive PPh, (6,6 mg, 0,025 mmol, 0,05 equiv.) and catalyst na@y-Al,O,
(71 mg, 0,005 mmol, 0,01 equiv.) were used as described in the general
procedure for catalytic TSH reaction runs. Not purified. Quantification
was carried out by '"H NMR analysis of the reaction mixture. Mesitylene
was used as external standard. 'H NMR (400 MHz, MeCN(d,)): 3 5,38 (m,
2H), 2,05-1,96 (m, 4H), 1,40-1,31 (m, 4H), 0,90 (t, ] = 7,3 Hz, 6 Hz). Peaks
match the literature values.”” Identity of (Z)-4-octene was further
confirmed by GC-MS analysis.

(Z2)-3-phenyl-2-propen-1-ol. The reagents 3-phenyl-2-propyn-1-ol (62 pL
0,5 mmol, 1,0 equiv), Et;N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL,
2,5 mmol, 5,0 equiv.), additive PPh; (2,62 mg, 0,00 mmol, 0,02 equiv.) and
catalyst na@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as
described in the general procedure for catalytic TSH reaction runs. Not
purified. Quantification was carried out by 'H NMR analysis of the
reaction mixture. Mesitylene was used as external standard. 'H NMR (400
MHz, MeCN(d,)): 8 7,45-7,26 (m, 5H), 6,51 (dt, ] = 11,9 Hz, 1,7 Hz, 1H), 5,89
(dt, J] = 12,1 Hz, 6,2 Hz, 1H), 4,35 (dd, ] = 6,2 Hz, 1,9 Hz, 2H), 2,16 (m, 2H),
1,6 (m, 2H) . Identity of (Z)-3-phenyl-2-propen-1-ol was further confirmed
by GC-MS analysis.

4-penten-1-ol. The reagents 4-pentyn-1-ol (47 pL 0,5 mmol, 1,0 equiv),
Et,N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5 mmol, 5,0
equiv.), additive PPh; (2,62 mg, 0,01 mmol, 0,02 equiv.) and catalyst
11a@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as described in
the general procedure for catalytic TSH reaction runs. Not purified.
Quantification was carried out by 'H NMR analysis of the reaction
mixture. Mesitylene was used as external standard. '"H NMR (400 MHz,
MeCN(d,)): 8 5,90 (ddt, ] = 17 Hz, 10,2 Hz, 6,7 Hz, 1H), 5,06 (ddt, ] = 17,2
Hz, 2,2 Hz, 1,6 Hz, 1H), 4,98 (ddt, ] = 10,8 Hz, 2,2 Hz, 1,6 Hz, 1H), 3,53 (7, ]
= 6,6 Hz, 2H). Peaks match the literature values.”® Identity of 4-penten-1-
ol was further confirmed by GC-MS analysis.

1-penten-3-ol. The reagents 1-pentyn-3-ol (43 pL 0,5 mmol, 1,0 equiv),
Et,N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5 mmol, 5,0
equiv.), additive PPh; (2,62 mg, o,01 mmol, 0,02 equiv.) and catalyst
1a@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as described in
the general procedure for catalytic TSH reaction runs. Not purified.
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Quantification was carried out by '"H NMR analysis of the reaction
mixture. Mesitylene was used as external standard. 'H NMR (400 MHz,
MeCN(d,)): 8 5,87 (ddt, ] = 17,3 Hz, 10,5 Hz, 5,9 Hz, 1H), 5,19 (ddd, ] = 17,3
Hz, 2,1 Hz, 1,4 Hz, 1H), 5,04 (ddd, ] = 10,5 Hz, 2,1 Hz, 1,63 Hz, 1H), 3,99 (m,
1H), 2,19 (s, 1H (OH)), 1,57-1,46 (m, 2H), 0,90 (t, ] = 7,4 Hz, 3H). Peaks
match the literature values.”® Identity of 1-penten-3-ol was further
confirmed by GC-MS analysis.

2-phenylbut-3-en-2-ol. The reagents 2-phenyl-3-butyn-2-ol (73 mg o,5
mmol, 1,0 equiv), Et;N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5
mmol, 5,0 equiv.), additive PPh; (2,62 mg, 0,00 mmol, 0,02 equiv.) and
catalyst na@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were used as
described in the general procedure for catalytic TSH reaction runs. Not
purified. Quantification was carried out by 'H NMR analysis of the
reaction mixture. Mesitylene was used as external standard. "H NMR (400
MHz, MeCN(d,)): § 7,53 (m, 1H), 7,34 (m, 2H), 7,25 (m, 2H), 6,17 (dd, ] =
17,3 Hz, 10,6 Hz, 1H), 5,28 (dd, ] = 17,3 Hz, 1,6 Hz, 1H), 5,06 (dd, J = 10,6 Hz,
1,6 Hz, 1H), 1,59 (s, 3H). Peaks match the literature values.®” Identity of 2-
phenylbut-3-en-2-ol was further confirmed by GC-MS analysis.

Trans-stilbene. The reagents diphenylacetylene (89 mg, o,5 mmol, 1,0
equiv), Et;N (349 pL, 2,5 mmol, 5,0 equiv.), HCOOH (94 pL, 2,5 mmol, 5,0
equiv.) and catalyst na@y-ALO; (71 mg, 0,005 mmol, 0,01 equiv.) were
used as described in the general procedure for catalytic TSH reaction
runs. Not purified. Quantification by '"H NMR analysis of a dilution of the
reaction mixture in CDCl,. Mesitylene was used as external standard. 'H
NMR (400 MHz, CDCL): § 7,57 (m, 4H), 7,40 (m, 4H), 7,31 (m, 2H), 7,17
(2H). Peaks match the literature values.”® Identity of trans-stilbene was
further confirmed by GC-MS analysis.
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Pyrene tagged chiral [Rh(bis(NHC))] complexes. Synthesis,
characterization and immobilization onto MWCNTs. Preliminary
studies in asymmetric catalysis

6.1. Introduction

Chemical stability and coordination versatility are two of the many
properties of NHCs that may have helped their great development. The
easy preparation of NHC-precursors has allowed an almost infinite access
to new organometallic topologies."”? Among NHCs, poly(N-heterocyclic
carbene)s have attracted great attention because they allow the
preparation of organometallic compounds with a variety of geometries.*
Many poly(NHC)s have been developed and their structural and
electronic properties have been related to their catalytic properties.”*
Among poly(NHC)s architectures, bis(NHC)s are by far the most
abundant ones, and tris- and tetra(NHC)s are much less abundant,
probably due to their usually complicated multi-step syntheses and the
fact that the resulting tris- and tetra-cationic imidazolium salts are often
difficult to purify due to their low solubility in most organic solvents.®” In
the next sections some important aspects about the coordination
chemistry of bis(NHC)s will be addressed.

6.1.1. Topological properties of [M(bis(NHC))]

6.1.1.1.  Bidentate [M(bis(NHC))]s and polydentate
[M(bis(NHC))]s

Bis(NHC) feature two NHC fragments bound
through a linker (Scheme 6.1.). The nature of the linker has important
implications in the coordination ability of the bis(NHC) ligand and in the
reactivity of the corresponding [M(NHC)] complex.*

T

NHC NHC
D =donoratom: P, O, S, N, C

unfunctionalized bis(NHC) functionalized bis(NHC)

Scheme 6.1. General representation of bis(NHC) ligands, where the linker can
provide additional donor functionality.

Two main groups of bis(NHC) ligands can be distinguished: those which
are “unfunctionalized” and those carrying additional donor
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functionalities, such as a pyridine, amino, phosphino, alkoxy, aryl, or any
other coordinating group. This additional donor functionality is usually
installed in the linker.® The latter group of bis(NHC)s are able to bind to
the metal through the two NHCs and additionally through the donor
atom, in a tridentate fashion, giving rise to tripodal® or pincer”
geometries. In this work, the focus will be on “unfunctionalized”
bis(NHC)s.

6.1.1.2.  Bridging vs chelating coordination of bidentate
bis(NHC)s

Bidentate bis(NHC)s may bind to one metal center
(chelating coordination) or to two metal centers (bridging coordination).
The preference for one or the other can be rationalized and depends on

steric considerations (Scheme 6.2).*"

Y Y

[NHC] [NHC] [NHC] [NHC]
[M] [M] M]
Chelating bis(NHC) Bridging bis(NHC)

Scheme 6.2. Chelating vs bridging coordination of a bis(NHC) ligand.

In order to predict whether a chelating or bridging coordination will be
adopted, several parameters need to be considered such as the geometry
of the complex (square planar, or octahedral bearing apical ligands), the
steric hindrance of the coligands and of the R substituents on the azole
rings, or the nature of the linker.* The length and the rigidity of the
linker greatly influence the conformation of the azole rings within the
equatorial plane of the complex and the preference for a chelating or
bridging coordination. When the two NHC fragments are bound by short
linkers, the azole rings lie close to the sterically congested plane of the
complex (plane xy) (Scheme 6.3 a). The steric interaction between the R
substituents on the NHC with the other ligands in the complex (L) will
determine the preference for a chelating (small coligands) or a bridging
coordination (bulky coligands).
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Bis(NHC) ligands bridged by longer linkers possess more flexibility, and
the azole rings can align close to the z axis in order to avoid unfavorable
interactions between the R substituents on the NHC and the other
coligands in the complex (L) (Scheme 6.3 b). This situation resembles the
case of monodentate NHC complexes, where rotation around the M-NHC
bond is less restricted than in [M(bis(NHC))] and the azole plane is
perpendicular to the xy plane. Compared to the previous case, now the R
substituents of the two NHC fragments are much closer to each other; in
this situation, bulky R groups may lead to a steric clash, so that a bridging
coordination would be preferred.

a)

L NN 1

n=12 n = 3, 4, or more

Scheme 6.3. Effect of the length of the linker on the structure of the
[M(bis(NHC))] complex.

Several parameters have been defined for the quantification of the
conformational and structural properties of chelating bis(NHC) metal
complexes. The conformation of the azole rings relative to the plane of
the complex xy can be measured by the o angle (mean dihedral angle
between the azole planes and the xy plane), which theoretical values
range between o° (for short linkers) and 9o° (for long linkers). The bite
angle is an indication of the flexibility of the ligand, and values
approaching the most favorable angle of 9o° imply a flexible ligand
structure. Another parameter to be defined is the 8 (yaw angle)" which
measures the “in plane” distortion, due to the steric constraints imposed
by the formation of a metalacycle.

In addition to these considerations, some other factors have been
recognized to play a role in the coordination mode of bis(NHC)s such as
the counteranion.™” Crabtree et al. showed that the absence of halide
anions in the reaction medium tends to favor the formation of cationic
chelate complexes instead of 2:1 metal ligand ones. Besides the length, the
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rigidity of the linker can dictate the coordination mode of the bis(NHC).
Very rigid linkers between the two NHC fragments have been used to
specifically design non-chelating bis(NHC) (Scheme 6.4). In this regard,
triazolylidenes®* and benzobis(imidazolylidene)s® have appeared as
interesting scaffolds that can bridge transition metals and provide
enhanced electronic and catalytic properties.

R R ) R R
Sy g ooy
R R R R

Scheme 6.4. Examples of linearly opposed bis(NHC)s specifically designed to
display a non-chelating coordination mode.

6.1.1.3.  [M(bis(NHC))] complexes. Chelate effect

Organometallic compounds bearing chelating
bis(NHC) complexes exhibit superior stability over complexes bearing
monodentate NHCs due to the chelate effect. In consequence,
[M(bis(NHC))] complexes are more robust, and have superior thermal
and chemical stability and this has allowed their use as catalysts under
pretty harsh reaction conditions, involving high temperatures (170°C)," in
the presence of air,” or strong oxidants.” This advantageous properties
have resulted in numerous catalytic applications of [M(bis(NHC))] such

20,21

as C-C couplings,” transfer hydrogenation of ketones and imines,

7

hydrosilylation of ketones™ and terminal alkynes,” hydrogenation,” or

hydroamination™ to cite some of them.

Besides their superior stability compared with [M(mono(NHC))],
bis(NHC) ligands allow a better control over the coordination sphere and
the fine tuning of properties such as steric hindrance, bite angles,
chirality, and fluxional behavior.”® These features are attractive regarding
the development of asymmetric catalysts based on bis(NHC)
architectures. However, the application of [M(bis(NHC))] catalysts in
asymmetric transformations has only been reported scarcely, and has only
met with limited success.*
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6.1.2. Chiral chelating [M(bis(NHC))]. Application in
asymmetric catalysis

Due to the resemblance in their coordination properties with
phosphorus-donor ligands, NHCs have the potential to promote any
reaction catalyzed by traditional tertiary phosphine- and phosphite-based
catalysts.”” In this regard, the popular and highly successful motif of
chiral chelating diphosphorus ligands*®® has prompted researchers to
extend this type of geometry to bidentate NHC-based ligands. The most
widely studied type of bidentate NHC-based chiral ligands include mixed
NHC/heterodonor scaffolds, featuring one NHC fragment in combination
with phosphine, thioether, sulfone, oxazole, oxazoline, imine or amine
donor groups.*

In contrast, the type of chiral bis(NHC) ligand scaffold has been much
less explored, and only a few unique chiral bis(NHC) architectures
exist,3°33»3334353637:3839 [n accordance with the limited number of chiral
bis(NHC) ligand architectures, applications of this type of ligands in
asymmetric metal-catalyzed transformations are scarce. Poor
enantioselectivities have been reported in many cases.*>*373*# For some
of these bis(NHC) ligands, application in enantioselective catalysis is not
reported,®”*"* or metalation was not achieved.***

In the majority of these ligands the chirality is located at the backbone,
with a few exceptions that incorporate a chiral center on the N-alkyl
wingtips.**3*¥ Introduction of chirality in both the backbone and on the
N-alkyl arms has also been reported.*® Selected examples are shown in
Figure 6.1

Chelating [M(bis(NHC))] complexes bearing ligands 42-45 in Figure 6.1,
where the chirality is situated at the ligand backbone displayed the
highest levels of enantioinduction compared with the rest of chiral
bis(NHC) reported (see references above). Incorporation of additional
chiral centers at the N-wingtips, as in the case of 41 was studied by Veige
et al., and they found that it only had a minor effect on enantioinduction.
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T Q o
[): K’\> OO N\.{N\R @N :<N
L .. R
RO ¢ s LIS
40  [Ref. 38] @ I -
R = Me, Bn Vei " [R f 32]
R'=4CH,} R®=Ph Shi 42 [Ref.22] elge ef.

R’ =Q R? = Ph, Naph 7o )\L\N‘j"‘{
R K—J\N NCN,
R' =/©\ R?=Ph NGNS =
e EN> <N]

Ar A Mauduit 45 [Ref. 37]

R1=¢ ' N\ R?=Ph Ar = 2, 4, 6-trimethylphenyl

2, 6-diisopropylphenyl
Herrmann Dorta 44 [Ref. 44]

Chirality on the N-wingtips Chirality at the backbone

Veige 41 [Ref. 26]

Chirality at the backbone
and on the N-wingtips

Figure 6.1. Representative examples of chiral bis(NHC) ligands where the
chirality is located at the N-wingtips, at the ligand backbone, or both. For those
carrying chirality at the backbone, some of the most successful ligand
frameworks are shown with respect to their application in enantioselective
processes.

In contrast, some studies were carried out by Veige et al. indicating that
modification of the linker had a much greater effect on the
enantiodiscrimination.*** Ligands where the linker forces a more rigid
coordination environment around the metal center have a better spatial
definition of the chiral pocket, and better enantioselectivities are
obtained compared to more flexible ligand structures.

The best results reported so far in the application of a chiral bis(NHC)
ligand in any enantioselective process correspond to ligand framework 42
(Figure 6.1). ** Rhodium (III) complex 46 (Scheme 6.5) was applied in the
enantioselective hydrosilylation of methyl ketones. Aryl and alkyl methyl
ketones were reduced to the corresponding secondary alcohols in high
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conversions and in 90-98% ee for the majority of the substrates. This
complex also catalyzed the enantioselective hydrosilylation of 3-oxo-3-
arylpropionic acid methyl or ethyl esters, affording the corresponding 3-
hydroxy esters in high yields and enantiomeric excesses above 9o% for

most of the substrates.*®

o [SiH] ¢
P Ll R
R” "Me [cat] R™ Me
OO N N= ) R = Aryl, alkyl 67-98% ee
. | Q
e
IS
@ O O [SiH] Oﬂ!—l (0]

Ar OR [cat] Ar OR
46 R = Me, Et 81-98% ee

Asymmetric hydrosilylation of
3-aryl-3-oxo-propionic acid
methyl and ethyl esters

Scheme 6.5. Application of Rh complex 46 in the hydrosilylation of metyl

ketones and 3-aryl-3-oxo propionic acid methyl and ethyl esters.

Besides Rh-catalyzed hydrosilylation Shi et al. have also reported the
coordination of this ligand framework to Pd(II) precursors yielding
complexes 47-49 where the coordination sphere of the metal is completed
with iodide, aqua and acetate ligands (Figure 6.2). These complexes have
been applied in a variety of transformations with notable success in terms

of yields and high enantioinductions.*>">*

These results may not be as surprising, given that these ligand framework
is derived from the 1,/'-binaphtyl-2,2’-diamine (BINAM) backbone.
BINAM belongs to the “privileged” ligand class defined by Jacobson and
Yoon.? The privileged term arises from the fact that these ligands
typically provide high enantio-discrimination across a number of
reactions. BINAM is Cz-symmetric (effectively halving the possible
diastereotopic transition states) and exploits the restricted rotation about

the biaryl bond providing a rigid backbone.

RQ\O'F Asymmetric hydrosilylation of methyl ketones
—1
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2+
O o O o O s
N- N— N_N-g
NKPd?B)K NXPdOHz i
N X |
Oy | OO e
° @
[TfO],

47  [Ref. 41] 48  [Ref. 51] 49 [Ref. 52

Allylation of aldehydes asymmetric a -hydroxylation Oxidative kinetic resolution
of B -ketoesters of secondary alcohols

Figure 6.2. Application of Pd(II) complexes 47-49 in various asymmetric
transformations.

Very recently Elsevier et al. have reported the synthesis of a BINAM-

derived bis(NHC) ligand 53 bearing 2 “click” 1,2,3-triazol-5-ylidene
fragments (Scheme 6.6).>*

p-tolylacetylene,
CuS04-5H,0,

OO 'BUNO,, OO Sodium ascorbate, O ’Z‘jnﬂ
NH,  TMSN, N3 EtsN
NH, MeCN, -15°C, OO N3 MeCN:H,O (4:1), OO
N
OO 40h 50°C, 60h N:[??-TOI
51
5

50

2
MeOTH, CH2C|2,

-78°C to rt, 12h

/ /

- N=N®&
,l< ; Tol (. Tol
OO Nf ° base OO NJS_”
Dy o
NQ\N\WTOI NN o

oTf
54 53

Scheme 6.6. BINAM-based bis(1,2,3-triazolylidene) ligand framework reported
by Elsevier et al.

This ligand can be obtained by deprotonation of the diquaternary
bistriazolium ditriflate salt 53. This carbene salt precursor was
synthesized in three steps, involving azidation to obtain compound 51,
then, by reaction with p-tolylacetylene using a copper salt as the catalyst
CuAAC “click chemistry” bistriazole 52 wa obtained, and this compound
was methylated using methyl triflate to yield 53 in an overall yield of 91%
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starting from 50. Therefore, bis(1,2,3-triazole-5-ylidene) ligand 54
combines the well-known successful BINAM chiral motif with the
unexplored coordination and reactivity of the bis(1,2,3-triazol-5-ylidene)
scaffold. 1,2,3-triazol-5-ylidenes have attracted a great deal of attention
since their first appearance in the literature in 2008.>> For the preparation
of 1,2,3-triazol-5-ylidenes, 1,2,3-triazolium salts were rapidly identified as
ideal precursors, by analogy to the classical deprotonation route used in
the preparation of NHCs and related species.”® In turn, triazoles are
conveniently prepared by the Cu-catalyzed alkyne-azide cycloaddition
(CuAAC, “click chemistry”)” and are readily alkylated at N3 to yield the
target triazolium salts (Scheme 6.7).

R 1 S} R!

NS R! RL X N
NNN- oy NNy R NNGRs TS
ool e B e M Y
— R2 R2 R2 M R

Scheme 6.7. Most common synthetic route to [M(1,2,3-triazol-4-ylidene)]
complexes involving “click reaction”, alkylation and metalation.

Another interesting feature of 1,2,3-triazol-5-ylidenes is that they belong
to the group of abnormal or mesoionic carbenes (MIC), along with
imidazol-4-ylidenes, for which no uncharged resonance structure can be
drawn. Therefore, the lone pair of electrons on the carbene atom is less
stabilized across the conjugate system compared to the case of more
classic imidazol-2-ylidenes, and this reduced stabilization results in
higher basicity and increased o-donation.

In Table 6.1 the o-donor properties of classic 1,3-imidazol-2-ylidenes are
compared with that of abnormal carbenes 1,2,3-triazol-5-ylidenes and 1,3-
imidazol-4-ylidenes by measuring the stretching frequencies of CO
(u(CO)) in the corresponding [Ir(NHC)CI(CO),]. By comparing the v(CO)
it can be seen that for all 1,2,3-triazol-5-ylidenes displayed (entries 1-6) the
u(CO) in the corresponding Ir complexes are slightly lower than even in
the case of the most basic 1,3-imidazol-4-ylidene (entry 10). This means
that 1,2,3-triazole-5-ylidenes are stronger ¢ donors than classic 1,3-
imidazol-2-ylidenes. Their donor capacity, though, is not as high as in the
case of abnormal carbenes based on the 1,3-imidazol-4-ylidene scaffold
(entry 11). The presence of three nitrogens in the azole ring in the case of
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1,2,3-triazolylidenes reduces the electron density of the ligand and may
thus explain their lower donor ability relative to 4-imidazolylidenes.

Table 6.1. Comparison of the u(CO) stretching frequencies between imidazole-2-
ylidenes, 1,2,3-triazol-5-ylidenes and imidazole-4-ylidenes in Ir complexes of the
type [Ir(NHC)CI(CO),].

R’ RY R ré R
RZ@N\W Rz/@N‘W Rz”'\jzj\‘)\R3
ClI—Ir—CO Ci—Ir—Co CI—Ir—CO
co co co
55 56 57
Entry Complex R' R* R3 R* v(CO) (cm™)
1 55a Dipp Dipp Me - 2019
2 55b Mes Mes Me - 2019
3 55C Ph Et Me - 2021
4 55d Dipp Ph Me - 2019
5 55€ Dipp OEt Dipp - 2018
6 55f Dipp Dipp Dipp - 2020
7 56a Dipp Dipp H H 2024
8 56b Mes Mes H H 2024
9 56¢ Cy Cy H H 2023
10 56d Ad Ad H H 2021
1 57a Me iPr Ph Ph 2003

Dipp = 2,6-diisopropylphenyl. Data taken from Ref. 56 and references therein.

To assess the electron donating ability of ligand 54 the u(CO) of the
corresponding [Rh(54)(CO),Cl] (in analogy to the case of Ir complexes
introduced in Table 6.1) were measured and they were compared with the
values obtained for analogous Rh complexes bearing bidentate [2,2-
bis(diphenylphosphanyl)-1,’-binaphthyl] (BINAP),® and  chiral
bis(imidazolylidene) and bis(benzimidazolylidene) ligands.”® The same
trend pointed out in Table 6.1 was observed and ligand 54 displayed
stronger donor ability, due to the reduced electronic stabilization by the
mesoionic 1,2,3-triazolylidene scaffolds. Metalation of ligand 54 with Ag,
Pd, Rh and Ir was achieved, and these complexes were evaluated as
precatalysts in various reactions (Scheme 6.8).>* Pd complex 58 was tested
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in the allylic alkylation of 1,3-diphenylprop-3-enyl acetate and dimethyl
malonate, but no conversion was noted at room temperature. This might
be due to an inhibiting effect of the strongly coordinated allyl ligand,
preventing formation of the active Pd species. Rh(I) complex 59 was
active in the hydrogenation of methyl (Z)-2-acetamido-3-phenylacrylate,
and also in the transfer hydrogenation of acetophenone in iPrOH, but in
both cases the racemic product was obtained. Better results were
obtained in the hydrosilylation of aryl ketones. Enhanced
enantioselectivities, up to 51% were obtained for bulkier substrates.

/O [ ot |
_ N=- N/
COMm  COMry  CoRm
® ® N R(mo%
Pd(C3Hs) NV s
TS OO S
NQ‘ N;N\ N;N\
\
58 M=Rh 59 61
M=Ir 60

inactive in allylic alkylation
asymmetric hydrosilylation
of aryl ketones
o Ph,SiH, OH
*
R™ R 59 R™ R

OH OH
SRNOAT
92% conv. 100% conv.

30% ee 51% ee

Scheme 6.8. Pd, Rh and Ir complexes 58-61 bearing ligand 54, and pertinent
catalytic applications.”*

Octahedral Rh(III) complex 61 which has more similarities with successful
catalyst 46 was less active and afforded the product as a racemate. A
possible explanation for the inferior results with this system compared to
Shi’s Rh(III) complex 46 could be the superior rigidity and steric effects
provided by the benzimidazol scaffold, as it has been pointed out in
related [Rh(I)bis(NHC)] systems.*® Considering the facile, modular and
high yielding synthesis of ligand 54 through “click chemistry”, the
promising results obtained by this ligand scaffold deserve further
exploration.
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6.1.3. Heterogenization of molecular catalysts onto
CNTs through n-rr stacking interactions

As introduced in Chapter 1, the intrinsic limitations of
homogeneous catalysts in separating the catalyst from the products and
in catalyst recycling and reuse can be circumvented by immobilizing the
homogeneous catalyst onto a solid support, which may allow an easy
separation by simple filtration or centrifugation.®®® The most widely used
method for the immobilization of homogeneous catalysts onto solid
supports is the formation of covalent bonds between the ligands and the
support.” By doing so, the supported catalyst is expected to be robust
enough to withstand the harsh reaction conditions needed for some
catalytic processes. However, this immobilization method has two
important drawbacks. First, arising from the need for an additional
functionalization of the ligand, thus adding additional effort to the
catalyst synthesis. And a second drawback, arises from the possible
changes in chemical reactivity (and therefore in catalytic activity), derived
from the formation of the covalent bond between the support and the
catalyst. As an alternative, immobilization of homogeneous catalysts onto
solid supports through non-covalent interactions is a growing area of
research owing to the fact that no chemical modification neither of the
catalyst nor of the support is required. In this context, several groups have
reported the immobilization of homogeneous catalysts onto
carbonaceous supports through mt-m stacking interactions.®*+%>°% In the
next section, some important aspects about the immobilization of
homogeneous catalysts onto carbon surfaces through this type of
interaction will be introduced.

6.1.3.1. Carbon nanotubes (CNTs). General properties
and functionalization

Among the various carbon supports available,®
CNTs possess attractive properties such as high thermal and chemical
stability, conductivity, and resistance to acid and basic media, which have
enabled their application in fields such as nanoelectronics, nanomaterials
science, drug delivery and catalysis.®7*7"7>

CNTs were first described by lijima in 1991, and are essentially sheets of
graphene rolled up in the form of cylinders or tubes. According to the
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number of sheets forming the cylinder, nanotubes can be either single-
walled (SWCNTSs) or multi-walled (MWCNTs). The length of the CNTs is
in the micrometers range, and the diameters are up to 100 nm.”* Their

main properties can be summarized as following:

a. electronic properties such as capacity to transfer electrons
between adsorbents molecules and molecules in solution.”

b. mechanical properties such as high flexibility, strength and low

density.”

c. structural properties such as varying diameter and helicity.”

These properties, in combination with their lack of solubility in any
solvents make them ideal candidates for the immobilization of
organometallic catalysts. Indeed, the surface of CNTs
functionalized with a variety of reagents either covalently’”® or non-

covalently” (Scheme 6.9)

covalent functionalization

Scheme 6.9. Covalent and non covalent functionalization of CNTs.

From the point of view of the support, covalent functionalization
strategies modify the carbon hybridization from sp to sp® and therefore
lead to a partial or total loss of the intrinsic properties of the pristine
carbon nanotubes, which is in contrast to non-covalent functionalization.
Pristine CNTs can interact with m systems via m-m stacking interactions.
These type of non-covalent interactions are based on Van der Waals
forces and take place between the m electron densities of planar, stacked
aromatic systems and delocalized electron densities in the carbon

network of CNTs.%°

non-covalent
functionalization
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6.1.3.2. Immobilization of organometallic catalysts onto
carbon  surfaces through mm  stacking
interactions

Factors influencing the strength of the rm-r stacking interactions

The magnitude of these interactions depend on various factors but most
notably on the size of the aromatic system. This was demonstrated by
studying the m-m stacking interactions between organic molecules such as
benzene, 2,3-dichloro-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ),
azulene, and pyrene with CNTs. The results obtained indicated that the
stacking interactions between the pyrene moiety and CNTs (9.69
kcal/mol) is ca. twice stronger than in the case of benzene (4.61
kcal/mol).* Therefore, in order to obtain a stable heterogenized catalyst
via such interactions, the presence of either a pyrene or coronene moiety
within the structure of the ligand is required.

In addition to the arene size, the solvent and the temperature have also
been identified to influence the strength of m-m stacking the
interactions.”® A significant example showing the influence of these
parameters was reported by Hermans et al.” The gold complex 62 bearing
a pyrene-tagged phosphine ligand was prepared and immobilized onto
MWCNT’s through mn-m stacking to afford the supported complex 63
(Scheme 6.10). The immobilization of 62 onto MWCNTs was tested in
various solvents, and depending on the solvent used, different loadings
of 62 were obtained in the hybrid material 63. For instance, among the
solvents tested, acetone provided the highest loadings, followed by
dichloromethane and acetonitrile. The gold content was measured by ICP
and it ranged between 0,12 and 0,22 mmol of 62 per g of MWCNTs.

The choice of the solvent was also found to be critical when the hybrid
material 63 was applied as a catalyst in the intramolecular cyclization of
enynes. When the reaction was run at room temperature, in
dichloromethane, a homogeneous reaction pathway was demonstrated by
performing a hot filtration test (left hand side of Scheme 6.10). After the
reaction, the temperature was brought down to -40°C, which allowed for
the redeposition of the leached gold species onto the MWCNTs.
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Scheme 6.10. [llustration of the effect of the solvent and the temperature on the
strength of m-m stacking interactions in catalyst 63. Heterogeneous catalysis vs
“boomerang effect”.

The authors referred to this mode of operation where the catalysis is
carried out by homogeneous species as “boomerang effect”.
Alternatively,” switching the reaction solvent to acetone resulted in a
heterogeneous reaction mechanism. This system could be efficiently
recycled up to four reaction runs, although activity gradually dropped
afterwards.

In Scheme 6.1 some remarkable examples of organometallic catalysts
immobilized onto CNT’s or related carbon surfaces through m-mt stacking
interactions are displayed. Asymmetric catalysis has been reported as in
the case of materials 64* and 65,°° which could be recycled up to 9 or 7
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runs respectively maintaining the same same enantioselectivity during all
the catalytic runs.

The last two examples correspond to NHC-based complexes 66* and 67
bearing a pyrene tag and immobilized onto SWCNT’s and reduced
graphene oxide respectively (rGO). Especially, material 67 proved very
robust and no significant decrease in catalyst activity was detected after 10
reaction runs in the hydrogenation of styrene.

CO,Me g4 CO-Me 0 OH
~ ~ PhJL * %TOE* = Phjk/HTo
A’ NHAc H, A’ NHAc I Et

Q o [Ref. 82] QOQ
QQQ N= BF, o, >
v ~PPh, W 9
e

64  Alkene hydrogenation 65 enereaction [Ref. 66]

Up to g recycles Up to 7 recycles

NHC-based catalysts heterogenized onto carbon surfaces through 7z interactions

Ts 66 67
N7 TSN(] PhXX [=TN

™\
Mes-N__N-Mes

/””1117
o

66 ene reaction [Ref. 64]

HO  OH O

Up to 8 recycles 67 alkene hydrogenation

Up to 10 recycles [Ref. 67]

Scheme 6.11. Representative examples of transition metal complexes
immobilized onto carbon surfaces through n-n stacking interactions.

Only few examples have been reported yet on the immobilization of
molecular organometallic catalysts onto the surface of carbon materials
through m-m stacking, but the number of reports is increasing due to the
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promising results obtained so far. In the next section, the work carried
out in this PhD Thesis regarding the synthesis and characterization of
pyrene-tagged [Rh(bis(NHC))] complexes and their immobilization onto
MWCNT’s through m-m stacking interactions will be presented.

6.2. Results and discussion

This part of the work was done in collaboration with the group of Prof.
Dr. X. Sala, from Universitat Autonoma de Barcelona. In view of the
handful of successful applications of BINAM-based
bisbenzimidazoldiylidenes as ligands in asymmetric catalysis we got
interested in exploring the potential of the related BINAM-based
bistriazoldiylidenes as strongly electron-donating ligands for their
application in metal-catalyzed asymmetric processes. In our group we
aimed at evaluating the catalytic potential of metal complexes bound to
this novel ligand architecture, and also to study the introduction of
pyrene tags in order to be able to immobilize the resulting complexes
onto carbon surfaces via r-1 stacking interactions (Figure 6.7).

) N=N
et LN s STt
\4®\R
~8R
CONRE Iy e
O’

68 52
BINAM-based bisbenzimidazolium BINAM-based bistriazole
dihalide salts
Shi Elsevier

Figure 6.7. Two classes of atropisomeric carbene precursors derived from
BINAM, containing respectively a bisbenzimidazolium or a bistriazolium
scaffold.

The synthesis of bistriazole 52 was carried out via copper-catalyzed
alkyne-azide [3+2] cycloaddition, a transformation which is included in
the list of “click” reactions (Scheme 6.12). The first step consisted on the
preparation of BINAM-diazide. For the synthesis of this key intermediate
we have used the conditions optimized by Sala et al.,** although they
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differ from the conditions recently reported by Elsevier for a very similar
compound.>*

o0 OF O
COpy-O o LI
51

52b

Scheme 6.12. Retrosynthetic analysis of compound 52b, synthesized from key
diazide precursor 51.

For comparison, the synthesis of 51 was also performed under the
conditions reported by Elsevier (Scheme 6.13).

Formation of the diazide proceeds through the intermediate formation of
a bis(diazonium) salt species which is usually very reactive and in the
presence of an azide source a substitution reaction takes place releasing
N, gas and yielding the diazide product. In the case of Elsevier synthesis a
low temperature is used -15°C. It was reasoned that the substitution of the
diazonium intermediate 69 proceeds via an Sy1 mechanism, and therefore
a carbocation is generated which may decrease the steric interaction
between the 2 and 2’ positions thus possibly causing racemization of the
binaphtyl backbone.

Elsevier synthesis this work
1) 'BUNO,, 'BuOH, OO
OO Ns 'BUNO,, TMSN3, OO NH, 25°C, 5 min N3
OO N3 MeCN, -15°C, 40h OO NH, 2)H,0, NaNj, OO N3

25°C, 2h
51 50 51
® 70%
96% yield OO N, OO N °
(after ® 2
chromatography) OO N, ﬁz
reported OO (BUO),
39% yield 69 69
achieved

Scheme 6.13. Comparison of the distinct reaction conditions used by Elsevier,
and in this work.

In our synthesis, bisdiazonium salt species 69 is formed first by addition
of tert-butyl nitrite to a suspension of BINAM in ‘BuOH, and after five
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minutes water is added followed by sodium azide. Immediate evolution of
nitrogen gas from the mixture after addition of sodium azide is indicative
of the reaction progress. To rule out the formation of a racemic mixture
under our reaction conditions we carried out the synthesis of BINAM-
diazide starting from both enantiomers of BINAM. Analysis by HPLC
showed only one signal for the case of pure compounds, whereas two well
resolved signals one next to the other were observed when a mixture of
the two pure compounds was prepared on purpose for analysis Figure
S6.1, Exp. Part). Under our reaction conditions, BINAM-diazide 51 was
obtained as an air- and moisture-stable orange solid and this compound
can be stored without any special protection for several weeks. Diazide 51
was used in the next step without the need of chromatographic

purification.

6.2.1. Synthesis of  pyrene-tagged

bistriazolium ditriflate salts

During the course of our work we came up with two different
strategies for the introduction of a unit in the framework of the BINAM-
based bistriazolic scaffold (Scheme 6.14). In pathway A, diazide 51 was
used to obtain bistriazole 52b by reaction with an alkyne partner, and
later, one, or two pyrene moieties were introduced into this framework
through an alkylation reaction with a suitable pyrene-containing
electrophile. In pathway B, diazide 51 was reacted with a pyrene-derived
alkyne partner obtaining bistriazoles functionalized with two pyrene
groups. Results will be discussed separately according to the two

different strategies followed.
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Scheme 6.14. Synthetic strategies studied for the introduction of a pyrene moiety
in the BINAM-bistriazole framework.

6.2.1.1.  Introduction of pyrene moieties via an alkylation
reaction (Pathway A).

The first step in this strategy consisted on the synthesis of BINAM-based
bistriazole 52b (Scheme 6.15). Reaction conditions involved the use of a
polar THF/water mixture and the presence of a Cu(II) salt.

Na CuS0,-5H,0
OO N3 KyCOg, sodium ascorbate, OO NWR
THF/H,0, 60°C, 48h N=N

51 R=H,83% 52b
R = OMe, 65% 52¢

Scheme 6.15. Cu-catalyzed cycloaddition to transform diazide 51 into bistriazolic
compounds 52b and 52c.

Heating this mixture at 60°C for two days afforded compound 52b in 83%
yield. By using 4-methoxy phenylacetylene as the alkyne partner under
otherwise the same reaction conditions compound s52c bearing two
electron rich methoxy groups on the triazole rings was obtained in 65%
yield. Both compounds were characterized by 'H and *C NMR and by MS.
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6.2.1.1.1.  Early tests

Differently to the case of imidazolium based
salts which can usually be obtained in perfect yields by alkylation of 1,3-
imidazole compounds, the presence of an extra N atom in the structure of
triazoles significantly reduces the electron density available, and
consequently, stronger alkylating agents are usually required.*** In an
initial alkylation test, 52¢ bearing more electron-rich methoxy groups was
reacted with 1-(bromomethyl)-pyrene. This compound is commercially
available and the bromo leaving group is situated at a benzylic position
which is expected to be more activated towards nucleophilic attack.
(Scheme 6.16).

OO starting material still observed

10.0 equw

OO OMe MeCN, reflux, 48h dark solid, very 1r}soluble
unable to purify or

to characterize satisfactorily
2c

Scheme 6.16. Attempt to alkylate compound 62c by using 1-bromomethylpyrene
as the electrophile.

Performing the reaction in refluxing acetonitrile for 3 days led to
incomplete conversion of the starting material as observed by TLC and
NMR analysis of the crude mixture. A dark solid was formed which had
very low solubility in most common solvents and no characterization of
this compound can be provided. On the basis of these results it was
hypothesized that a longer linker (more than 1C between N3 and the
pyrene moiety) may result in a less rigid structure and should render
more soluble diquaternary salts. Also, a complementary strategy was
devised consisting on monoalkylating one of the two triazole rings in
compounds 52 with a small alkyl group under controlled reaction
conditions, and next, in a second step, to introduce the pyrene moiety by
means of a second alkylation of the monoquaternary salt. This strategy
brings the possibility of introducing only one pyrene moiety.
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In order to introduce a longer linker between the triazole rings and the

pyrene tags compounds 66a and 66b featuring a iodo and a tosyl leaving

groups were synthesized and tested in the alkylation of 62¢c (Table 6.2).

Table 6.2. Results obtained in the attempted alkylation of 52¢ with iodo and tosyl

derivatives 70a and 70b.

OO J\@we 20

‘O —= NO CONVERSION

= | 70a

R Ts 70b
52¢ OTs

Entry X (Equiv.) Solvent Additive T(°C) Time Conversion(%)

1 OTs 8,0 MeCN - 8o 48
2 OTs 8,0 THF - 8o 48
3 [ 2,0 MeCN  AgPFq 8o 30
4 [ 8,0 MeCN  AgBF, 8o 48
5 [ 8,0 MeCN AgOTs 8o 48
6 I 8,0 THF - 60 48
7 [ 8,0 DCE - 60 48
8 I 8,0 DMF - 60 48

(0}

© © O © ©

0
partial

Conversion was evaluated by preparative TLC, and by '‘NMR analysis. DCE = 1,2-

dichloroethane.

Alkylation with tosylate 70b (entries 1,2) did not yield any alkylation

product. Turning to the use of iodide 70a no conversion of

the starting

material was observed for a range of conditions involving various reaction

solvents in combination with silver salts, which as known to help in

abstracting the halide anion in substitution reactions (entries 3-7). Only

when DMF was used as the solvent some conversion of 52¢ was observed

by TLC and 'NMR, but this product could not be appropriately purified

and characterized. These results indicated that alkylation of bistriazoles

52 required the use of other reagents and/or reaction conditions.

6.2.1.1.2. Synthetic strategy for the introduction of
one or two pyrene moieties via alkylation

Two particular tasks were addressed:

a) To synthesize a pyrene-containing molecule having

a long alkyl

linker chain (compared to 1-(bromomethyl) pyrene) and a greater
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electrophilic character compared to iodo, bromo, or tosyl
derivatives.

b) To explore the monoalkylation of bistriazoles 52 prior to the
introduction of a pyrene function.

Monoalkylation of bistriazoles 52 was achieved through careful addition
of methyl triflate (2 times o,5 equiv.) to a precooled solution of the
corresponding bistriazole at -15°C. After allowing the mixture to slowly
reach room temperature reaction was continued for a total of 16h, and
then another o,5 equiv. of methyl triflate were added (scheme 6.17).

o o
, OTf , OTf
oy GO GO0
OO NJ\QR (1.0 equiv.) N R N R
+
_1E50

SOy O OOy O T O

N=N N=N NéN\

)
R =H, 55% 71b oTf

52b,c R = OMe, 39% T1c

Byproduct 72b, ¢

Scheme 6.17. Monalkylation of bistriazoles 52 with 1,0 equivalent of methyl
triflate.

Formation of monoquaternary salts 71 was revealed by TLC and by 'NMR
of the crude reaction mixture, by the appearance of a new signal at ca 4,0
ppm corresponding to the methyl group attached to the N3 upon
alkylation. Compounds 71 were obtained as off-white solids after
purification by column chromatography. Slightly better yields were
obtained for phenyl-substituted 71b (55%), compared with 4-
methoxyphenyl-substituted 71c (39%). In both cases, in spite of the slow
addition of MeOTf at low temperature, some dialkylated products 68
were formed, and they could also be recovered after chromatographic
purification. Characterization is only provided for the case of
dimethylated compound 72b.2

Whereas alkylation of 1,2,3-triazole rings has been performed in
quantitative yields by using methyl triflate,® the introduction of other
groups at the N3 position through alkylation with their corresponding
triflate derivatives has also been accomplished, albeit in lower yields.*
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Therefore, a procedure was designed for the preparation of 4-(pyren-i-
yl)butyl triflate 70c, starting from commercially available 4-pyrenebutanol
7od. By simply adding trifluoromethanesulfonic anhydride to a solution
of 4-pyrenebutanol and NEt, at 0°C the desired alkyl triflate was obtained
in up to 80% yield (scheme 6.18) Identity of this compound was
confirmed by 'NMR, where the signal corresponding to the methylene
group next to the triflate shifted downfield from 4,01 ppm to 4,59 ppm
upon formation of compound 66c. In the next sections freshly prepared 4-
(pyren-1-yl)butyl triflate was used, although this compound can be stored

in the fridge for several days without degradation.

(0 on Mo LI om
’ CH,Cl,, 0°C, 30 min ‘O 80%

70d 70c

Scheme 6.18. Synthesis of triflate derivative 7oc.

Subsequently, 4-(pyren-1-yl)butyl triflate 70c was used in the alkylation of
compounds 52b and 71b (Scheme 6.19). Reaction of 71b with an excess of
the triflate reagent® resulted in complete conversion of the starting
material after 24 hours as judged by TLC and 'H NMR analysis (Scheme
6.19, route a). Some product loss always occurred upon purification by
column chromatography on silica gel, which brought down the isolated
yield of 69 to 67%. Attempts to purify 73 by means of precipitation using
various solvent mixtures never yielded the pure compound. In the NMR

spectra of this compound each signals corresponds to a single nucleus

because of the symmetry loss due to the introduction of distinct alkyl

groups on the two triazoles (Figure 6.8, a). Characterization by standard
techniques was possible due to the good solubility of this diquaternary
salt in typical deuterated solvents (CDCI3 for instance). By using the same
procedure, reacting 52b with and excess of 4-(pyren-1-yl)butyl triflate
7oc, compound 74 bearing two pyrene tags was obtained in up to 54%
yield (Scheme 6.19, route b). Purification was also achieved by means of
column chromatography on silica gel. Full characterization of this new
compound by standard techniques was possible due to its good solubility

in common organic solvents.
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Q
, OTf
N=-N® N:N
OO0 COwr=0
OO OO
N=N N=N
52b

71b
ROTf (2,5 equiv.) ROTf (3,5 equiv.),
,5 equiv.), S0t
Route a Route b 8
-60°C to rt, oo
CH,Cl,, 24h

©]
, OoTf O‘
N=N&® OQ
COons0
S)
N:N® oTf
NN() CLlo~0)

NN®

S)
CION-O)
73 QOQ NNeo
Q 74 0

67% OTf

Ogg

Scheme 6.19. Alkylation of compounds 52b and 71b to obtain compounds 73 and
74 containing one, or two pyrene tags.

Compared with 73, NMR spectra of 74 are much simpler, and each signal
corresponds to two equivalent nuclei due to the symmetry of the
molecule (Figure 6.8, b).
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PROTON_01
AM497_F2
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Figure 6.8. 'H NMR spectrum of compound 73.
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Figure 6.9. 'H NMR spectrum of compound 74.
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6.2.1.2. Introduction of pyrene moieties via click
CuAAC (Pathway B).

An alternative strategy for the introduction of
pyrene moieties into the BINAM-bistriazole framework through “click”
chemistry was envisioned. By switching the alkyne partner in the
CuAAC® from phenylacetylene to propargyl pyrenebutyl ether s,
compound 76 could be obtained (Scheme 6.20). When the same reaction
conditions using Cu(SO,)-5H,O were applied as in the synthesis of
bistriazoles 52, no conversion was observed. Instead, an in situ formed
catalyst by stirring a solution of Cul and P(OPh); was more effective for
this transformation and compound 76 bearing two pyrene tags was
obtained in 34% yield after chromatographic purification. Further
optimization of the reaction conditions may possibly lead to higher
isolated yields.

OO

N3 Cul, P(OPhY,, Ndwo O’
N, THF, 24h, reflux OO N/Y\O O‘
OO

34%
Scheme 6.20. Synthesis of compound 76 bearing two pyrene tags via CuCAAC.

Due to time constraints full exploration of this alternative route cannot be
reported; nonetheless conversion of two-pyrene-tagged 72 into a
bistriazolium salt precursor should be possible through alkylation with a
suitable electrophile (MeOTTf for instance).

6.2.2. Synthesis and characterization of
[Rh(bis(NHC)(COD)](OTf) complexes

For the preparation of cationic Rh(I) complexes bearing
chelating biscarbene ligands derived from ditriflate salts 72b, 73 and 74,
the protocol reported by Elsevier for the preparation of closely related
Rh(I) complex 59 was followed (Figure 6.9).>*
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oe B0

N@
OTf
53 54

Figure 6.9. Preligand ditriflate salt 53, and bis(NHC) ligand 54 reported by

Elsevier et al.>*

The most common strategies for the metalation of 1,3,4-substituted-1,2,3-

triazolium salts consist on transmetallation from a silver complex, direct

C-H activation, base-mediated proton abstraction/C-H activation, or in-

situ generation of the free carbene.”® Usually, silver-carbene complexes

are effective carbene transfer agents. This ability to effectively

transmetalate the carbene ligand to another transition metal center is due

to the lability of the silver-carbene bond in solution. Evidence of this

lability is the fact that most silver-carbene ®C NMR signals appear as

broad singlets, or are even not seen due to the fluxional behavior of the

[Ag(NHC)] species. However, some cases have been reported where well-

resolved Ag-C couplings were observed implying non-lability, and

resulting in increased thermal stability.” Elsevier reported the synthesis of

a dimeric silver complex [Ag(54)]. obtained by treatment of ditriflate salt
53 with Ag,O . A characteristic carbene shift was observed by *C NMR (8
=167,2 Hz) integrated by two doublets due to the strong coupling of the

Cearbene With the two silver isotopes ('J7AgC = 171.2 Hz, T AgC = 197.5

Hz). This observation suggesting a strong Ag-C bond was confirmed by

unsuccessful attempts to transmetallate this bidentate ligand to a Pd

precursor.

Alternatively, treating the ditriflate salt 53 with a dimeric metal precursor

in the presence of tBuOK yielded the corresponding chelating Pd, Rh and

Ir complexes (Scheme 6.21).

For the case of N3-alkylated triazolium salts, formation of the free

carbene is not expected to occur by using tBuOK (pKa = 22) and stronger

bases such as KN(SiMe;,), (pKa = 26) are required.”"’
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Q
o oTf o
NN OTf
i Cr0 o GO
[Pd(C3Hs)Cll, M(COD)CIl, g_r]
Pd(CsHg) <~
(Cafs) KO'BU N Ko'Bu_ N{ﬁ
OO N"S-pTol ’\ﬁpTo| pTol
NN N® eors
58 53 M =Rh 59

M=1Ir 60

Scheme 6.21. Synthesis of chelating Pd, Rh, and Ir complexes 58, 59 and 60
obtained by treatment of ditriflate salt precursor 51:2HOTf with KO'Bu in the
presence of a suitable metal precursor.

Possibly, metalation proceeds not through the free carbene but through
activation of the acidic C5-H bond by an in situ formed M-tBuO species.

Analogously to the examples provided by Bertrand et al.,*

under these
conditions chelate bistriazolylidene complexes were obtained exclusively,
without the formation of any dinuclear species.3***By following the same
procedure the expected Rh(I) chelate complexes bearing biscarbene
ligands were obtained from 72b, 73 and 74 as yellow-brown solids in good
yields after purification by precipitation in THF/Et,O (Scheme 6.22).
Formation of any dinuclear species was not observed. These complexes
exhibited very similar NMR features as the Rh complex reported by

Elsevier et al.>*

1
N-= N®

Ph
O fph [Rn(CODICI OO W
KOtBu CH,Cly, OO /§
OO N —Ph 25°C, 3h, N">-Ph
N=N®

o 2

orr R

126 R'=R?=Me, (77) 74% yield

73 R' = Me, R% = (CH,),4-pyr, (78) 71% yield
4 R'= R2 = (CH,)4-pyr, (79), 70% yield

Scheme 6.22. Synthesis of Rh(I) complexes 77, 78, and 79, by using the same
protocol as reported by Elsevier for analogous Rh complexes.

The first evidence for the formation of the carbene species came from the
disappearance of the low field singlet signal(s) corresponding to the C5-H
protons, and from the presence of the signals corresponding to the Rh-
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bound COD moiety as seen by 'H NMR analysis (Figure 6.10 and Figure

6.11).
PROTON_01
AMS30pptado_COSY_ASAP N-CH,4
rene-CH, CHH (COD;
aromatic regio Py 2 (COD) CHH (COD)
) HH (COD)
pyrene region ”
\ \ CH (COD) N-CHA \ | Gh (cop)| p-ch, oy Y-CHCH:
J U L M A
BI8 8t5 B:C 8‘1 8‘.0 ;;8( ;)6 7;4 7:2 720 6?8 6?6 510 4'5 4?0 is 53]? )2:5 1:5 l',O \
%
o . e CHH (COD)
T
o NN
(J LNPhL
) R} 1]

_JLM,UUL&M“M%U

SZDfl (pp:rig
Figure 6.10. 'H NMR spectrum of complex 78.

PROTON_01
AM562_pptado_CD202sem

pyrene region aromatic region

74 72 70 68

COD and aliphatic ligand

protons
_ >

95 9.0 8.5 8.0 75 7.0 6.5 6.0 5.5 5.0 4.0 35 3.0 25 2.0 1.5 1.0 0.5 0.0

1 6pm)
Figure 6.11. 'H NMR spectrum of complex 79.
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Meaningfully, in the case of complex 78, signals corresponding to sp®
protons in the COD moiety appeared as two pairs of multiplets, each
multiplet corresponding to a single proton, which is in agreement with
the non-symmetric chemical environment of this complex. For complexes
»8 and 79, the diastereotopic methylene protons sitting on the carbon
next to the triazole (NCH4H;) become more different in chemical shift
(A8 = 0,04 ppm in the salt precursors vs A8 = 0,4 ppm in the
corresponding Rh(I) chelate complexes) as a result of the more rigid
environment upon coordination of the ligand to the Rh center. *C NMR
analysis shows the downfield shift of the C5 on the triazole towards the
170-174 ppm range (Jrnc = 50,6-56,9 Hz) upon formation of the Rh-
carbene complexes which is in accordance with the shifts and coupling
constants found in similar [Rh(NHC)] complexes.*® The three new Rh(I)
complexes were also characterized by HR-MS.

6.2.3. Non covalent immobilization of complexes 78
and 79 onto MWCNT’s. Characterization of
hybrid materials 8o and 81.

Immobilization of pyrene-tagged complexes 78 and 79 onto
MWCNT’s via m-m stacking interactions was achieved following the
procedure depicted in Scheme 6.23 .

Centrigufation,

separation
Sonicated Stirred for [RhI@MWCNT's
for 1h 10h from supernatant
- [Rh]J@MWCNT's
Temperature, Washing with
Solvent, fresh solvent,
Stirring rate centrifugation,
(Strring rate | i
MWCNT's suspended MWCNT's dispersed separation
in organic solvent in organic solvent

Scheme 6.23. Experimental procedure for the non-covalent immobilization of
[Rh(bis(NHC))] complexes 78 and 79 onto MWCNT’s.
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The hybrid materials were obtained in a very straightforward manner by
simply stirring a solution of the corresponding pyrene-functionalized Rh
complex in the presence of a suspension of MWCNT’s.®% After 10 hours,
the hybrid, functionalized MWCNTs are separated by centrifugation.
Immobilization of 78 and 79 was carried out according to this simple
procedure. The influence of both the solvent® and the presence of one, or
two pyrene tags on the amount of catalyst effectively immobilized onto
the surface of MWCNT’s was evaluated (Table 6.3).% Using CH,CI, and
stirring the heterogeneous mixture at room temperature for 10 hours
resulted in a hybrid material containing 3,74% weight of 78 as measured
by ICP-OES (entry 1).

Table 6.3. Amount of [Rh(bis(NHC))] complex immobilized onto MWCNT'’s for
»8, and 79 in two different solvents.

Coltn sort
Solvent T, time
Do D

Q%O O%O

R = Me (78) R = (CH,)s-pyrene (81)

R = (CH,)4-pyrene (79)

Entry Complex Solvent [Rh](% w/w)® % immobilization”

1 78 CH,Cl, 3,74 41
2 ) CH.Cl, 5,88 65
3 78 AcOEt 6,6 73
4 79 AcOEt 0,061 0,07

Conditions: 9 mg [Rh]/9go mg MWCNT’s in the four experiments. * ICP-OES analysis of the
Rh content 1n the hybrid materials and correlating to the molecular weight of each
complex [Rh] Referred to the total 9 mg of [Rh] used

When complex 79 bearing two pyrene was stirred in the presence of
MWCNT’s under the same conditions a 5,88 weight % of the latter
complex was encountered in the corresponding hybrid material indicating
a direct correlation between the number of pyrene “anchors” and the
catalyst loading under these conditions. However, in both experiments
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complete immobilization of the total organometallic complex added did
not take place.

Performing the immobilization on ethyl acetate provided different results.
For the case of the single-pyrene-tagged 78, the final hybrid material 8o
contained a 6,6% weight of this complex (entry 3), representing an
incorporation degree of 0,73 which compares favorably to the use of
CH,CL, as the solvent (entry 1). However, performing the immobilization
of double-pyrene-tagged 79 onto the MWCNT’s very low catalyst loadings
were obtained after ICP-OES analysis of the hybrid material 81 (entry 4).

An easy explanation for this result could be the poor solubility of complex

100

79 in AcOEt at room temperature. Other solvents such as acetone™’ or
THF are worth being explored in order to facilitate stronger interactions
between the pyrene moieties and the walls of the MWCNT'’s.

Characterization of the hybrid [Rh|@MWCNT'’s materials 8o and 81

The obtained hybrid materials were analyzed using various techniques.
ICP-OES was used to quantitatively analyze the Rh content in the
functionalized MWCNTs (Table 6.5, see experimental part for details).
Analysis by XPS (X-ray photoelectron spectroscopy) showed a signal at
309,5 eV which corresponds to the presence of Rh(I) ions on the surface
of the solid. Moreover, the other elements coming from the Rh complexes
(N, O, F, S) were also detected, although the ratios between these
elements did not always correspond to the theoretical values.

UV-Vis spectrometry has been used for the characterization of related
hybrid materials in a quantitative manner by application of the Beer’s
Law,*® and also in a qualitative manner to prove the incorporation of a
“homogeneous” metal complex into a hybrid solid material.*’” In order to
examine the nature of the immobilized Rh species in the hybrid materials,
three samples were prepared: a) the corresponding soluble pyrene-
decorated Rh complex; b) unfunctionalized MWCNT’s; c¢) the
corresponding hybrid material. Direct UV-Vis analysis of the hybrid
materials did not provide any characteristic absorbance peaks arising
from surface-immobilized Rh complexes could. Therefore, an indirect
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analysis was performed in which the corresponding hybrid materials were
sonicated in DMF prior to UV-Vis spectrometry. In this manner
characteristic absorbance bands were detected exactly at the same
wavelength as observed in the related homogeneous Rh complexes
(Figures 6.12 and 6.13). These bands very likely arise from solubilized Rh
species, and the fact that they are not shifted with respect to the original
homogeneous Rh complexes, may be understood as an evidence of the
unchanged nature of the pyrene-functionalized Rh complexes upon
heterogenization, as expected.

Finally, distribution of the metallic atoms over the surface of the solid was
investigated by means of, EDX (Energy-Dispersive photoelectron
spectroscopy) and a homogeneous mapping of the metal was found
(figure 6.14).

Figure 6.12. UV-Vis analysis of 80. The plot corresponds to: unfunctionalized
MWCNT’s (black line) vs 78 (red line) vs 8o (blue line).
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Absorbancia (Abs)

Figure 6.13. UV-Vis spectroscopic analysis of 81. The plot corresponds to:
unfunctionalized MWCNT'’s (black line) vs 79 (red line) vs 81 (blue line).

Rh Lal

Figure 6.14. EDX analysis of hybrid material 8o showing a homogeneous
distribution of Rh ions on the surface of the solid.
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6.2.4. Evaluation of Rh(I) complex 77 as precatalyst in
asymmetric reduction processes

In order to gain insight on the catalytic potential of the
heterogenized complexes presented above, non-immobilizable 77 was
used as a model in preliminary catalytic tests. The results obtained by
using this precatalyst in various catalytic processes will be presented and
discussed.

6.2.4.1. Asymmetric hydrosilylation of ketones

In view of the close similarity of 77 to complex 59,
asymmetric hydrosilylation of ketones appeared to be an appropriate
transformation to test the efficiency of 77. The best results reported by
Elsevier et al. were achieved in the hydrosilylation of the bulky
isobutyrophenone 82 (see Scheme 6.9). Therefore, isobutyrophenone was
chosen in order to test the activity and selectivity of complex 77 and also
for comparison with 59.

Using a 50% excess of diphenylsilane at 25°C, resulted in only 25%
conversion, and 7% enantioselectivity (Entry 1, table 6.4). A slight increase
in the reaction temperature resulted in moderate conversion, but the
enantioselectivity decreased to 2%. Assuming that 39 due to its steric
demand should contribute to the selectivity of the reaction, bulkier
tertiary silane partners were tested in the hydrosilylation of 82. However,
performing the reaction at 30°C wusing either triphenylsilane or
triisopropylsilane, resulted in no conversion of the starting material
(entries 3, 4). These results are not much surprising though; a recent
study on the hydrosilylation of ketones using [Rh(I)bis(NHC)] complexes
proposed that hydrosilylation using monohydrosilanes proceeds via a
different reaction mechanism and the reaction rate is reduced by several
orders of magnitude compared to the use of dihydrosilanes.”**"9*

Mechanistic evidences recently reported by Herrmann and Kuhn could
explain the low ee obtained,” although the reduced activity of 77
compared to that of Elsevier’s catalysts remains unclear.
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Table 6.4. Evaluation of precatalyst 77 in the asymmetric hydrosilylation of 82.

1) catalyst (2 mol%)

o silane (1,5 equiv.) OH
Q)H/ T, 24h, THF m
2) Hydrolisis
82 83

Entry Silane T(°C) Conversion(%)* Yield(%)* ee(%)

1 H,SiPh, 25 25 25 7
2 H,SiPh, 30 60 60 2
3 HSiPh, 30 o - -
4 HSi"Pr3 30 0 - -

Conversions, yields and ee’s were calculated by GC-FID using mesitylene as internal
standard.

6.2.4.2. Asymmetric hydroboration of alkenes

Various  chiral  bidentate ligands, = mostly
diphosphines or mixed phosphine/heterodonor bidentate ligands have
successfully promoted the asymmetric hydroboration of terminal alkenes,
yielding the branched regioisomer selectively and in high ee.®” Therefore,
complex 77 displays both the structural and the chemical requirements
for this catalytic process. Results obtained in the hydroboration of styrene
(84) with pinacolborane using precatalyst 77 are presented in Scheme
6.24.

Reaction proceeded to complete conversion, but to our disappointment
an equimolar mixture of sec-phenylethanol and 2-phenylethanol was
obtained. This result only compares slightly worse to Rh(I)/BINAP system
(70:30),%° and is slightly better to the regioselectivity provided by
Wilkinson’s catalyst (35:65).> Unfortunately, Analysis of the reaction
mixture by chiral GC-FID revealed that no enantioinduction was achieved
under these conditions, since sec-phenylethanol was obtained as a
racemic mixture. This results obviously compares unfavorably with those
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obtained by Rh(I)/BINAP (40% ee)*® and more unfavorably with
Rh(I)/(R,S)-JosiPhos (84% ee).*®

1) 77 2 mol%

0 OH OH
“ o CH,Cly, 25°C, 24h , oH
@/\ R B,H @/\ @/\/
O 2) NaOH/H,0,
84 ) (R)

2-phenylethanol

25 25 50

J
- e

Relative ratios at 100% conversion

Scheme 6.24. Evaluation of precatalyst 77 in the asymmetric hydroboration of
styrene (84) using pinacolborane.

In view of this result it was decided to apply complex 77 in a different
catalytic process

6.2.4.3. Asymmetric hydrogenation of olefins

Asymmetric hydrogenation of prochiral olefins has arguably been the
most widely studied transformation in enantioselective transition metal
catalysis.”” In this reaction, rhodium catalysts modulated by optically pure
diphosphines have proven outstandingly efficient.”> Hydrogenation of
functionalized alkenes has also been reported by catalysts based on chiral
bis(NHC) with promising results.” Thus, precatalyst 77 was tested in the
hydrogenation of two benchmark substrates, dimethyl itaconate 8o and
the more challenging o-methyl stilbene 85 (Table 6.6).

Running the reaction under very mild reaction conditions, room
temperature and 3 bars of H, resulted in no conversion for any of the two
substrates after 24 hours (entries 1, 2). Increasing the temperature to 40°C
and the H, pressure to 45 bar proved effective in the case of substrate 8o
since complete conversion was obtained under these conditions (entry 3).
However, analysis of the product revealed a racemic mixture. This lack of
enantioselectivity was accompanied by the observation of a dark grey
precipitate on the walls of the reaction vessel, that suggested the
degradation of the catalyst and formation of metallic Rh(o0). The substrate
81 was not hydrogenated under the same conditions (entry 4).
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Table 6.6. Catalytic hydrogenation of substrates 85 and 86 using precatalyst 77.

R' R? H, R' R
R3 77 *R3
\[COQMe \/7Ph
Cco,Me Ph
85 86

Entry  Substrate T(°C) P(bar) Conv.(%) Sel.(%) Ee(%)

1 85 25 3 o - -
2 86 25 3 o o -
3 85 40 45 100 100 0
4 86 40 45 o - -

Conditions: 0,5 mnmol substrate, 1 mol % catalyst, 3 mL CH,Cl,, 24h. Conversion
measused by 'H NMR relative to mesitylene added as external standard. ee % analyzed by
chiral GC-MS.

These results suggest that complex 77 may perform better as a catalyst in
a process other than hydrogenation, and therefore further evaluation of
the reactivity of this type of Rh(I) complexes under alternative reaction
conditions is clearly needed.

6.3. Conclusions

Development of two different synthetic strategies was achieved for the
functionalization of the chiral 1,I’-binaphtyl-2.2’-bis(4-aryl-1,2,3-triazol)
backbone. A first strategy involved the introduction of the pyrene tag
through alkylation of the bistriazole compounds 52. From the various
electrophiles tested to grant the pyrene-functionalized triazolium
compounds, the best results were achieved by using 4-(pyren-1-yl)butyl
triflate 7o0c. Moreover, it was found that monomethylation of bistriazole
52b followed by alkylation with 4-(pyren-i-yl)butyl triflate led to
bistriazolium preligand ditriflate salt 73, containing only one pyrene tag,
whereas direct alkylation of 52b with a small excess of 4-(pyren-1-yl)butyl
triflate yielded 74 containing two pyrene tags. Additionally to the
alkylation strategy, pyrene tags could also be introduced in the ligand
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backbone through Cu-catalyzed [3+2] alkyne-azide cycloaddition.
Compound 76 was obtained in this way.

Following a reported synthetic protocol for the preparation of related
[Rh(I)(bis(NHC))], the functionalized ditriflate salts were treated with
‘BuOK, in the presence of [Rh(u-Cl)(COD)], to obtain Rh(I) chelate
complexes 77, 75 and 79. Purification of these complexes was
accomplished by precipitation techniques, and not by chromatographic
separation. Yields above 70% were obtained for the three Rh complexes.

Pyrene containing Rh complexes 78 and 79 were immobilized onto
MWCNT’s via n-n stacking interactions. Two factors were identified to
influence the amount of complex that could be incorporated onto the
surface of MWCNT'’s. First, the number of pyrene tags showed a positive
effect, and higher loadings of complex 79 were obtained in the hybrid
material compared to single-tagged complex 78. The second factor
influencing the m-m stacking interactions was the nature of the solvent,
and ethyl acetate provided higher loadings compared to dichloromethane.
The final hybrid materials were characterized by different techniques,
namely ICP-OES, EDX, XPS, and UV-Vis spectroscopy. A homogeneous
distribution of the complexes over the surface of the solid was observed.
The Rh ions in the immobilized complexes still presented a +1 oxidation
state. This finding, together with UV-Vis analysis show strong evidence
indicative that the complexes remain intact upon immobilization.

Preliminary tests were performed in the application of precatalyst 77 in
asymmetric reduction processes. Hydrosilylation of isobutyrophenone
proceeded sluggishly, and the product was obtained in very poor
enantiomeric excess. Higher activity was displayed by the same complex
in the hydroboration of styrene. Moderate regioselectivity towards the
branched isomer was achieved. However, a racemix mixture of the two
enantiomers was detected. Lastly, 77 was active in the hydrogenation of
dimethyl itaconate, but the product was obtained as a racemic mixture,
apparently due to catalyst decomposition to metallic rhodium. Further
exploration of these novel Rh complexes is currently ongoing.
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6.4. Experimental part

General

Reactions were carried out using standard bench-top techniques unless
the use of a Schlenk flask is specified, in which case Schlenk-line inert
atmosphere techniques were used. Where stirring of the reaction mixture
is indicated, magnetic stirring using a Teflon-coated stir bar was
employed throughout. Commercially supplied compounds were used
without further purification. Dry solvents were prepared by distillation
from Na/benzophenone, CaH, or P,O,, or collected from a Braun SPS8o0
solvent purification system. Solution-state NMR spectra were obtained at
the Servei de Recursos Cientifics i Técnics (SRCiT), URV, with Varian
(Agilent) Mercury VX400 or NMR Systemgo0 400 MHz spectrometers
and calibrated to residual solvent peaks. Chemical shifts for 'H and *C{'H}
NMR spectra are reported relative to TMS. ICP analyses were conducted
at the Serveis Técnics de Recerca de la Universitat de Girona using an ICP-
OES, Agilent 5100 instrument. Samples were digested in concentrated
HNO, under microwave irradiation before being diluted for analysis. HR-
MS (ESI-TOF) analyses were performed at the SRCiT, on an Agilent Time-
of-Flight 6210 spectrometer or at High resolution mass spectra (HRMS)
were recorded/measured on a Bruker MicrOTOF-Q 1™ instrument using
ESI or Cryospray ionization sources at Serveis Técnics of the Universitat de
Girona. Samples were introduced into the mass spectrometer ion source
by direct infusion using a syringe pump and were externally calibrated
using sodium formate. The instrument was operated in the positive ion
mode. Measurement of the samples by UV-Vis spectroscopy was carried
out in a VWR W3100 PC spectrophotometer. Samples were appropriately
diluted and placed in a quartz cuvette. Energy-dispersive X-Ray analysis
of solid samples were conducted at the SRCiT using a SEM Jeol 6400
microscope. XPS experiments were performed at Unitat d'Analisi de
Superficies

CCGTUB in a PHI 5500 MultiTechnique System (From Physical
Electronics) with a monochromatic X-ray source (Aluminium Kalfa line of
1486,6 eV energy and 350 W), placed perpendicular to the analyzer axis
and calibrated using the 3ds/z2 line of Ag with a full width at half

237



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

238

Chapter 6

maximum (FWHM) of 0,8 eV. The analyzed area was a circle of 0,8 mm
diameter, and the selected resolution for the spectra was 187,5 eV of Pass
Energy and 0,8 eV/step for the general spectra and 23,5 eV of Pass Energy
and o,1 eV/step for the spectra of the different elements in the depth
profile spectra. A low energy electron gun (less than 10 eV) was used in
order to discharge the surface when necessary. All measurements were
made in a ultra high vacuum (UHV) chamber pressure between 5-10° and
2-10° Torr.

Other than solvents, reagents obtained from commercial sources were
used without further purification. The multi-walled carbon nanotubes
(MWCNTs) were purchased from HeJi, Inc. (Zengcheng city, China) in
bulk form with >99% purity, 150 pm average length and 10-20 nm
diameter. [Rh(p-Cl)(COD)], was prepared following a reported

100

procedure.
Experimental procedures

In all cases the synthetic procedures will refer to the (S)-enantiomers; The
described procedures also allowed for the obtaining of the (R)-
enantiomers with similar results.

(S)-2,2'-diazido-1,1'-binaphthalene, 51. Tert-butyl nitrite
(2,7 mL, 22.6 mmol, 12 eq.) was added to a suspension of (S)- OO Ns
(-)-1,7’-binaphythyl-2,2’-diamine 50 (535 mg, 1. 9 mmol, 1 eq.) OO Na
in tert-butanol (5 mL). After stirring for 5 min at 25°C, water

(1 mL) and sodium azide (773 mg, 1.3 mmol, 6 eq.) were added. The
solution was stirred for 2 h. The product was extracted with
dichloromethane (5 mL), dried over Na,SO,, concentrated under vacuum
and washed with hexane. The azide was obtained as an orange solid and
was used without further purification. Yield = 440 mg, (70 %) 'H NMR
(400 MHz, CDCL): 8 = 8.05 (d, J = 8.8 Hz, 1H, Ar-H), 7.92 (d, ] = 8.0 Hz,
1H, Ar-H), 7.51 (d, J = 8.8 Hz, 1H, Ar-H), 7.44 (m, 1H, Ar-H), 7.30 (m, 1H,
Ar-H), 7.06 (d, ] = 8.3 Hz, 1H, Ar-H). Peaks match the literature values.>*

(S)-2,2"-bis(4-phenyl-1H-1,2,3-triazol-1-yl)-1,/'-binaphthalene (S)-2,2’-
diazido-1,1’-binaphthalene, s52b. 51 (168 mg, o.5 mmol, 1 eq.),
CuSO,-5H,0 (50 mg, 0.2 mmol, 0.4 eq.), sodium ascorbate (79 mg, 0.4
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mmol, 0.8 eq.), potassium carbonate (69 mg, 0.5 NN
mmol, 1 eq.) and phenylacetylene (110 pL, 1 mmol, 2.0. OO Nf@
eq.) were added to a round bottom flask containing

N
was heated at 60°C for 48h. The reaction mixture was poured in

tetrahydrofurane:water (1:1) (7 mL). Then, the mixture

dichloromethane (50 mL). The organic fraction was washed with
ammonia (20% w/w aqueous solution, 3 x 20 mL), until no blue copper
colour was observed), dried over anhydrous Na,SO, and concentrated
under vacuum. Hexane (50 mL) was added to the crude in order to
furnish the triazole as an off white powder which was filtered off and used
without further purification. Yield = 223 mg, 83%; 'H NMR (400 MHz,
CDCly): 8 = 811 (d, J = 8.7 Hz, 2H, Ar-H), 7,97 (d, ] = 8.2 Hz, 2H, Ar-H),
7.82 (s, 2H, Tz-H), 7.74 (d, ] = 8,7 Hz, 2H, Ar-H), 7.59 (m, 6H, Ar-H), 7.33
(m, 10H, Ar-H). 3C{'"H} NMR (100,6 MHz, CDCI3) § 134.52, 133.30, 132.51,
131.92 (tz-CH), 130.05, 128.78, 128.56, 128.18, 127.86, 127.73, 126.33, 126.07,
125.64, 123.22. HR-MS: m/z = 541,2134, caled. for C36H25N6 [M+H+]:
541,2141;

(S)-2,2'-bis(4-(methoxy)phenyl-1H-1,2,3-triazol- N=N
1-yl)-1,1'-binaphthalene, 52¢ (S)-2,2’-diazido-1,1- OO NJ\QOMG}
binaphthalene 51 (168 mg, 0.5 mmol, 1 eq.), OO NWOMe
CuSO,-5H,0 (50 mg, 0.2 mmol, 0.4 eq.), sodium NN

ascorbate (79 mg, 0.4 mmol, 0.8 eq.), potassium carbonate (.69 mg, 0.5
mmol, 1.0 eq.) and 4-ethynylanisole 130 mg, 1.0 mmol, 2.0 eq.) were added
to a round bottom flask containing tetrahydrofurane:water (1:1, 7 mL).
This mixture was heated at 60°C with stirring for 48h. Then, the mixture
was poured in dichloromethane (50 mL). The organic fraction was washed
with ammonia (20% w/w aqueous solution, 3 x 20 mL, until no blue
copper colour was observed), dried over anhydrous Na,SO, and
concentrated under vacuum. Hexane (s0 mL) was added to the crude in
order to furnish the triazole as an off white powder which was filtered off
and used without further purification. Yield: 195 mg (65%). '"H NMR (400
MHz, CDCl,) § 8.09 (d, J = 8.7 Hz, 2H, Ar-H), 7.95 (d, J = 8.2 Hz, 2H, Ar-
H), 7.73 (d, J = 8.8 Hz 2H, Ar-H), 7.69 (s, 2H, tz-H), 7.54 (m, 2H, Ar-H),
7.49 (d, ] = 8,4 Hz, 4H, Ph-H), 7,31-7,42 (m, 4H, Ar-H), 6,85 (d, 4H, Ph-H),
3,78 (s, 6H, -OCH,). ®C{"H} NMR (100,6 MHz, CDCL,): § = 159.63, 133.26,
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132.54, 131,62, 131,29, 130.78 (tz-H), 130,60, 130,21, 129,08, 128.53, 128,30,
128.14, 127.68, 127,26, 126.93, 126.34, 123.20, 114.21, 55.31 (-OCH,).

(S)-2,2'-bis(4-(methyloxy-4’-pyren-yl-butyl))-1H-1,2,3-triazol-1-yl)-1,1"-
binaphthalene, 76. Triphenyl phosphite CO
(7,52 pL; 0,0278 mmol; 0,30 equiv.) was

N-N O
dissolved in dry THF (3 mL); Then Cul OO N~ ,O
(4,81 mg; 0,0253 mmol; 0,275 equiv.) was
e o

added, and this solution was stirred for 10
minutes at room temperature. Then QQ
propargyl pyrenebutyl ether' 75 (132 mg;

0,253 mmol; 2,75 equiv.) was added followed by (S)-2,2’-diazido-1,1’-
binaphthalene 51 (31 mg, 0,092 mmol, 1 eq.) and this mixture was heated
at 70°C for 24h. After this time, the volatiles were removed under vacuum
and the pure product was obtained after purification by chromatography
on silica using petroleum ether/ethyl acetate (1,5:1). Yield: 31 mg (34%). 'H
NMR (400 MHz, CDCL) § 8.24 (d, J = 9,3 Hz, 2H, Ar-H), 7.94-8,16 (m,
12H, Ar-H), 7.84 (d, ] = 7.8 Hz 2H, Ar-H), 7.65 (d, J = 7.8 Hz, 2H, Ar-H),
7.58 (d, J = 8,2 Hz 2H, Ar-H), 7.42 (d, ] = 8,9 Hz, 2H, Ar-H), 7,40 (s, 2H,
Tz-H), 7,29 (m, 2H, Ar-H), 7,19 (m, 2H, Ar-H), 7,12 (d, ] = 8,5 Hz 2H, Ar-
H), 4,38 (s, 4H, Tz-CH,0-), 3,28 (t, ] = 7,7 Hz, 4H, OCH,CH,), 3,14 (t, ] =
6,3 Hz, 4H, CH,CH,pyr), 1,77 (m, 4H, int-CH,), 1,59 (m, 4H, int-CH,).
BC{'H} NMR (100,6 MHz, CDCL,): § = 144,47, 136,87, 134,52, 132,98, 131,98,
131,41, 130,89, 130,43, 129,77, 128,62, 128,24, 127,90, 127,51, 127,39, 127,35,
127,22, 126,59, 125,95, 125,81, 125,07, 124,85, 124,79, 124,69, 123,95, 123,49,
123,01, 69,66, 63,75, 33,32, 29,63, 28,43. HR-MS: exact mass = 960,4148,
caled. mass for CeHs.N6O, : 960,4152.

4-(pyren-1-yl)butyl triflate, 70c. A solution of 1- oTf
pyrenebutanol 70d (200 mg, 0.729 mmol, 1 eq.) and CQQ

Et,N (150 pL, 1.094 mmol, 1.5 eq.)in DCM (3 mL) was

cooled down to 0°C. To this solution trifluoromethanesulphonic
anhydride (0.8 mL, 1.094 mmol, 1.5 eq.)was slowly added. The mixture
was stirred at o °C for 30 minutes, and then quenched with NaHCO; (4
mL aq. saturated solution) and extracted with Et,O (3x12 mL). The
combined organic fractions were washed with brine, dried over MgSO,,
filtered and concentrated in vacuo. The residue was filtered through a



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

Pyrene-tagged chiral [Rh(bis(NHC))] complexes. Synthesis,
characterization and immobilization onto MWCNTs. Preliminary
studies in asymmetric catalysis

plug of silica eluting with CH,Cl, and then dried under vacuum to yield a
light brown dense oil which becomed a solid after staying at 4°C for 2
days. Yield = 236 mg, (80 %). 'H NMR (400 MHz, CDCL,) § 8,23 (d, /= 9.2
Hz, 1H, Ar-H), 8,12-8,20 (m, 4H, Ar-H), 7,98-8,05 (m, 3H, Ar-H), 7.85(d, J
= 7.8 Hz, 1H, Ar-H), 4.57 (t, ] = 5.9 Hz, 2H, TfO-CH,-), 3.41 (t, ] = 7.2 Hz,
2H, pyrene-CH,-), 1,99 (m, 4H, -CH, CH,). Peaks match the literature

values.®

(S)-3-methyl-4-phenyl-1-(2'-(4-phenyl-1H-1,2,3- A

triazol-1-yl)-[1,1'-binaphthalen]-2-yl)-1H-1,2,3- O N/ 5
oTf

triazol-3-ium trifluoromethanesulfonate, 71b. A
solution of 52b ( 272 mg, o,5 mmol, 1 eq) in OO ':1?/@
dichloromethane (14 mL) was cooled to -15°C. To

this solution, methyl triflate (29 pL, 0.26 mmol, 0.5 eq) was added
dropwise. This mixture was allowed to slowly warm to room temperature,
as it was stirred for 16h. After this time, this procedure was repeated again
(addition of another o,5 equiv. of MeOTf at -15°C then allowed to slowly
warm up to room temperature). After another 16h, the solvent was
evaporated, and the crude product was purified by column
chromatography on SiO, using CH,Cl, first as the mobile phase, then
(CH,Cl;:MeOH) (97:3) and finally (CH,Cl,:MeOH) (93:7) the mobile
phase to yield the desired compound as a light brown solid. Yield = 194
mg (55%). 'H NMR (400 MHz, CDCL,) § 8.276 (d, ] = 8,7 Hz, 1H, Ar-H),
8.21 (m, 1H, Ar-H), 8.07-8,13 (m, 3H), 7.82 (d, J = 8.8 Hz, 1H, Ar-H), 7.80
(d, J = 7,7 Hz, 1H, Ar-H), 7.7 (m, 2H, Ar-H), 7.38-7,57 (m, nuH), 7.27-7,37
(m, 4H), 4.09 (s, 3H, NCH;). ®C{'H} NMR (91 MHz, CDCL;) § 153,43,
134.31, 133.13 (triazole-CH), 131.88, 131.74, 129.79, 129.54, 129.32, 129.25,
129.12, 129.04, 128.89, 128.78, 128.66, 128.46, 126.67, 126.37, 125.74, 123.09,
121.45, 38.77 (triazole-CH;). ESI-MS m/z, relative intensity: 555.2, 556.2,

557.2.

c[1,1'-binaphthalen]-2-yl)-1H-1,2,3-tria-zol-3- o

ium trifluoromethansulfonate, 71c. A solution OO NJgQOMe
oTf

of 52¢ (143 mg, 0,238 mmol, 1 eq) in anhydrous
dichloromethane (7 mL) was cooled down to - OO EWOMQ

15°C. To this solution methyl triflate (40 pL, 0.36
mmol, 0.5 eq) was added dropwise to which it was previously cooled
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down to o °C in an ice bath during 20 min. Then, once the methyl triflate
was added, the solution was warmed up to room temperature with
vigorously stirring. After 16h, the procedure was repeated again (addition
of another 0,5 equiv. of MeOTf at -15°C then allowed to slowly warm up to
room temperature) and the reaction mixture was left stirring overnight.
Once the solvent was evaporated, the crude product was purified by
column chromatography on SiO, using CH,Cl, first, then 100:4
(CH,Cl,:MeOH) as the mobile phase to yield the desired compound as an
off white solid. Yield = 71 mg (39%). 'H NMR (400 MHz, CDCL): § = 8.25
(d, J = 8,5 Hz, 1H, Ar-H), 8.24 (d, ] = 8,4 Hz, 1H, Ar-H), 8.06 - 8.15 (m, 3H,
Ar-H), 7.81 (d, J = 8.8 Hz, 1H, Ar-H), 7.75 - 7.65 (m, 2H, Ar-H), 7.62 (s,
1H,Tz-H), 7.57-7,47 (m, 3H, Ar-H), 7.45-7,33 (m, sH, Ar-H), 7,14 (s, 1H, Tz-
H), 6.98 (d, ] = 8,8 Hz, 2H, Ph-H), 6,85 (d, ] = 8,9 Hz, 2H, Ph-H), 4,08 (s,
3H, NCH,), 3,82 (s, 3H, OCH,), 3,79 (s, 3H, OCH;). *C{'H} NMR (91 MHz,
CDCly) § 162.25, 159.92, 143.11, 133.10 (triazole-CH), 132.63, 132.34, 132.16,
132.06, 131.73, 131.28, 129.22, 129.11, 129.08, 128.99, 128.78, 128.58, 128.35,
128.16, 127.80, 127.10, 126.56, 126.40, 123.14, 123.07, 115.04, 114.30, 113.18, 55.54
(-OCH;), 55.33 (-OCH,;), 38.64 (triazol-CH;). ESI-MS m/z, relative
intensity: 615.3, 616.3, 617.3.

(S)-1,1'-([1,1'-binaphthalene]-2,2'-diyl)bis(3-methyl(phenyl)-1H-1,2,3-
tria-zol-3-ium) trifluoromethanesulfonate, 72b. A
Although it can be obtained directly by reaction of 52b OO ﬂj;@

with 2 equiv. MeOTf, we didn’t pursue this compound oTf
and it was always obtained as a by-product in the OO N?@/@
synthesis of 71b where it was collected after b O

chromatographic purification of the crude reaction mixture and it was the
last band to elute (CH,Cl,/MeOH)(93:7). The title compound was
obtained as an off-white solid in ca. 30% yield. 'H NMR (400 MHz,
CDCL): 8 = 9,03 (s, 2H, Tz-H), 8.41 (d, ] = 8,8 Hz, 2H, Ar-H), 8.22 (d, ] =
8,9 Hz, 2H, Ar-H), 8.6 (d, J = 8.2 Hz, 2H, Ar-H), 7.74 (ddd, J = 8,1 Hz,
6,9Hz, 1,1 Hz, 2H, Ar-H), 7.58-7,45 (m, 12H, Ar-H), 7.32 (d, J = 8.1 Hz, 2H,
Ar-H), 3.98 (s, 6H, NCH,). C{'H} NMR (91 MHz, CDCL,) & 143.84, 134.01,
132.60 (triazole-CH), 132.53, 132.07, 131.95, 130,88, 130,71, 129.52, 129.37,
129.18, 129.10, 129.06, 127,90, 126.75, 126.60, 122.82, 121.18, 38.97 (triazole-
CH,;). HR-MS (ESI-TOF): m/z = 779,2344, caled. for C,¢H,,N¢Rh ([M-
CF,SO,]"): 779,2364
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(S)-3-methyl-4-phenyl-1-(2'-(4-phenyl-3-(4-
(pyren-1-yl)butyl)-1H-1,2,3-triazol-3-ium-1- OO N
yl)-[1,1'-binaphthalen]-2-yl)-1H-1,2,3-triazol-

SO
. . N
3-ium trifluoromethanesulfonate, 73. A N,: a

/
J

€]
o OTf

solution of compound 71b (155 mg, 0,220 mmol,

1 equiv.) was dissolved in anhydrous OO‘
dichloromethane (9 mL), and this solution was Q
cooled down to -60°C. With rapid stirring, a solution of freshly prepared
4-(pyren-1-yl)butyl triflate 7oc (0,550 mmol, 2,5 equiv.) in
dichloromethane (3 mL) was slowly added. The brown mixture was
allowed to slowly warm up to room temperature as it was stirred for 24
hours. After this time, a brown reaction residue was obtained after
evaporation of the volatiles under vacuum, and this residue was purified
by column chromatography on silica, by using a mobile phase gradient
with increasing polarity: CH,Cl, -> CH,CL,/MeCN (80:20) =
CH.,CL,/MeCN  (50:50) > CH,Cl,/MeCN/MeOH (50:45:5) >
CH,CL,/MeCN/MeOH (45:45:10). An off-white solid was obtained. Yield =
163 mg (67%).(However, in the most cases, isolated yield was not above
40%). "H NMR (400 MHz, CDCL): § = 9,15 (s, 1H, Tz-H), 8.71 (s, 1H, Tz-
H), 8.31 (d, ] = 8,8 Hz, 1H, Ar-H), 8.25-7,95 (m, 12H, Ar-H), 7.80 (d, ] = 8,0
Hz, 1H, Ar-H), 7.70 (m, 1H, Ar-H), 7.61 (d, J = 7,8 Hz, 1H, Ar-H), 7,54-7,25
(m, 15H, Ar-H), 4,23 (m, 2H, NCH,), 3,97 (s, 3H, NCH,), 3,04 (m, 2H, CH.,-
pyrene), 1,3 (m, 4H, -CH,CH,-). ®C{'H} NMR (100,6 MHz, CDCL,): § =
143.96, 143.53, 134,88, 133.96, 132,72, 132,67, 132,60, 132,34, 131,96, 131,92,
131,84, 131,82, 131,35, 130,76, 129,97, 129,64, 129,49, 129,47, 129,38, 129,34,
129,24, 129,12, 129,08, 129,01, 128,90, 128,73, 128,46, 127,49, 127,46, 127,32,
127,10, 126,86, 126,46, 126,40, 126,01, 125,10, 124,99, 124,93, 124,88, 124,81,
123,31, 122,93, 122,70, 122,08, 121,07, 121,01, 118,89, 52,39 (NCH,), 39,29
(NCH,), 32,20, 29,69, 27,30. HR-MS (ESI-TOF): m/z = 406,1799, calcd. for
C,,H,,N¢ ([M-(CF;SO,),]*): 406,1808.
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(S)-1,1'-([1,1'-binaphthalene]-2,2'-diyl)bis(4- O
phenyl-3-(4-(pyren-1-yl)butyl)-1H-1,2,3- 0.0

triazol-3-ium), 74. A solution of bistriazole
52b (168 mg, 0,31 mmol, 1.0 equiv.) in OO N-N®

\W
anhydrous dichloromethane (5 mL) was N@ STt
cooled down to -60°C. To this solution freshly NOTf
] OO NW
prepared 4-(pyren-1-yl)butyl triflate (1,09
mmol, 3,5 equiv.) was added slowly dissolved in O
3 mL dichloromethane, and it was left with OQQ

stirring for 24 hours as it was allowed to slowly

warm to room temperature. After completion of the reaction, the volatiles
were evaporated under vacuum and the dark brown residue was dissolved
in 2 mL dichloromethane and purified by chromatography on silica, using
petroleum ether/ethyl acetate (2:1) first, and then CH,Cl,/MeOH (91:9).
After concentration of the second fraction by stripping the mobile phase a
light brown solid was obtained. Yield: 225 mg (54%). '"H NMR (400 MHz,
CDCLy): 8 = 9,1 (s, 2H, Tz-H), 8.18 (m, 8H, Ar-H), 7,82 (d, ] = 7,8 Hz, 2H,
Ar-H), 7.58 (d, ] = 7,8 Hz, 2H, Ar-H), 7,41 (m, 2H, Ar-H), 7.33 (m, 8H, Ar-
H), 7,26 (m, 4H, Ar-H), 4,25 (m, 4H, NCH,), 3,00 (m, 4H, CH,-pyrene),
1,30 (m, 8H, CH,CH,). ®C{'"H} NMR (100,6 MHz, DMSO(dy)): 8 = 143,51,
134,98, 133,90, 132,57, 132,33, 131,79, 131,76, 131,33, 130,75, 129,90, 129,38,
129,32, 129,00, 128,89, 128,84, 128,76, 128,43, 127,44, 127,42, 127,05, 126,86,
126,81, 126,58, 125,97, 125,05, 124,95, 124,89, 124,86, 124,77, 122,94, 122,83,
122,16, 120,97, 18,98, 52,28 (NCH,), 32,15 (CH,-pyr), 29,71 (NCH,CH,),
27,24 (CH,CH,-pyr). HR-MS (ESI-TOF): m/z = 527,2371, caled. for
C,6HysNe ([M-(CF,;SO,),]*): 527,2362

General procedure for the metalation of bistriazolium ditriflate
salts:

In a schlenk flask, the corresponding salt (0,20 mmol, 1,0 equiv.) and
[RhCI(COD)], (0,1 mmol, o,5 equiv.) were dissolved in dry THF (8mL).
Then KO'Bu (0,80 mmol, 4,0 equiv.) was added to this orange solution at
25°C with stirring resulting in a rapid darkening of the solution. This
mixture was stirred for 3 hours, and then it was filtered through celite
under air, and quickly washed with more dry THF until the filtrates didn’t
show any yellow colour. THF was subsequently evaporated from the
filtrates, and the residue was left under vacuum for two hours to remove
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any remaining free COD. Then this residue was dissolved in 1 mL of THF
and a current of Ar was passed through the septum until the minimum
volume of solvent needed to dissolve the crude complex was left, to
which cold Et,O was added. A light brown solid precipitated out of the
solution; the supernatants were decanted via cannula and the solid was
washed with cold Et,O (3 x 3 mL) and decanted until the washings had
no colour. This solid was left for 2 hours under vacuum to remove any
residual solvents.

{(S)-2,2_-Bis[3-methyl-4-(phenyl)-1,2,3-triazol-5-ylidene]-1,1-
binaphthyl}(n4-cyclooctadiene)rhodium(I) triflate, 77.

Yield: 74%. "H NMR (400 MHz, CDCL): § = 8,16 (d, ]
= 8,6 Hz, 2H, Ar-H), 7,96 (d, 8,6 Hz, 2H, Ar-H), 7,90 OO N{
(d, 8,2 Hz, 2H, Ar-H), 7,59-7,35 (m, 16H, Ar-H), 4,77
(m, 2H, COD-CH), 3,10 (m, 6H, NCH,), 2,65 (m, 2H, OO N/§
COD-CH), 2,09 (m, 2H, COD-CHH), 1,90 (m, 2H,
COD-CHH), 1,2 (m, 2H, COD-CHH), 0,72 (m, 2H, COD-CHH). 3C{'H}
NMR (100,6 MHz, CDCL): § = 173,62 (d, ] = 50,7 Hz, Tz-C5), 145,79 (Ar-
Cy), 137,89 (Ar-C,), 134,02 (Ar-C,), 132,46 (Ar-C,), 132,11 (Ar-C,), 131,40 (Ar-
Car), 130,59 (Ar-Ca,), 130,57 (Ar-Ca,), 129,30 (Ar-Cy,), 129,25 (Ar-Cp,), 128,77
(Ar-Ca,), 128,55 (Ar-Ca,), 128,09 (Ar-Cy,), 127,93 (Ar-Cp,), 122,67 (Ar-Cy,),
92,93 (d, ] = 9,2 Hz, COD-CH), 86,99 (d, ] = 7,5 Hz, COD-CH), 36,82
(NCH,;), 36,18 (COD-CH,), 26,75 (COD-CH,). HR-MS (ESI-TOF, [M-
CF;SO,]") m/z cale. for C,¢H,,NsRh 779.2364, found 779.2344.

\%

{(S)-2-[(3-methyl-4-phenyl)-1,2,3-triazol-5- S

ylidene), 2’-[(3-(4-pyren-1-yl butyl)-4- OO N{Ph
phenyl-1,2,3-triazol-5-ylidene]-(1,1'-

binaphtyl)}(n4- 99 Néph
cyclooctadiene)rhodium(I) triflate, 78.

Yield: 71%. '"H NMR (400 MHz, CDCL): & = QOQ
8,20 (d, ] = 7,3 Hz, 2H), 8,15-7,99 (m, 8H, Ar- Q

H), 7,93 (d, ] = 8,6 Hz, 1H, Ar-H), 7,89 (d, ] = 8,1 Hz, 1H, Ar-H), 7,84 (d, ] =
8,6 Hz, 1H, Ar-H), 7,72 (d, ] = 8,2 Hz, 1H, Ar-H), 7,64 (d, ] = 7,9 Hz, 1H, Ar-
H), 7,58-7,25 (m, 16H, Ar-H), 4,80 (m, 1H, COD-CH), 4,72 (m, 1H, COD-
CH), 3,71 (m, 1H, NCHH), 3,33 (m, 1H, NCHH), 3,12 (t, ] = 7,5 Hz, 2H, CH,-

245



UNIVERSITAT ROVIRA I VIRGILI
HETEROGENIZED N-HETEROCYCLIC CARBENE METAL COMPLEXES FOR SELECTIVE CATALYSIS
Alberto Martinez Lombardia

246

Chapter 6

pyr), 3,07 (s, 3H, NCH,), 2,71 (m, 1H, COD-CHH), 2,60 (m, 1H, COD-CH),
2,11 (m, 2H, COD-CHH), 1,87 (m, 2H, COD-CHH), 1,55 (m, 2H, NCH,CH,),
1,09 (m, 2H, COD-CHH), 0,92 (m, 2H, CH,CH,-pyr), 0,68 (m, 2H, COD-
CHH). ®C{'H} NMR (100,6 MHz, CDCL): § = 174,14 (d, ] = 50,6 Hz, Tz-C5),
172,82 (d, ] = 50,8 Hz, Tz-C5), 146,14 (Ar-C,), 145,93 (Ar-C,), 138,35 (Ar-C,),
138,31 (Ar-C,), 136,42 (Ar-C,), 134,47 (Ar-C,), 134,46 (Ar-C,), 132,01 (Ar-C,),
132,71 (Ar-Cy), 132,55 (Ar-Cy), 132,42 (Ar-Cy), 132,38 (Ar-Cy), 131,83 (Ar-Cy),
131,71 (Ar-CH), 131,63 (Ar-CH), 130,99 (Ar-C,), 130,94 (Ar-CH), 130,88 (Ar-
CH), 130,04 (Ar-CH), 129,72 (Ar-CH), 129,68 (Ar-CH), 129,50 (Ar-C,), 129,31
(Ar-CH), 129,16 (Ar-CH), 128,92 (Ar-CH), 128,82 (Ar-CH), 128,68 (Ar-CH),
128,48 (Ar-CH), 128,45 (Ar-CH), 128,31 (Ar-CH), 128,23 (Ar-CH), 128,16 (Ar-
CH), 127,80 (Ar-CH), 127,06 (Ar-CH), 126,10 (Ar-CH), 125,99 (Ar-CH),
125,86 (Ar-CH), 125,78 (Ar-CH), 124,06 (Ar-CH), 123,28 (Ar-CH), 123,05
(Ar-CH), 93,51 (d, J = 9,1 Hz, 1H, COD-CH), 93,00 (d, J] = 9,0 Hz, COD-
CH), 87,44 (d, ] = 7,5 Hz, COD-CH), 87,08 (d, ] = 7,4 Hz, COD-CH), 50,50
(NCH,), 37,18 (NCH,), 36,53 (COD-CH,), 36,53 (COD-CH,), 33,24 (CH,-
pyr), 28,89 (-CH,CH,-), 28,42 (-CH,CH,-), 27,10 (COD-CH,), 27,02 (COD-
CH,). HRMS (ESI-TOF, [M-CF,SO,]") m/z calc. for C,¢H,,N¢Rh 1021,3460,
found 1021,3435.

{(S)-2,2_-Bis[3-(1-pyren-yl butyl)-4-(phenyl)-
1,2,3-triazol-5-ylidene]-1,1-binaphthyl}(n4- OO‘
cyclooctadiene)rhodium(I) triflate, 79. .
Yield: 74%. '"H NMR (400 MHz, CDCL): § = N o

8,19 (m, 4H, Ar-H), 8,1-7,94 (m, 14H, Ar-H), OO r'\\fl{gh ?Tf

7,80 (d, 8,6 Hz, 2H, Ar-H), 7,71 (d, ] = 8,3 Hz, RHCS

2H, Ar-H), 7,62 (d, ] = 7,9 Hz, 2H, Ar-H), 7,41- OO %/,\?Ph

718 (m, 16H, Ar-H), 4,73 (m, 2H, COD-CH),

3,65 (m, 2H, NCHH), 3,29 (m, 2H, NCHH), 3,10 QO‘
(t, ] = 7,1 Hz, 4H, CH,-pyr), 2,63 (m, 2H, COD- Q
CH), 1,99 (m, 2H, COD-CHH), 1,79 (m, 2H, COD-CHH), 1,55 (m, 4H, -
CH,CH,-), 1,09 (m, 2H, COD-CHH), 0,88 (m, 4H, -CH,CH,-), 0,63 (m, 2H,
COD-CHH). ®C{'H} NMR (100,6 MHz, CD,Cl,): § = 172,25 (d, ] = 50,6 Hz,
Tz-Cs), 145,63 (Ar-C,), 137,85 (Ar-C,), 135,84 (Ar-Cy), 134,94 (Ar-C,), 132,22
(Ar-C,), 131,96, 131,39, 131,03 (Ar-C,), 130,56 (Ar-C,), 130,40, 129,55 (C,),
129,24, 129,10 (Ar-Cg), 128,96, 128,80 (C,), 128,37 (Cy), 128,24 (C,), 127,91,
127,75, 127,61, 127,36, 126,56, 125,68, 125,63, 125,48, 125,44, 125,37, 125, 36,
125,27, 123,52, 122,75, 92,74 (d, ] = 9,2 Hz, COD-CH), 86,70 (d, ] = 7,5 Hz,
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COD-CH), 49,98 (NCH,), 36,06 (COD-CH,), 32,80 (CH,-pyr), 30,19
(CH,CH,), 28,60 (COD-CH,), 28,38 (CH,CH,). HRMS (ESI-TOF, [M-
CF;SO,]") m/z calc. for Cg,HesNsRh 1263,456, found 1263,4529.

General procedure for the immobilization of pyrene-tagged
complexes onto MWCNT’s.

MWCNT’s (9o mg) were suspended on the specified solvent (25 mL). This
suspension was sonicated for 1 hour at 25°C. Subsequently, the Rh
complex was added (9 mg) to the dispersed MWCNT’s, and this mixture
was stirred at 25°C for 10 hours. After this time, the mixture was
centrifugated, and the supernatant was decanted. The functionalized
MWCNT’s were washed twice (2 x 5 mL) with the solvent used for the
immobilization procedure. The washings were centrifuged and decanted.
The solid material was dried under vacuum until a black powdery solid
was obtained.

General procedure for the catalytic hydrosilylation of
isobutyrophenone (80).

In a schlenk flask 77 (2 mol%) was dissolved in dry THF (1 mL). To this
solution isobutyrophenone (81) (39 L, 0,25 mmol) was added followed by
mesitylene (35,5 pL, 0,25 mmol), and by the silane reagent (0,375 mmol,
1,5 equiv.). This solution was left with stirring for 24h at room
temperature. After this time 1 mL of H,O was added and then 1,5 mL of
HCl(aq.) 2M. After stirring for 5 minutes, Et,O (5ml) was added and the
organic phase was separated. The aqueous phase was extracted with
additional Et,O (5 mL). The combined organic layers were passed through
a short plug of silica and eluted with 3 mL CH,Cl, and they were analysed
by chiral GC-FID using a CP-Chiralsil-Dex CB column (length: 25 m,
internal diameter: 0.25 mm, film thickness: 0.25 pum. Method: carrier gas:
120 kPa He, temperature: go °C, rate 0,5 °C/min to 120 °C and hold for 3
min; rt = 35,73 min, 36,22 min for the two enantiomers of product 82.

General procedure for the catalytic hydroboration of styrene (83).

In a flame-dried schlenk flask 77 (2 mol%) was dissolved in 1 mL CHCL,.
Styrene (83) (58 pL, 0,5 mmol) was added and this solution was stirred at
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25°C for 10 minutes. Pinacol borane (88 pL, 0,585 mmol, 1,17 equiv.) was
subsequently added and this solution was stirred for 24h at 25°C. After
reaction time 0,3 mL of the mixture were pippeted out, concentrated and
passed through a plug of silica, by elution with petroleum ether/ethyl
acetate (20:1). After evaporation of the volatiles the residue was dissolved
in CDCl; and analysed by 'NMR. The remaining o,7 mL of the reaction
mixture where cooled down to 0°C, and NaOH agq. 3M (1,5 mL) and H,O,
(1 mL) were successively added. This biphasic mixture was stirred at 0°C
for 30 minutes and then for 1 hour at room temperature. The organic
phase was separated and the aqueous phase was extracted with CH,Cl, (2
x 2 mL). The combined organic layers were washed with NaCl (aq.), dried
with anhydrous MgSO, and concentrated to dryness. This residue was
analysed by 'H NMR and the enantiomeric excess was determined by
chiral GC-FID using a CP-Chiralsil-Dex CB column (length: 25 m, internal
diameter: 0.25 mm, film thickness: 0.25 pm. Method: carrier gas: 120 kPa
He, temperature: 130 °C for 10 min, rate 10 °C/min to 180 °C and hold for 3
min.; rt = 3.8 min, 3,33 min for the two enantiomers of the branched
regioisomer.

General procedure for the catalytic hydrogenation of 8o and 81.

Under an Ar atmosphere, catalyst 77 (1 mol%) was introduced in a vessel
equipped with a magnetic stirrer and placed inside a stainless 5-positions
10 mL stainless steel autoclave. Catalyst 77 was dissolved in CH,Cl, (3 mL)
and then, the corresponding substrate (0,5 mmol) was added. The
autoclave was pressurized with hydrogen to the indicated pressure and
this mixture was stirred for 24 h at the indicated temperature. After
carefully releasing the pressure, the reaction mixture was filtered through
a short plug of silica and analyzed by NMR and chiral GC using a CP-
Chiralsil-Dex CB column (length: 25 m, internal diameter: 0.25 mm, film
thickness: 0.25 pm. Method: carrier gas: 120 kPa He, temperature: 60 °C
for 35 min, rate 2 °C/min to 100 °C and hold for 1 min.; rt = 36,80 min,
37,10 min for the two enantiomers of hydrogenated 84 .
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I e e

Figure S6.1. HPLC analysis of pure (S)-2,2"-diazido-1,1'-binaphthalene ((S)-51) (on
top) and an equimolar mixture of (S)-51 and (R)-51.
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General conclusions

Two families of well-defined NHC-based organometallic complexes
incorporating functional groups for their subsequent immobilization onto a
solid support were synthesized and characterized.

The first family consisted in Pd complexes that were immobilized onto oxide
supports. The resulting hybrid materials were active in C-C coupling
processes and in the chemoselective semi-reduction of alkynes and alkynols.
Moreover, the recovery and re-use of the supported catalysts was possible in
cross-coupling reactions under batch conditions, and these heterogenized
catalysts could be employed in a packed bed reactor to perform Suzuki-
Miyaura and Sonogashira couplings under continuous flow conditions.

The second family consisted in chiral Rh complexes bearing pyrene moieties
that were subsequently immobilized onto MWCNTs through n—n stacking
interactions. The synthesis and characterization of the ligands,
organometallic complexes and the resulting hybrid materials were performed.
However, due to lack of time, only preliminary catalytic tests could be carried
out and further work will be needed to assess the efficiency of this family of
supported catalysts.

- CHAPTER 3:

= A modular synthetic approach involving the functionalization of the
aromatic para positions of NHC ligands was successfully applied.
Although in this work, an alkene tether was introduced, the
installation of a variety of other functionality may be envisioned
through this methodology.

= The immobilization of Pd-NHC complexes onto silica gel, mesoporous
silica MCM-41, y-ALLO; and TiO, could be performed in a one-pot
three sequential steps protocol starting from alkene-functionalized
imidazolium chloride salts.

= The differences in metal loadings for these supports were attributed to
the surface areas and to the concentration of hydroxyl groups in these
oxide supports.
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» A BC-labelled sample in C2 (carbene carbon) of an alkene-

functionalized imidazolium chloride salt was prepared and “C NMR
was used to track the carbene through the last steps until the final
solid-supported complexes. This study revealed that the integrity of
the metal-carbene species is not affected by the immobilization
procedure.

All the hybrid materials synthesized in this work were characterized
by ICP-AES, and elemental analysis.

CHAPTER 4:

* The supported [Pd(NHC)] complexes catalyzed the Suzuki-Miyaura

coupling of aryl bromides and chlorides with phenylboronic acids in
excellent yields and selectivities. Ligands with bulkier substituents
such as 2,6-diisopropylphenyl resulted in improved catalytic activity,
and capping the residual hydroxyl groups at the surface of the support
also had a beneficial effect on activity. Under the reaction conditions,
the supported species undergo degradation, resulting in diminished
activity. The causes for this decomposition are not clear, but several
experiments indicated that this decomposition was not due to
interactions with the support nor to the intramolecular thioether
linkages, but to an intrinsic instability of the molecular species. This
deactivation mechanism is slowed down under non-aqueous reaction
conditions, and using toluene as solvents, the catalysts displayed
improved recyclability in successive catalytic runs.

The influence of the support was also evaluated, and catalysts
supported onto y-Al,O; and TiO, were more robust that their silica-
supported analogues. Application of the supported catalysts under
continuous flow conditions led to an increase in the reaction rate
(measured TOF) up to one order of magnitude with respect to the
corresponding batch process.

The supported catalysts were also active in the Sonogashira and Heck
reactions. In the Heck reaction between p-bromoacetophenone and
ethyl acrylate, complete conversions were achieved in the first run.
However, recycling of the catalyst lead to a constant decrease in the
catalyst performance.
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* In the case of the Sonogashira coupling, the supported catalysts
efficiently coupled p-bromoacetophenone with various alkynes. As in
the case of the Suzuki-Miyaura coupling, recycling studies showed
that y-ALO,- and TiO,-supported materials were more robust than
those immobilized on silica. Therefore, these materials were applied in
the Sonogashira coupling between p-bromoacetophenone and
phenylacetyene under continuous flow conditions without apparent
decomposition after two hours on stream. A comparison of catalysts
activity under batch or continuous flow conditions again revealed a
higher TOF under continuous flow conditions.

- CHAPTER5:

* The supported [Pd(NHC)] complexes were also active in the
hydrogenation of internal alkynes under mild reaction conditions.
Experiments were carried out both under batch and under continuous
flow conditions and demonstrated the difficulty in preventing the
over-reduction in to the alkanes, especially at high conversions. When
hydrogenations were performed under continuous flow conditions,
the selectivity varied over time under a set of specified reaction
conditions, which indicated a change in the nature of the catalyst
species.

= Alternatively to the use of H,(g), transfer hydrogenation conditions
using a (1:1) mixture of formic acid/trimethylamine as the hydrogen
donor allowed for an improved control of the selectivity. To suppress
the formation of alkane products, a sub-stoichiometric amount of
PPh, was used. Using this catalytic system, internal and terminal
alkynes and alkynols were transformed into the corresponding alkene
products in high chemo- and stereoselectivity. Internal alkynes and
alkynols were converted to (Z)-alkenes in high to excellent yields.

» In the presence of formic acid/trimethylamine, the supported catalysts
isomerize (Z)-stilbene into (E)-stilbene. This catalytic activity was
utilized in the indirect (E)-selective transfer semi-hydrogenation of
diphenylacetylene, and (E)-stilbene was obtained in 90% yield.

= Recycling studies were performed for the transfer semi-hydrogenation
of diphenylacetylene mediated by y-ALO, and TiO,-supported
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catalysts in combination with PPh,. Complete loss of activity was
observed after the first run. Metal leaching was detected by ICP-OES
analysis of the reaction mixtures, but does not appear as the only
cause for the observed deactivation. A possible explanation to this
drop in catalyst activity could be the agglomeration of Pd into clusters,
nanoparticles and inactive bulk metal, based on the greyish color of
the catalyst after the reaction. However, due to the low content of Pd
in the solids, TEM and XRD analysis did not provide any further
evidence of this phenomenon.

CHAPTER 6:

* Introduction of pyrene groups in the backbone of 1,1’-binaphtyl-2,2’-

bis(4-phenyl-1,2,3-triazol) was performed through two strategies:
alkylation of the bistriazole fragment, or CuUAAC “click” chemistry.

o Alkylation at the N3’s of the triazole rings required the use
of triflate reagents. The use of one equivalent of methyl
triflate allowed for the obtention of a monomethylated
intermediate monotriazolium compound which was
subsequently alkylated with an excess of 4-(pyren-i-
yl)butyl triflate to obtaina a diquaternary ditriflate salt
bearing a single pyrene tag.

o The second strategy involved Cu-catalyzed alkyne azyde
cycloaddition wusing a key BINAM-derived diazide
compound and propargyl pyrenebutyl ether. This strategy
afforded a bistriazole compound containing 2 pyrene tags
in 34% yield.

* Following a reported protocol, the three synthesized bistriazolium

ditriflate salts were metallated to form the corresponding
[Rh(I)bis(NHC)] chelate complexes in yields above 70% after
purification.

* The Rh complexes containing one and two pyrene moieties were

immobilized onto the surface of MWCNTs. The presence of two
pyrene tags in the structure of the complex had a positive effect on the
anchoring of the molecular complex, and higher loadings were
observed compared to the complex bearing a single pyrene tag. The
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final hybrid materials were characterized using various techniques
such as EDX, XPS, UV-Vis, etc.. The complexes revealed a
homogeneous distribution over the surface of the support and
evidence that nature of the molecular complexes remained unchanged
upon immobilization was obtained.

= The non-pyrene-tagged Rh complex was used for testing the potential
of these type of complexes in asymmetric reduction processes such as
the hydrosilylation of isobutyrophenone, the hydroboration of styrene
with pinacolborane and the hydrogenation of alkenes. However,
although some catalytic activity was achieved under the conditions
tested, very low enantiomeric induction was observed in all cases.
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