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Summary

This thesis describes the study of several palladium catalysts with commercially
available phosphorus and nitrogen donor ligands, either as sole ligand or in
combination with N-heterocyclic carbenes. The palladium systems were applied in
the carbonylation of anilines for the formation of amides and ureas. The thesis is
divided into four chapters. The first chapter is a brief introduction to the
carbonylation chemistry of homogeneous palladium catalysts. Carbonylation
reactions involving ionic liquids and SILP catalysts are also discussed. The second
chapter deals with the formation of amides from anilines. A novel catalytic system
is disclosed and a mechanism is proposed. The third chapter covers work on two
catalytic systems for the formation of diphenyl urea involving ionic liquids as
solvent and reaction facilitator. The fourth chapter describes the transfer of the
ionic liquid mediated oxidative carbonylation of aniline into continuous flow
conditions. SILP technology was applied for the heterogenization of the molecular
catalyst.

Preparation of Benzamide by Carbonylation of Anilines

In this chapter, a previously unpublished palladium based catalytic system for the
highly selective transformation of anilines into benzamides is described. The
reaction proceeded smoothly without the need for prior activation of the aniline.

R1,R?
NH, 9N
NI
—_— ~
2 | XN N A
// Pd, THF |/ |l|
R'R2 90°C R’ RZ/
Formation of benzamides from anilines and CO.

Notably, the catalytic system is additive free, robust and utilizes commercially
available ligands. A wide range of primary anilines including sterically hindered
substrates were efficiently converted into benzamides in high yield. For this
transformation, three catalytic cycles involving the cleavage of primary arylamine
C-N bond is proposed. To the best of our knowledge, this is the first catalytic
example of this reaction, without prior activation of the aniline.

Palladium Catalysed Carbonylation of Aniline in lonic Liquids

This chapter deals with the oxidative carbonylation of aniline in a biphasic ionic
liquid/toluene system. In this reaction, the presence of ionic liquid was crucial for
the outcome of the reaction. Furthermore, the nature and the amount of ionic liquid

Vil



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

strongly influenced the catalyst activity. Two hypotheses, with respect to the cause
of this influence, were tested and the results are discussed. An in-situ high-pressure
NMR experiment was performed to shed light on the mechanism of the reaction
and supports previously reported proposals. A proposed intermediate was
confirmed and information on the formation of this intermediate was obtained.

NH, Pd-catalyst n n
2 \n/ + H,0
co + 1,0, o

Synthesis of substituted urea from aniline.

Selective oxidative carbonylation of aniline to diphenylurea was carried out in the
presence of a catalytic system comprising of [PdCI,(PPh3),] and [BMIM][CI] with
a TOF of 15600 h™ and 1900 h™* when benzoquinone or O, were used as oxidants,
respectively. The TOF achieved with benzoquinone as oxidant was, to the best of
our knowledge, the highest reported so far under mild reaction conditions (140°C
and 10 bar). In order to investigate the influence of the ionic liquids, several
cations and anions were applied. The best results were achieved with [BMIM][Br]
while the employment of [BMIM][(CF3S0,),] drove the product to spontaneously
separate. Recycling experiments were conducted but loss of activity was observed
after the first reuse. Decomposition of the catalyst was observed during workup but
leaching of catalyst into the toluene phase cannot be excluded as a cause for the
unsuccessful recyclability.

Do A vt .
J W A ~ N\ N
ya Ve MU S e A Al

i v Y W\,_\‘ AN A A 0

N/ N~

1853 1881 1849 1847 18455 1843 1841 1830 1837 1|35 183.3
1 (pprn)

In-situ NMR of the carbonylation reaction.

Oxidative Carbonylation of Aniline in Continuous Flow conditions

The oxidative carbonylation of aniline was performed under bach and continuous
flow conditions applying CO and air as the gaseous reactants with a Pd-SILP
catalyst. The SILP catalyst was prepared from alkyl-imidazolium functionalized
silica in order to enhance the adhesion of the imidazolium ionic liquid to the solid
support.

Vi
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The SILP principle applied in this project.

Silicas bearing two different attached imidazoliums were prepared, characterized
and applied as supports. Their characterization indicated, that functionalisation
mainly took place inside the silica pores. Under batch conditions, good activity and
recyclability were obtained with SILP, while support only impregnated with the
homogenous catalyst was not active. Continuous flow experiments were performed
with the prepared SILP materials. Steady-state conditions were not obtained due to
the rapid deactivation of the catalyst under continuous flow. The characterization
of the catalyst material after reaction indicated that leaching of both palladium and
non-anchored IL during the reaction could be the cause of the catalyst deactivation.
Leaching of the catalytically active components of the SILP material was most
likely caused by the large amounts of solvent passed over the catalyst. The partial
miscibility of solvent and ionic liquid caused the removal of the ionic liquid layer,
containing the active catalyst from the solid support, and thus deactivated the
catalyst. In this regard, the imidazolium functionalisation of the silica surface did
not provide the anticipated anchoring of the non-covalently bound IL as leaching
was observed regardless of the support material applied for the preparation of the
SILP.
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Resum

Aquesta tesi descriu I'estudi de diversos catalitzadors de pal-ladi amb lligands
donadors de fosfor i nitrogen, ja sigui com a lligand Unic o en combinacié amb
carbens N-heterociclics. Els sistemes catalitics de pal-ladi shan aplicat en
reaccions de carbonilacié d'anilines com a substrat per a la formacié d'amides i
urees. La tesi es divideix en quatre capitols. EI primer capitol és una breu
introduccio a la quimica de reaccions de carbonilacié catalitzades per complexos
de pal-ladi en sistemes homogenis o0 sistemes heterogeneitzats. Es presta especial
atencié a les reaccions de carbonilacié que impliquen liquids ionics (LI) i
catalitzadors suportats en liquids ionics, “Suppored Ionic Liquid Phase” (SILP). El
segon capitol tracta la formacié d'amides a partir d'anilines. Es descriu un nou
sistema catalitic i es proposa un mecanisme de reaccio. El tercer capitol fa
referéncia al treball realitzat amb dos sistemes catalitics per a la formacié de
difenil urea, en el que es mostra que la utilitzacié de liquids idnics com a
dissolvent millora els resultats de la reacci6. El quart capitol s'ocupa de la
heterogeneitzacid dels liquids idnics suportant-los en silice i ser utilitzats com a
catalitzadors en la reacci6 de carbonilacio de I'anilina en sistemes de flux continu.

Preparacié de Benzamida mitjancant la carbonilacié d'anilines

En aquest capitol es descriu un sistema catalitic de pal-ladi, no publicat
previament, per a la transformacié danilines en benzamides. La reaccié va
procedir amb alta selectivitat, sense additius i sense la necessitat d'activacié prévia
de I'anilina.

R1,R2

NH, Z
NI
— ~

? | Pd, THF S NS
[ re 2

R R2 90°C R RZ/

Formation of benzamides from anilines and CO.

Cal destacar que el sistema catalitic no requereix additius, és robust i utilitza
lligands disponibles comercialment. Una amplia gamma d'anilines primaries
incloent substrats estericament impedits van ser convertits de manera eficient en
benzamides amb alt rendiment. Per a aquesta transformacio, es proposa un cicle
catalitic que implica I'escissié de I'enllag C-N de arilamina primaria. Pel que
sabem aquest és el primer exemple catalitic d'aquesta reaccid, sense 1’activacio
previa de l'anilina.

Xl
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Carbonilacié d'anilina catalitzada per pal-ladi en liquids ionics

Aquest capitol tracta de la carbonilacié oxidativa d'anilina en un sistema bifasic
tolué /liquid ionic. En aquesta reaccid, la presencia de liquid ionic va ser crucial
per al resultat de la reacci6. A més, la natura i la quantitat de liquid ionic van
influenciar fortament l'activitat del catalitzador. Es van plantejar i discutir dues
hipotesis, pel que fa a la causa d'aquesta influéncia.Es va realitzar un experiment
in-situ de RMN d'alta pressié per esbrinar el mecanisme de la reaccid i donar
suport a les propostes anteriorment publicades. Es va identificar un intermedi que
suporta la proposta de mecanisme.

NH;  pd-catalyst H H
2 \ﬂ/ + H,0
co + 11,0, o

Sintesi de difenil urea a partir d’anilina en preséncia d'oxigen.

La carbonilacié oxidativa d’anilina per 1’obtencio de difenil urea es va realitzar en
preséncia d'un sistema catalitic que comprén [PdCl,(PPhs),] i [BMIM][CI] amb un
TOF de 15600 h™ i 1900 h™ quan benzoquinona o O, van ser utilitzats com
oxidants, respectivament. EI TOF obtingut amb benzoquinona com a oxidant és, el
més alt publicat fins ara en condicions suaus de reaccid (1400C i 10 bar). Per tal
d'investigar la influencia dels liquids ionics, es van emprar diversos cations i
anions. Els millors resultats es van aconseguir amb [BMIM][Br], mentre que
utilitzant [BMIM][Tf,N] va donar lloc a la separaci6 espontania del producte. Es
van dur a terme experiments de reciclatge pero es va observar pérdua d'activitat
després de la primera reutilitzaci6. Es va observar descomposicié del catalitzador
durant el tractament si bé no espot excloure la lixiviacio del catalitzador en la fase
del tolué com una causa per la manca de reciclabilitat.

| N A 10
| A LA

f Za W, JAv .

| \ [ \

J VLA ad A
/ Viad VYV MU A NI
/ 1 MRV ARV AV
N A~ ! I

1853 185.1 1849 184.7 1845 1843 184.1 1830 1837 183.5 1833
f1 (pprm)

In-situ RMN de la reaccié de carbonilacié oxidativa d'anilina.

Carbonilacié oxidant d'anilina en condicions de flux continu

La carbonilaci6 oxidant danilina es va realitzar en condicions batch i en
condicions de flux continu aplicant CO i aire com a reactius gasosos amb un
catalitzador de Pd-SILP. El catalitzador SILP es va preparar a partir de silice
funcionalitzat amb alquil-imidazol per a millorar I'adhesi6 del liquid ionic
d’imidazol al suport solid.

Xl
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Es van preparar silices funcionalitzades amb dues salts d’imidazol diferents, van
ser caracteritzades i aplicades com a suports. La seva caracteritzacié va indicar,
que la funcionalitzacié va tenir lloc principalment dins dels porus de la silice. En
conditions batch, bona activitat i reciclabilitat es van obtenir amb els SILP, mentre
gue el suport Gnicament impregnat amb el catalitzador homogeni no va ser actiu.
Experiments de flux continu van ser realitzats amb els materials SILP preparats.
No es van poder aconseguir condicions steady state no es van obtenir a causa de la
rapida desactivacié del catalitzador sota flux continu. La caracteritzacio del
catalitzador després de la reacci6 va indicar que la lixiviacio tant del pal-ladi com
del LI no suportat durant la reaccié podria ser la causa de la desactivacio del
catalitzador. La lixiviacié dels components cataliticament actius del material SILP
va ser molt probablement causada per les grans quantitats de dissolvent que es van
fer passar sobre el catalitzador. La miscibilitat parcial del dissolvent i del liquid
ionic va causar I'eliminacié de la capa de liquid idnic que contenia el catalitzador
actiu del suport solid, i per tant va desactivar el catalitzador. En aquest sentit, la
funcionalitzaci6 de la sal d’imidazol de la superficie de la silice no va
proporcionar 1’esperat ancoratge del LI no covalentment unit ja que es va observar
lixiviacio independentment del suport utilitzat per a la preparacio dels SILP.

-4

Principi de SILP aplicat en aquest projecte.

X1l
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Introduction

1.1 Catalysis

The first descriptions of catalytic processes appeared in the scientific literature in
the 18'th century® and in 1835, Berzelius coined the terms catalyst and catalysis to
describe the observations of compounds that were reacting but not consumed.? In
1909, Oswald received the Nobel Prize in chemistry for his work on catalysis,
chemical equilibria and reaction velocities' and the present day definition "A
catalyst is a substance which increases the rate at which a chemical reaction
approaches equilibrium without becoming itself permanently involved" is an
adaptation of Oswald’s 1895 statement.® When a catalyst increases the rate of a
reaction, the catalyst provides a new reaction pathway with a lower activation
energy.* To illustrate this, an energy diagram of the bimolecular transformation of
A and B to C and D is shown in Figure 1. The uncatalysed reaction is exemplified
by the top trace. In this case the reaction goes through a highly energetic
intermediate AB. A catalyst provides an alternative reaction mechanism with
different transition states, which are lower in energy, either by voluntary
formation of an activated species (i) or through an initial activation step (ii).

AB
e |

Potential

Energy \

o /\\ "

I | |’/ \
(A+B)act . l:‘ ‘l>ﬁ)
U
CD

Reaction Coordinate ->

Figure 1. Schematic potential-energy diagram for the course of a generic bemolecular reaction
between A and B to B form C and D.”
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It is the lower activation energy that enables reactions which do not occur in the
absence of a catalyst or require forcing reaction conditions, making the catalytic
effect purely kinetic. The catalyst provides an alternative mechanism with
different transition states while the overall free energy of a reaction remains the
same.

To describe the reactivity of a catalyst, a few terms are used that do not apply to
other fields of chemistry. These are the turnover number (TON), that quantify the
catalyst activity for the duration of the reaction and turnover frequency (TOF)
which is a measure of the catalyst activity per time unit. By considering both TON
and TOF, information on the catalyst life-time and catalyst peak performance are
thus obtained. There is a general consensus that TON is calculated as mole of
substrate converted per active catalyst site but especially in the case of
heterogeneous catalysts, the number of active sites is difficult to quantify. TOF is
calculated as TON per time unit and should show the maximum performance of
the catalyst. Therefore, the TOF should be calculated for a conversion below 20%
and reflects the initial rate of reaction. Both TON and TOF are very useful for
guantifying and understanding the performance of a catalyst when the conditions
under which they have been measured are taken into account.

In general, catalysts may be classified as either homogeneous or heterogeneous
depending on, whether the catalyst belongs to the same phase as the reactants. The
anchoring of a homogeneous catalyst onto an insoluble support gives rise to a
third category usually described heterogenized catalysts. These 3 types of
catalysts will be briefly depicted in the following sections.

1.1.1 Heterogeneous Catalysis
In chemistry, heterogeneous catalysis refers reactions where catalyst and reactants

reside in separate phases. The great majority of heterogeneous catalysts are solids
and applied in gas or vapour phase reactions, which imply surface reactions. In
many instances, the catalytic surface is a metal nanoparticle or an oxide surface as
in the case of zeolite catalysts. The rate of diffusion of substrate both in the
boundary layer and in the catalyst pores, adsorption of substrate and desorption of
product are important factors governing catalyst acctivity.>” The presence and
accessibility of catalytically active sites is of course essential for the activity and
is often closely linked to the surface area of the catalyst material. The formation of
active sites on a heterogeneous catalyst relies on the reduced number of
neighbours that a surface atom has in the crystal lattice. The shortage of
neighbours leads to coordination vacancies that can be occupied by the substrate.
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Figure 2. Surface H, adsorption and dissociation.

The first example of documented heterogeneous transition metal catalysis is the
Contact Process where sulfur dioxide is oxidized to sulfur trioxide by air, for the
production of sulfuric acid. When the process was first employed for industrial
production in 1880, pumice supported platinum was used as catalyst. This
material was replaced by a supported vanadium catalyst after 1900.2 In 2000, 167
million tons of H,SO, was produced by the vanadium pentoxide/pyrosulfate
catalyzed contact process. However, the catalyst is no longer considered solid as
the salt mixture on the catalyst melts under process condition.’

Heterogeneous catalysts are preferred in bulk chemical production due to the
established continuous processes that enable large scale production, the easy
handling of stable solids and easy product separation.® Industrially relevant
catalyst are also thermally stable as the industrial processes often take place at
harsh conditions (Contact process: 400-450°C; Haber-Bosh process: 20 MPa,
>400°C).>*° Furthermore, heterogeneous catalysts are often applied to gas or
vapour phase reactions in order to avoid the sintering of the NPs. The harsh
conditions under which heterogeneous catalysts are active are also mentioned as
one of the major disadvantages of heterogeneous catalysis as the high
temperatures can promote side reactions.'' Another challenge concerning
heterogeneous catalysis is the difficulty of knowing the reaction mechanism.®

Table 1. Advantages and disadvantages of heterogeneous catalysis.

Properties of Heterogeneous Catalysis Advantage Disadvantage
Chemical technology
Handling

Product separation
Thermal stability
Activity

Selectivity

Mechanistic knowledge

2L 2 2 2 2

<L 2 2 2
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Understanding the reaction mechanisms of heterogeneous catalysts and the nature
of the catalytically active species is a laborious effort and has long been hampered
by the lack of mature technologies for the direct study of the catalytic active
surfaces.®* In summary the advantages and disadvantages, that led researchers to
test thousands of catalysts, are listed in Table 1.

Several bulk processes have been put on steam before the reaction mechanism was
known as in the case with the Haber-Bosch process.’ A better understanding of
the surface chemistry of metals and oxides,*** coordination chemistry at surfaces
and Kinetics assisted by computational methods have enabled a more systematic
search for active catalysts.”” Scanning electron microscopy and tunnelling electron
microscopy under moderate gas pressure have both provided access to observation
of absorbed reactants on solid catalyst surfaces and hence important information
for the understanding of solid and supported NP catalysis.® The same can be said
of Raman spectroscopy and attenuated total reflection infra red spectroscopy
(ATR-FTIR) under in-situ conditions, which are new but promising techniques for
the study of surface reactions.™

1.1.2 Homogeneous Catalysis
As opposed to heterogeneous catalysts, homogeneous catalysts are contained in

the same phase as the reagents. An early example of homogeneous catalysis is the
predecessor of the contact process: The lead-chamber process for the production
of sulfuric acid. In this process, sulfur was oxidized to SO; by NO,. NO was then
re-oxidized by air allowing the reaction to proceed through a N*/N*? catalytic
cycle.® The lead-chamber process is, in contrast with the contact process, a
homogeneous reaction because both reactants and catalyst are in the gaseous
phase. Nitrogen might be considered an unusual catalyst but other examples of
non-metal catalysts involve boron, carbon, silicium, phosphorus, sulfur and
selenium based catalysts, which are also gaining momentum as earth abundant
catalysts.**® A more familiar example of metal-free homogenous catalysis is acid-
catalysis such as esterification, acetylation and aldol reactions.'"** However,
homogeneous catalysis is most frequently discussed in the context of transition-
metal catalysts and strong ties exist between organometallic chemistry and
homogeneous catalysis. Organometallic catalysts consist of transition-metal
atom(s) surrounded by organic and/or inorganic ligands allowing every metal
atom to act as an active site. The formation of such complexes is enabled by the d-
orbitals of the metal through different bonding modes depending on the nature of
both the metal and the ligand.* Even small changes in the ligand environment can
have large effects on the catalysts activity and selectivity. This makes the
understanding of the interaction between metal and ligands a key parameter for

6
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the stabilisation and tuning of the catalyst. Both electronic and steric influence
have to be considered.?

Z: BR; BCl,
Figure 3. Examples of the three types of ligands in the Covalent Bond Classification.

Ligands can be classified via the Covalent Bond Classification method that
divides ligands into neutral L-type ligands (2-electron donors), anionic X-type
ligands (2-electron donors) and Z-type Lewis acids (2-electron acceptors)..* The
knowledge of ligand-metal and substrate-complex interaction have been studied
through the characterization of intermediates, determination of crystal structures
through X-ray diffraction and the characterization of the complexes by UV-vis,
FTIR, EPS and NMR spectroscopy. Both NMR and IR allow for in-situ studies of
the catalyzed reactions® The two spectroscopic techniques have each their
advantages with root in the selectivity of the techniques. The sensitivity of NMR
towards isotopes with unpaired electrons such as *H, "B, **C, N, *°F and *'P to
mention some, allow selected nuclei to be studied while ignoring others by choice
of experimental conditions. The right experimental conditions can put focus on a
species of interest even in small concentrations but low concentration paired with
low isotope abundance might cause important intermediates to be undetectable. IR
will show the bonding interaction between any unlike atoms and for homogeneous
reactions transmission FTIR is the more applicable technique.®> However, signal
overlap can occur and in these cases, data treatment techniques such as
deconvolution can be of aid.?

Table 2. Advantages and disadvantages of homogeneous catalysis.

Properties of Homogenous Catalysis Advantage Disadvantage
Chemical technology N, N
Handling N, N
Product separation N,
Thermal stability \/
Activity N

Selectivity N,

Mechanistic knowledge N,
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Homogeneous catalysis is both a well investigated and an industrially applied
discipline. The main advantages mentioned in connection with homogenous
catalysts are their activity and selectivity (Table 2), which allow the production of
high value-added products, fine chemicals and pharmaceuticals. A less frequently
mentioned advantage is the large body of knowledge about homogeneous catalysis
that has been derived from the field of organometallic chemistry. The most
prominent disadvantages associated with homogenous catalysts is the lack of
thermal stability®® and the difficulty of product separation.

1.1.3 Heterogenized Catalysis
To obtain the benefits of both heterogeneous and homogeneous catalysts, the

academic community has devoted much attention to the heterogenization of
homogeneous catalysts through numerous approaches. These approaches fall
within three main categories:

Immobilization of
Homogeneous Catalysts

i

v v v
Anchoring to Supported Liquid Multiphase
Solid supports Phase Systems

- Covalent anchoring

- Electrostatic
interaction

- Encapsulation

- Supported aqueous
phase

- Supported ionic
liquid phase

- Aqueous/organic
- IL/organic

- Fluorous/organic
- Organic/organic

Figure 4. Most important approaches for the immobilization of homogeneous catalysts.

1.1.3.1 Anchoring to Solid Supports
The dominant method for heterogenization of a homogeneous catalyst is the

attachment of the catalyst to the inner or outer surface of a solid support.** Figure
4 lists the most common approaches, which have been utilised to immobilise
homogeneous catalysts onto supports. The different strategies are distinguished by
the type of interaction between the solid and the support. In the covalent
anchoring, surface silanol groups, hydroxy groups or carboxyl groups are utilised
as a handle in the functionalisation of the surface with ligand moieties for the
complexation of a metal-centre ((i),Figure 5).**® For the electrostatic
immobilisation, ligands are tagged with functional groups that enable the
electrostatic interaction with an equally surface charged support. Depending on
the surface charge of the support positively or negatively charged ligands are
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applied. Two of the support materials used for this purpose are hydrotalcit
(positive surface charge) and montmorillonite (negative charge) ((ii), Figure 5).
Other supports applied for electrostatic immobilisation are ion-exchange resins
and clays.?® Very robust catalyst can be obtained through this procedure although
appropriate solvents must be selected to maintain the activity of the system.*!
The last method to be mentioned here is the encapsulation approach also referred
to as “ship in a bottle” ((iii), Figure 5). As the name implies the catalyst is
contained in a compartment with small openings retaining the catalyst inside the
compartment. These assemblies can be synthesised by either building the support
around the catalyst or building the catalyst inside the support cavities. In the case
of homogenous catalysts the later route is frequently chosen as the catalyst are
instable under the synthesis conditions of inorganic supports.>**

[+ + + + |
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i. Covalent anchored ii. Electrostaticly anchored iii. Encaged

Figure 5. Approaches in the anchoring of homogenous catalysts to solid supports.

1.1.3.2 Multiphase Systems
This method includes all the systems in which the -catalyst and the

reactants/products are contained in different liquid phases. The two large benefits
of multiphase systems are that the catalyst is truly in a homogenous environment
and that catalyst and product can be easily separated. If that is achieved, the
reaction can be operated as a continuous extraction.
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Figure 6. ldealised multiphase reaction.

A variety of immiscible solvents systems and solvent specific catalysts have been
tailored for case reactions. To immobilise the catalyst in the desired phase, ligands
are often functionalised with sulfonate groups or polyether chains for agueous
phase,?***  ammonium, sulfonate or imidazolium groups for IL phase,*’
perfluoroalkyls for fluorous phase and long alkyl chains for non-polar organic
solvents.®** In multiphase systems the immobilisation rely on both van der Waals
forces and polarity.

1.1.3.3 Supported Liquid Phase
An elegant approach which combine a macroscopic solid catalyst with a

microscopic liquid environment is the supported liquid phase consept.’ In the
very first examples, catalysts of this type were prepared by dispersing an aqueous
film containing a homogenous catalyst on a solid support.** It was quickly realised

that the vapour pressure of the aqueous phase was too high for most application
35,42,43

and attention was directed towards ionic liquids.

Figure 7 Schematic view of a supported liquid phase catalyst.

1.2 lonic Liquids
lonic liquids (ILs) are salts, composed of organic cations and organic or inorganic

anions. Ethyl ammonium nitrate, [(C,Hs)NH3][NOs], (m.p.12°C) was the first IL
synthesized by Paul Walden in 1914.* After this invention, several types of ILs

10
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were discovered and some of the common cations and anions of ionic liquids are
displayed in Figure 8.

N _
=\ @ R{ N/‘_N/>

~
N®

N__N- 1 ®
H¢™ g R R R,
Imidazolium Pyridinium Pyrazolium
[\ Ri R Ri
R4_N_R2 R4_P_R2 R3_N
NZ 1 ® 1@ 1S)
R ® Ry R, R; R'z_\_ OH
Pyrrolidinium Ammonium Phosphonium Cholinium
ClI,Br, I’

CuCly", SnCly,, AICI,”
NO;", PO,3",HSO, , SO,*
CF;S0;" , ROSO;", CF3C0,", CqH5S0O5
(CF3S0,),N", N(CN),, (CF3S0,)3C”

PF¢ , SbFg™, BF,
Figure 8 Common cations and anions of ionic liquids.

1.2.1 Properties of lonic Liquids
The melting points (m.p.) of ILs are, per definition, below 100°C. ILs with m.p.

<25°C, are referred to as room temperature ILs (RTILs). The low melting points
of these salts arise from their high molecular entropy. The main contributing
factors are the charge distribution on the ions, H-bonding ability, the symmetry of
the ions and the van der Waals interactions. Melting points decrease with
increased alkyl chain length from methyl to hexyl as a result of changes in the
molecular packing.”*>® Melting points are also affected by the decreasing order of
H-bonding ability from CI" > [PFs]” > [BF4] >>> [(CF:SO,),N] resulting in
decreased meting points. *°

ILs have negligible vapour pressure even at 200-300°C*" and in some cases
thermally stability up to 400°C was observed.”® Decomposition of imidazolium
halide based ILs occur through Hoffmann-elimination of the N-substituent
(Scheme 1). This is essentially a reversal of the Sy® substitution reaction used to
synthesize the quarternary ionic liquids. Decomposition temperatures increase
with the decrease of the anion/cation interaction strength in the order CI'< [BF,] ~
~ [PF¢] = < [(CF3SO,),N] ~. The increased stability of ILs containing weakly
coordinating anions is most likely due to the higher pK, of the anions retarding

11
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the decomposition of cations according to Scheme 1.*°*%%%° The thermal stability
with respect to cations of ILs follow a decreasing trend ordered by phosphonium
>imidazolium> tetra-alkyl ammonium =~ pyrrolidinium.®*

Bu—N\/;',“a- . Bu—N\/;N * 4+ CHsC

+
SN /RN
Bu‘N/\NXFn - . Bu—N\J + CHsF + XFp,4

XF = BF, or PFg
Scheme 1 Decomposition mechanisms for imidazolium based ILs.

Hydrogen bonding affects the hydrophobicity of ILs which becomes more
pronounced with increased charge delocalisation in the order Br' ~ CI" ~ I'> [BF,]
> [PFe] > [(CF3S0,),N].%* Hydrophobic ILs also increase the stability of metallic
anions since they protect them from hydrolysis via water segregation.®®®
Furthermore, the hydrophilic / lipophilic properties of ILs are also key for their
application in multiphasic systems.**

1.2.2 Ionic Liquids in Heterogenized Catalysis
ILs serve several purposes in catalysis. They are good solvents for charged

transition-metal catalysts, offering a polar and weakly coordinating environment
for the organometallic species, providing additional stability to the catalyst and
charged reaction intermediates. Furthermore ILs can act as co-catalysts or
independent catalysts due their intrinsic propterties.*345:°0:66-72

1.2.2.1 Multiphase Systems
Multiphase systems, as immobilisation systems for homogenous catalysts, have

the remarkable advantage that the catalyst is located in a homogenous
environment and  thus their properties and performance are preserved.”
Maintaining the catalyst a liquid phase separated from that containing the
reactants and/or the product offers easy separation of the product and recirculation
of the catalyst containing phase with minimum thermal and mechanical stress.”
The crucial discovery in the development of multiphase catalytic reactions was the
development of ligands with hydrophilic groups to be applied in aqueous biphasic
systems. The high polarity of ILs enable the use of ligands originally developed
for aqueous system,**™ when stabilising transition metal complexes in ILs.
Furthermore, other types of metal complexes were successfully used as catalysts
in ionic liquids. For instance, no leaching was observed for alkyl complexes in
phosphonium ILs and carbene-complexes are well retained in imidazolium based

12
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ILs. *® The tuneable solvent properties of ILs enable the formation of multiphase
solvent systems with a range of molecular solvents. The very low vapour pressure
of ILs eliminates loss by evaporation and high thermal stability enable process
operation in wide temperature window. Lastly, ILs are able to dissolve a variety of
organic molecules and both efficient and selective solubilisation have been
reported for IL based processes.?*"

1.2.2.2 Supported lonic Liquid Phase Technology
Supported ionic liquid phase (SILP) technology is based on an IL thin film

containing a homogeneous catalyst, which is uniformly distributed in the pores
and on the surface of a mesoporous solid material by physisorption (Figure 9).

Reactants

Produ;ti/

lonic Liquid film

Pores

Figure 9 Principle of SILP catalysis technology.*?

Distributing the catalyst containing IL onto a solid support is a simple and easy
way to optimize the utilization of both the IL and the catalyst compared to a
biphasic system. The structure and catalytic activity of the homogeneous catalyst
remains, in principle, the same as when dissolved in bulk IL, although the
diffusion limitation, sometimes observed in bulk IL, is reduced due to small film
thickness and high surface area of the IL film. A SILP catalyst can thus provide
the high activity and selectivity of a homogeneous catalyst and the product
separation and catalyst recovery usually achieved with an heterogeneous catalysis.
The typical IL properties such as negligible vapour pressure, large liquid range
window and thermal stability ensure that the IL is retained on the support in its
fluid state even at elevated temperatures. It has also been reported that ILs form a
solvent cage around the metal complexes that further reduced the mobility of the
ions in the ILs, resulting in an increased viscosity of the IL film in the SILP
catalyst.”>”’

The SILP principle was reported independently by Riisager and Mehnert et al. for
the immobilization of a Rh complex on silica gel using the ionic IL [BMIM][PFs]

13



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

and was applied in hydrogenation and hydroformylation reactions.”®® Since then,
several studies have been reported, mainly for gas-phase reactions in flow
reactors.”

The solvent properties of the ILs such as hydrophilicity and hydrophobicity,
polarity etc. can be tuned using the appropriate cation/anion combination.
Together with the intrinsic chemical properties of anion and cation, the solvent
properties can enhance catalyst activity and selectivity.”*®*®" The negligible
vapour pressure of ILs avoids removal of the thin film via gas-phase leaching.
During catalysis, the gas phase feedstock diffuses inside the pores of the porous
support, and dissolves in the IL film in which the metal complex is immobilized.
Once the product vapours is released from the IL film it diffuses out of the pores.
The product vapour phase should thus have a negligible solubility in the IL film.
Gas phase SILP catalyst technology is based on the volatility of the reaction
components and is therefore limited to feedstock and products with high vapour
pressure.

1.3 Palladium Catalysed Aminocarbonylation Reactions
In aminocarbonylation reactions, amines can act as base, nucleophile or both. For

instance, amines act as nucleophiles in the carbonylation of unsaturated C-C
bonds and organohalides or pseudohalides. In carbonylation of organohalides base
activation of the nucleophile is required. Both inorganic bases and secondary
amines such as pyridine and diethyl amine are frequently applied. Amines that can
act as both nucleophile e.g. diethyl amine and DBU, are at times avoided as bases
but can also be applied in excess to sacrifice one equivalent as base while one
equivalent is used as nucleophile. In the oxidative carbonylation of amines, these
reagents act as nucleophiles, but in two sequential nucleophilic attacks.

In the following sections, a brief overview of Pd-catalysed aminocarbonylation
reactions will be presented.

1.3.1 Carbonylation of Organic Halides and Pseudo Halides
The carbonylation of halo-arenes was pioneered by Heck in the early 1970’s

and has received much attention due to the interest in incorporating carbonyls in
fine chemicals.™®® The generally accepted mechanism shown in Scheme 2 starts
from a Pd(0) complex (1.1) with the oxidative addition of an organic halide,
followed by CO migratory insertion into the Pd-aryl/alkyl bond to form the
intermediate Pd-acyl (2.111). Base activation of the nucleophile and nucleophilic

82,83
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attack results in the reductive elimination of the carbonylated product and
regeneration of the active species.

vy
I
7
o
I
X
=
7
~

PdL,
R O X 1
hid Lz’Pd\R
Nu
Nu + Base co
(o)
»R
L-Pd
XL
1.111

Scheme 2 General mechanism for the carbonylation of organic halides.

Various types of reactants were studied and it has been reported that the use of
pseudo halides such as tosylate and mesitylate groups increases the rate of
oxidative addition compared to their bromide and chloride analogues, which are
generally more readily available. Using amines as nucleophiles, excellent
functional group tolerance was observed® and application of amines bearing ester
groups and aminophosphonates can be applied as N-nucleophile.!” An alternative
mechanism compared to that displayed in Scheme 2, has been proposed to
proceed through the formation of a Pd-carbamoyl or Pd-ester complex (Scheme 3,
route b) by nucleophilic attack from the amine at the coordinated CO.

o
L+ y
a) Migratory R™ Pd. Nucleophilic
insertiV X LWK o
L -L CO
Rpa_ + co Rpd A

X
X
=

. R Nu
b) Nucleophili i
) Nucleophilic Nu)J\I?éI_ Reductive
X

attack L elemination

Scheme 3 Alternative mechanisms for the carbonylation of organic halides.?

Nucleophilic attack at the coordinated CO had been observed in
alkoxycarbonylation® and double carbonylation of aryl halides, involving O-
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nucleophiles®® and N-nucleophiles.”®®* The double carbonylation of organic
halides to give ketocarboxamides was long considered a rare reaction requiring
high pressure (> 30 bar)® but in recent years several publications have shown that

this process can be achieved under mild conditions using the appropriate ligand.**
95

In these reactions, groups such as diazonium® or amine groups” have also been
used as leaving groups.* Of particular interest for this work, the formation of Pd-
acyls from aryl amines through C-N bond activation followed by CO migratory
insertion has been suggested as intermediates in the formation of amides.””*®
This type of reaction was investigated in the Chapter 2 and a more detailed
description of the current state of the art in this area will be presented in the
introduction of this chapter.

1.3.2 Carbonylation of Unsaturated C-C Bonds
Acetylene and ethene were the first substrates to be applied in industrial

carbonylation reactions®**® and many large scale industrial processes involve the
carbonylation of an olefin in the presence of a nucleophile.’®*'% The accepted
mechanism shown in Scheme 4 starts from a palladium hydride complex (1.1V)
that coordinates the olefin substrate to form the palladium hydride alkene complex

(1.V).
o
L ®
o) R1/\)LNU PdH

R L 1F
1 N

u 1IV

NuH

R,]® R ® R,]®
L(1 L ) 1.VII 1v"/|r1
Pd P 127 ' Pd
L/ L/ d 0 L H

Scheme 4 General mechanism for the carbonylation of organic unsaturated C-C Bonds.
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The following insertion is determinating for the regio- and enantioselectivity
selectivity of the reaction with the formation of either the branched or linear alkyl-
complexes (1.VI1). CO coordination and migratory insertion results in the acyl-
complex (1.VI11) and nucleophilic attack at the acyl leads to the formation of the
product and regeneration of the active species (1.1V). Depending on the electronic
and steric properties of the substrate, the alkene insertion step (1.V—1.V1) can be
reversible, resulting in substrate isomerisation. Especially internal mono-
unsaturated olefins are prone to isomerisation, consequently providing the
terminal carbonylation product regardless of the starting material."®*® For
terminal olefins or styrenes both branched and linear carbonylation products can
be obtained.’”” " This difference in reactivity arise from n-benzylic stabilization
of the alkene intermediate in the case of styrenes.** The bulkiness of the olefin
also contributes to the formation of the branched carbonylation product. Only
recently have branched alkylamides been obtained™® despite the interest in
branched amides as versatile intermediates and building blocks in chemical,
agrochemical and pharmaceutical industry.®>%

A number of catalytic systems have been reported for the regioselective
carbonylation of olefins and apart from the substrate, the properties of the ligands
and the solvent polarity were shown to also affect the reaction.’®*#!** |n the
aminocarbonylation of styrene, the use of small cone angle ligands along with
polar protic solvents usually favours the formation of the branched product while
ligands with large cone angle'® or bidentate ligands favour the linear amide. In
the case of linear olefins, monodentate ligands also favour the formation of the
branched product but the use of ammonium salts instead of amines was crucial for
the success or the reaction.™® This underlines the difficulty of stabilizing the Pd-
alkene intermediate (1.V) for linear olefins.*®

1.3.3 Carbonylation of Amines and Nitroarenes
This covers the narrow area of reductive and oxidative carbonylation. The

reductive carbonylation involves an in-situ formation of amine which undergoes
subsequent carbonylation. Two classes of products can be obtained depending on
the nucleophile used: ureas and carbamates (Scheme 5).

(o] (0]
R
‘NJ\N,R R‘NJ\O,R
H H H
Urea Carbamate

Scheme 5 Genereric structures of urea and carbamate.
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Both can be obtained through the oxycarbonylation or oxidative carbonylation of
amines or mixtures of alcohols and amines respectively. For low boiling substrates
such as methylamine, the reaction can be performed in gas phase over solid
catalysts."***> The carbonylation of substrates with higher boiling points such as
higher order amines has to be performed in liquid phase and has no industrial
application this far.'% Nonetheless, the carbonylation of amines is frequently
studied with homogeneous catalysts as the products of such a process are relevant
for the production of polymers, pharmaceuticals and agrochemicals."**'***® The
formation of ureas is expected to follow a mechanism involving two separate
nucleophilic attacks, which will be discussed briefly in this chapter.

Oxidant
1.XIII
PdL,
/X 1.XI
N. Pd
°C. Lym OoX
R C\0 2
NuH, CO
+ RNH,
3
Nu
(o)
R.NJLN,R L,Pd
H H X - HX
1.XII

Scheme 6 Mechanism for the palladium catalyzed oxidative carbonylation of amines.

A more thorough discussion of the formation of ureas will be presented in Chapter
3. Starting from a Pd(l1)-species (1.XI, Scheme 6), coordination of CO and amine
leads to the formation of the carbamoyl complex (1.XI11), together with the release
of acid.*® The Pd(0)-species (1.XI11) is reoxidised to the active Pd(lI)-species by
an oxidizing agent. The carbamoyl (1.XI1) undergoes nucleophile abstraction to
release isocyanate. The isocyanate then reacts with a molecule of amine from the
solution to form urea.** A number of different oxidants have been used for the
reactions and Wacker-type catalytic systems have also been reported.*
Improved catalytic systems for the oxidative carbonylation of amines have
eliminated the need for an auxiliary metal and oxygen or air is frequently used as
oxidant. 117,120-128
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+ MeOH/H'
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Scheme 7 Reductive carbonylation of nitrobenzene.

The carbamate is suggested to be formed through nucleophilic attack on the
isocyanate and intermediate formation of both isocyanate and urea has been
observed. This was suggested to be caused by the in-situ decomposition of urea
into isocyanate, allowing for the formation of the carbamate as illustrated in
Scheme 7.° This is supported by the more forcing conditions required for the
carbamate formation.'?***

The carbonylation route from nitroaryls to carbamates is most frequently explored
with nitrobenzene as substrate. This process is also known as reductive
carbonylation due to reduction of the nitro compound and no external oxidant is
needed. The selectivity towards isocyanate or carbamate is largely controlled
through the choice of solvent since reactions performed in sterically accessible
alcohols yields carbamate.™

The catalyst is typically stabilised by bidentate N-donor ligands #**?™3* or mono-

or bidentate P-donor ligands™*>**® while N/P-donor ligands are encountered less
frequently.™®” The mechanism (Scheme 7) of this reaction is tentative and
palladium containing intermediates have proven difficult to isolate.”****° The
mechanism was suggested to proceed through the in-situ formation of aniline and
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a palladium-diacyl complex (1.XV) to release isocyanate and a Pd(0) complex.
The aniline formation has not been accounted for, but addition of catalytic
amounts of aniline increases the rate of product formation, suggesting that aniline
could be formed in-situ.** The palladacycle (1.XV11) has been suggested to be an
intermediate in the formation of isocyanate, but was far less active for the
formation of the carbamate than the diacyl-complex (1.XV).*** For the formation
of ureas stoichiometric amounts of amine are required.*®

1.4 Aminocarbonylation in Ionic Liquids
The application of ILs in aminocarbonylation has been motivated by a number of

reaction features which can obtained by the aid of ILs. Among the most frequently
mentioned benefits are ease of separation, the low volatility and toxicity of ILs for
solvent applications, catalyst separation with unmodified complexes and reaction
promoting effects of the IL resulting in improved activity or selectivity. /2014~
1“8 The preferred ILs have been imidazolium and phosphonium (PIL) based ILs
due to their higher thermal stability and poor nucleophilisity of the decomposition
products.**>14

1.4.1 Carbonylation of Organohalides
The modification of naturally occurring steroids are of interest in pharmaceutical

chemistry due to the altered receptor interaction which changes in stereochemistry
or electronic properties of the molecule which a functionalisation may induce.'*
The functionalisation of steroids by aminocarbonylation has been investigated in
imidazolium based ILs with secondary amides as nucleophiles. lodide bearing
varieties of adrostene gave the corresponding amides under mild conditions (1 bar
and 100°C) according to Scheme 8.

| —
Pd(OAc),/P(Ph-R); 2 N o
[BMIM][BF,]/[BMIM][PFg] -/
CO/morpholine

Scheme 8 Aminocarbonylation of steroid derivatives.

The reaction was carried out in neat IL followed by extraction into toluene. In the
first run, full conversion was obtained but the catalyst was observed to deactivate
when reused despite the addition of extra ligand. Various phosphine ligands were
tested. The use of PPh; resulted in leaching of the ligand while when the charged
phosphine 4-(diphenylphosphino)-benzoic acid was used, leaching was
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prevented.*"*?> More simple haloarenes have also undergone aminocarbonylation
in ionic liquid. The carbonylation of iodobenzene has been performed in a
microflow reactor with [BMIM][PFg] as solvent and a Pd-NHC catalyst according
to Scheme 9.** The effect of pressure in batch and in flow was compared and in
all cases higher conversion and selectivity was obtained in flow. Selectivity
towards the double carbonylation product dominated in all cases. This was
ascribed to the higher gas/liquid surface area obtained in flow, thereby facilitating
the diffusion of CO into the liquid phase. The performance of the catalyst/IL
mixture after extraction of the product was not examined.

Rd”
Cl” ¢l (o} o
x - S H
©/ CO/Et,NH NN+ N
[BMIM][PFg] K o
Et;N

Scheme 9. Synthesis of carboxamides and ketoamides in flow.

Performing the same reaction in batch and applying Pd(OAc),/dppf as the
catalytic system in trihexyl(tetradecyl)-phosphonium bromide ([Pessp13][Br]) as
solvent, shifted the selective to formation of the monocarbonylation product.***

In the presence of a Pd(OAc), 1,2-halobenzenes were transformed into
phtalamides in phosphonium based ILs (PILs, Scheme 10) at atmospheric CO
pressure. When applying THF as the solvent, no activity was observed while
conversion in IL was related to the applied base. Among the screened bases DBU
was found to provide the highest activity and selectivity.

[0/
X Pd(OAc
R CO/amine R1-
= X PIL, base =
(o,

Scheme 10. Synthesis of phtalamides in phosphonium based ILs.

Up to 90% conversion and full selectivity towards phtalamides could be obtained
by optimisation of the IL. The catalytic system could not be recycled but PILs
offer a nontoxic alternative to previously applied solvents."*> More complex
structures were obtained through the combined carbonylative ring closure of 1-
Bromo-2-(phenylethynyl)benzene derivatives with  primary amines (Scheme
11).The reaction was catalysed by [PdCI,(PPhs),] in [Pessz][Br] and good
sterioselecivity with consistent preference for the Z-isomer was obtained. **°
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Ph
Ph
= [PACI,(PPh3),] /
CO/R2-NH, N-R?
Br [P(Cg)3C14l[BF4] Y
Scheme 11. Combined carbonylation and ring closure of 1-Bromo-2-(phenylethynyl)benzene

derivatives.

In each of the described reactions the application of ILs have led to improved

catalyst lifetime,"*"**” improved selectivity***** or improved reaction safety."*>**°

1.4.2 Carbonylation of Unsaturated C-C Bonds
The direct synthesis of acrylamides from terminal alkynes have been performed in

the imidazolium based IL [BMIM][ (CF3;SO,),N] (Scheme 12). The reaction was
performed in neat [BMIM][ (CF3SO,),N] under mild conditions (13.8 bar and
110°C), followed by extraction of the into toluene giving the a-methylene amide
in 85% yield under optimised conditions. The conversion of internal alkynes could
also be performed although with lower yields. The catalyst-containing IL could be
recycled 5 times without loss of activity or selectivity.*’

o
R Pd(OAc),, d o
+ CO + HNRR_T(OAC) dppp :?-—NRR
| [BMIM][(CF3S0,),N] .

Ph Ph
ph- > Poppy
Scheme 12. Formation of acrylamide in imidazolium based IL.

dppp=

The direct synthesis eliminates a reaction step which is a considerable
improvement of the procedure. Furthermore the product was formed
regioselectively when the reaction was performed in [BMIM][ (CF3SO,),N], thus
avoiding the need for separation of the three possible regioisomers. The reaction
was also studied with [BMIM][PFs] as solvent and in this case mixed
regioisomers was obtained.*’

NR, R?
R
PdI,/KI PdI,/KI NEt,

_Z =0

1 2

Rz 7 [EMIMIEtSO,/0, RN -7 [EMIM]EtSO,/O, Rst/o
R R

Scheme 13. Formation of 2-oxazolidinones by cascade amino- and hydroxy-carbonylation.
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The aminocarbonylation of terminal alkynes have also been investigated for a
PdI/KI catalyst system dissolved in [EMIM][EtSO,]. The reaction formed 2-
oxazolidinones according to Scheme 13 by two sequential carbonylations. After
reaction, the product was extracted with diethyl ether and the IL phase recycled.
During five consecutive runs, activity and sterioselectivity was maintained for all
the tested substrates.'*®

1.4.3 Carbonylation of Amines

1.4.3.1 Carbonylation in Multiphase Systems
The limited solubility of some palladium complexes in conventional solvents and

the improved sustainability that could be obtained from a recyclable catalytic
system has motivated the investigation into oxidative carbonylation in IL. The
oxidative carbonylation of amines have been performed in IL system according to
Scheme 14. Full conversion to the intended diphenyl urea was obtained although
under forcing conditions (40 bar and 140°C). After the reaction, water was added
to precipitate the product while the catalyst remained in the IL. Removal of water
by distillation enabled the recycling of the catalyst. The reaction was sparingly
active without IL most likely due to the poor solubility of the catalyst in organic
solvents. '® The reaction was also catalysed by a Pdl,/KI system in neat
[BMIM][BF,4]. In this instance, the product could be extracted into diethyl ether
after reaction and substantially milder reaction conditions (20 bar and 90°C)

could be used.™’

NH, [PdCl(Phen)] H H
O/ [BMIM][BF,] \ﬂ/
CO/0,/MeOH o
Scheme 14. Oxidative carbonylation in of amines in imidazolium based IL.

In the two examples of oxidative carbonylation in ionic liquid recyclable systems
have been obtained in both cases.

1.4.3.2 Carbonylation on Supported Ionic Liquid Phase
In response to the stabile catalytic system which was obtained under the

conditions described in Scheme 14, a Pd-based silica gel confined IL catalyst was
applied in the reductive carbonylation of nitrobenzene and aniline (Scheme 15).**

©/N042- ©/NH2 Pd- DM|mBF4/snllcageI ©/ \©

Scheme 15. Formation of diphenyl urea by reductive carbonylation.
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The catalyst was prepared by one-pot synthesis forming a solid. The catalyst
material was applied under solvent free conditions and high temperature and
pressure (50 bar and 180°C).

A TOF of 7440 h™* was obtained but extraction of the product from the catalyst
material with methanol also led to the removal of the IL and a drop in conversion
was observed when the catalyst was recycled.™*

The carbonylation of iodobenzene in the presence of morpholine was studied
using Pd-based SILP catalysts applying [BMIM][BF,] and [BMIM][PF] as the IL
phase (Scheme 16). Under forcing conditions (30 bar and 100°C), full conversion

and 96% selectivity to the a-ketoamide could be obtained.

H o) (\o o
I N Pd-SILP
. _ Pd-SILP NS s N
O Qe Y OO

Scheme 16. Aminocarbonylation of iodobenzene on SILP.

In this study, the anion was shown to affect the selectivity of the reaction since a
slightly more selective catalytic system was obtained using [BMIM][BF,4] than
with [BMIM][PF¢]. During the optimisation of the reaction conditions, it was
observed that more polar and coordinating solvents such as DMF resulted in more
active catalytic systems and that longer reaction times improved the stability of
the catalyst upon recycling and a maximum TON of 333 was achieved during six
recycles of 12 hours. At reaction times shorter than 12 hours the
[Pd(dba);-CHCL;)/[BMIM][BF,]-SILP was the least stable catalyst examined.
Leaching of palladium into the reaction mixture was observed for all the tested
catalysts. Applying the catalyst to other secondary amines, selectivity appeared to
be affected by both steric and electronic properties while bulky amines resulted in
lower conversions. . Unfortunately no characterisation of the spent catalyst was
performed.”™

Even though the aminocarbonylation of iodobenzene has been performed
successfully in bulk IL it was not possible to repeat these results using SILP
catalysts. In both of the reactions mentioned above, the IL was observed to leak
from the catalyst material and only under certain conditions could a stable catalyst
be obtained in the case of aminocarbonylation of iodobenzene.

1.4.3.3 Solid Supported Homogenous Catalysts
In the case of aminocarbonylation, homogeneous catalysts supported on solids by

other means than SILP have been investigated to a greater extent. lodoarenes have
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been the substrate of choice and the formation of amides and a-ketoamides have
been studied with Pd-complexes with P,*%° S 1* S and N™® containing
ligands that were supported on polymers,*** silica’®2**3*%>157159 and zeolites.*®

Palladium-carbene functionalised polystyrene (Ps-Pd-NHC)*®" has been applied
for the aminocarbonylation of iodoarenes in water under mild conditions (100 psi
and 100°C, Scheme 17 )."*® After reaction, the catalyst was removed by filtration,
washed and dried before recycling. Good functional group tolerance was observed
for the iodoarene substrate while the reaction was more sensitive to the nature of

the amine.
| Ps-Pd-NHC o ' /NYN
X ————— R2 .
R—:(j/ NHRIRZ/COR. X N CI-Pd-Cl
= Na,COy/H,0 U ___ R' : ~ N)\N/

\—/

Ps-Pd-NHC

Scheme 17. Aminocarbonylation of iodoarenes over polystyrene supported palladium carbene.

o-aminopyridine and and m-aminopyridine was also tolerated as nucleophiles
although a steep decrease in yield was observed for o-aminopyridine. The dried
catalyst material was recycled 4 times without loss of activity or selectivity. The
product phase was analysed by ICP-AES and the palladium content was found to
be below the detectable limit (0.01 ppm). Pd(OAc), was applied in a homogeneous
test reaction under identical conditions and similar activities were observed for the
two catalysts.

The aminocarbonylation of iodoarenes to form amides was also investigated using
[PACI,(Phen)] encaged in Y zeolite (PdCl,(phen)@Y) under more forcing
conditions (20 bar and 130°C). Recyclability was compared for two
heterogeneous catalysts (Pd/Y and Pd/C) and two solid supported homogenous
catalysts (PdCl,(phen)@Y and [PdCl,(phen)] adsorbed on Y zeolite). Similar
conversion was obtained for all catalysts in the first run but only PdCl,(phen)@Y
preserved activity during 16 runs. The fresh and spent catalyst were analysed by
XPS. Spectra of the fresh PdCly(phen)@Y catalyst contained signals
corresponding to N, C, Cl and Pd binding energies characteristic for the
[PACI,(phen)] complex. After the first run, only signals corresponding to Pd(0)
were observed and the CI signal was absent. Hot filtration experiments indicated
the formation of stable nanoparticles. Interestingly, the signal assigned to the Ns
binding energy gradually decreased in intensity with the number of recycles.*®
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Limiting the substrate scope to iodobenzene the aminocarbonylation was
investigated with Pd-phosphine functionalised mesoporous silica materials.'® The
solid supported catalyst was prepared by grafting Pd-complexes of
(triethoxy)silylpropyl tagged phosphines onto SBA-15 mesoporous silica (Figure

10).
R R
Cl g g ci Ph Ph
—-Pd >\~ _pn-P
P8 5o cI-Pd P 0
) WOQ/ Ph’,P\/N\/\/SijCB
R I/ Ph o
si<®
R: Cy, Ph

Figure 10. Silica grafted complexes applied in aminocarbonylation of iodobenzene.

The prepared catalyst was compared to commercially available heterogeneous
catalysts and was found to outperform these with respect to conversion but full
selectivity towards the desired o-ketoamide was only obtained with the
heterogeneous Pd/Y-catalyst. In three consecutive recycles, the catalyst exhibited
no significant loss in activity or change in selectivity although a decrease in the
activation time was observed for the second and the third run, which was ascribed
to the formation of small and well dispersed nanoparticles.™®* Hot filtration
experiments indicated a homogenous mechanism relying on the leaching of
palladium during catalysis. Similar results were obtained with bidentate
phosphines.'*®

Similar results were obtained using Pd-complexes with S,™° Se® or N™®
containing ligands supported on silica*®**°3*%01°7183 gnd MCM-41.*°

In conclusion, the Y-zeolite confined catalyst and the polymer supported carbene
stand out as the only stable catalysts but displayed rather low activities.

A recent review by de Vries et al.® on covalently bonded solid supported
homogeneous catalysts for metathesis, Heck- and hydrogenation reactions
described the same trends.” These findings led the reviewers to discourage further
publication of solid supported homogeneous catalysts, and encourage research
into catalyst decomposition. They also listed a number of catalyst-characterisation
best-practice measures. However, the aim to develop catalyst for continuous flow
production of platform chemicals within fine chemical and pharmaceutical
synthesis under mild and safe conditions remains valid. For homogenous catalyst
to be applicable in such processes both very active and very stable catalysts are
required. These aims have been achieved with biphasic or SILP systems.'%'%
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1.5 Objectives
The aim of this thesis is to study palladium catalyzed aminocarbonylation

reactions and the influence that the application of ILs as solvent or co-catalysts
may have on the activity and selectivity of these reactions. The effect of physical
reaction parameters and the stabilizing effects of ligands and ILs on the catalyst
are examined with the principal aim to improve the understanding of the reaction
mechanism. This serves the purpose of a rational ligand design and reaction
optimization.

The specific objectives organized by chapter can be summarized as follows:

Preparation of Benzamides by Carbonylation of Anilines

e To study a new, simple and robust synthesis procedure for the formation
of benzamide.
e To study the ligand effect on catalytic performance
Palladium Catalyzed Carbonylation of Anilines in lonic Liquid

e To optimize the physical parameters of the reaction.

e To evaluate the influence of several oxidants and ionic ligands on the
output of the reaction.

e To shed further light on the mechanism of the reaction through high
pressure NMR-experiments.

Oxidative carbonylation of Aniline in Continuous Flow

e To synthesise and characterise a solid supported catalyst for continuous
liquid phase conditions by application of Supported lonic Liquid Phase
technology.

e To study the influence of ligands and supports on catalyst activity and
stability.

27



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

1.6 References

(1)
()

©)
(4)
()
0
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)
(16)
(17)
(18)
(19)

(20)

(21)

Nobelstiftelsen. Nobel Lectures: Chemistry 1901-1921; Elsevier, 1966.
Berzelius, J. J. Arsberéttelse om Framstegen i Fysik och Kemi; Stockholm,
1835.

van Leeuwen, P. W. N. M. Homogeneous Catalysis. Understanding the
Art; Kluwer Academic Publishers, 2004.

Rothenberg, G. Catalysis: Concepts and Green Applications; Wiley-VCH
Verlag GmbH & Co. KGaA, 2008.

Ross, J. R. H. In Heterogeneous Catalysis: Fundamentals and
Applications; Elsevier B.V, 2012; pp. 47-64.

Ertl, G. Angew. Chemie - Int. Ed. 1990, 29, 1219.

Dumesic, J. A.; Huber, G. W.; Boudart, M. In Handbook of Heterogeneous
Catalysis; Ertl, G.; Kndzinger, H.; Schiit, F.; Weitkamp, J., Eds.; Wiley &
Sons, Ltd., 2008; pp. 1-15.

Duecker, W. W.; West, J. R. The Manufacture of Sulfuric Acid;
Monograph series; Reinhold Publishing Corporation, 1959.

Néumann, F.; Schulz, M. In Handbook of Heterogeneous Catalysis; 2005;
pp. 2623-2635.

Ertl, G. In Catalytic Ammonia Synthesis: Fundamentals and Practice;
Jennings, J. R., Ed.; Springer US: Boston, MA, 1991; pp. 109-132.
Nitschke, C.; Scherr, G. In Ullmann’s Encyclopdia of Industrial
Chemistry; 2012; pp. 1-12.

Davis, B. H. In Handbook of Heterogeneous Catalysis; Ertl, G.;
Knézinger, H.; Schiit, F.; Weitkamp, J., Eds.; Wiley & Sons, Ltd., 2008;
pp. 16-37.

Somorjai, G. A. Top. Catal. 2008, 48, 1.

Current Trends of Surface Science and Catalysis; Park, J. Y., Ed.; Springer
us, 2014.

Clark, J. H.; Macquarrie, D. J.; Bruyn, M. De. In Kirk-Othmer
Encyclopedia of Chemical Technology; 2011; pp. 1-37.

Qin, Y.; Zhu, L.; Luo, S.; Acti-, D. O. C. H. B. In Chemical Reviews;
2016; Vol. C-H activa, pp. 1-14.

Gui, Z.; Zahrtmann, N.; Saravanamurugan, S.; Reyero, I.; Qi, Z.; Bafiares,
M. A.; Riisager, A.; Garcia-Suarez, E. J. Chem. Sel. 2016, 1, 5869.

Smith, M. B.; March, J. March’s advanced organic chemistry; Tth ed.;
Wiley & Sons, Ltd., 2006.

Crabtree, R. H. The Organometallic Chemistry of The Transition Metals;
John Wiley & Sons, Inc., 2005.

Stradiotto, M.; Lundgren, R. J. In Ligand Design in Metal Chemistry:
Reactivity and Catalysis; Stradiotto, M.; Lundgren, R. J., Eds.; Wiley &
Sons, Ltd., 2016; pp. 1-14.

Green, M. L. H. J. Organomet. Chem. 1995, 500, 127.

29



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(22)
(23)
(24)
(25)
(26)
(27)
(28)

(29)

(30)

(31)
(32)

(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)

(44)

Stuart, B. H. Infrared Spectroscopy: Fundamentals and Applications;
Analytical Techniques in the Sciences; John Wiley & Sons, Ltd:
Chichester, UK, 2004.

Hubner, S.; de Vries, J. G.; Farina, V. Adv. Synth. Catal. 2016, 358, 3.
Catalyst Separation, Recovery and Recycling; Cole-Hamilton, D. J,;
Tooze, R. P., Eds.; Springer, 2006.

Yang, H.; Han, X.; Li, G.; Ma, Z.; Hao, Y. J. Phys. Chem. C 2010, 114,
22221.

Martinez, A.; Krinsky, J. L.; Pefiafiel, I.; Castillén, S.; Loponov, K.;
Lapkin, A.; Godard, C.; Claver, C. Catal. Sci. Technol. 2015, 5, 310.
Rostamnia, S.; Doustkhah, E.; Bulgar, R.; Zeynizadeh, B. Microporous
Mesoporous Mater. 2016, 225, 272.

Garcés, K.; Fernandez-Alvarez, F. J.; Garcia-Ordufia, P.; Lahoz, F. J;
Pérez-Torrente, J. J.; Oro, L. A. ChemCatChem 2015, 7, 2501.

Orejon, A.; Masdeu-Bulté, A. M.; Salagre, P.; Castillén, S.; Claver, C.;
Padilla, A.; Almena, B.; Serrano, F. L. Ind. Eng. Chem. Res. 2008, 47,
8032.

Heterogenized homogeneous catalysts for fine chemical production;
Barbaro, P.; Liguori, F., Eds.; Springer, 2010.

Mobley, J. K.; Crocker, M. RSC Adv. 2015, 5, 65780.

Godoy, F.; Segarra, C.; Poyatos, M.; Peris, E. Organometallics 2011, 30,
684.

Didgikar, M. R.; Joshi, S. S.; Gupte, S. P.; Diwakar, M. M.; Deshpande, R.
M.; Chaudhari, R. V. J. Mol. Catal. A Chem. 2011, 334, 20.

Chen, S.-W.; Kim, J. H.; Ryu, K. Y.; Lee, W.-W.; Hong, J.; Lee, S.
Tetrahedron 2009, 65, 3397.

Garcia-Verdugo, E.; Altava, B.; Burguete, M. I.; Lozano, P.; Luis, S. V.
Green Chem. 2015, 17, 2693.

Riisager, A.; Eriksen, K. M.; Wasserscheid, P.; Fehrmann, R. Catal.
Letters 2003, 90, 149.

Riisager, A.; Wasserscheid, P.; Hal, R. Van; Fehrmann, R. J. Catal. 2003,
219, 452.

Wan, L.; Yu, H.; Cai, C. J. Fluor. Chem. 2012, 140, 107.

Kimberley, M. R.; Dobbs, A. P. J. Fluor. Chem. 2002, 118, 3.

Valkenberg, M. H.; DeCastro, C.; Holderich, W. F. Green Chem. 2001, 4,
88.

Toth, I.; Guo, I.; Hanson, B. E. J. Mol. Catal. A Chem. 1997, 116, 217.
Supported lonic Liquids: Fundamentals and Applications; Fehrmann, R.;
Riisager, A.; Haumann, M., Eds.; Wiley-VCH Verlag GmbH & Co.
KGaA, 2014.

Haumann, M.; Wasserscheid. In RCS Catalysis Series; Hardacre, C.;
Parvulescu, V., Eds.; Royal Society of Chemistry, 2014; Vol. 15, pp. 410—
432.

Walden, P. Bull. Acad. Imper. Sci. St. Petershg. 1914, 8, 405.

30



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(45)
(46)

(47)
(48)

(49)

(50)
(51)

(52)
(53)
(54)
(55)
(56)
(57)
(58)
(59)
(60)
(61)
(62)
(63)

(64)
(65)

(66)
(67)
(68)
(69)
(70)

(71)

(72)

Dupont, J.; de Souza, R. F.; Suarez, P. a Z. Chem. Rev. 2002, 102, 3667.
Dai, Y.; van Spronsen, J.; Witkamp, G.-J.; Verpoorte, R.; Choi, Y. H. J.
Nat. Prod. 2013, 76, 2162.

Ohno, H.; Fukumoto, K. Acc. Chem. Res. 2007, 40, 1122,

Wilkes, J. S.; Levisky, J. A.; Wilson, R. A.; Hussey, C. L. Inorg. Chem.
1982, 21, 1263.

Bonhdte, P.; Dias, A.-P.,; Armand, M.; Papageorgiou, N.;
Kalyanasundaram, K.; Grétzel, M. Inorg. Chem. 1996, 35, 1168.

Wilkes, J. S.; Zaworotko, M. J. J. Chem. Soc., Chem. Commun. 1992, 965.
Carmichael, A. J.; Hardacre, C.; Holbrey, J. D.; Nieuwenhuyzen, M.;
Seddon, K. R. Mol. Phys. 2001, 99, 795.

Visser, aE.; Holbrey, J. D.; Rogers, R. D. Chem. Commun. 2001, 2484.
Holbrey, J. D.; Seddon, K. R. J. Chem. Soc. Dalt. Trans. 1999, 13, 2133.
Chun, S.; Dzyuba, S. V; Bartsch, R. a. Anal. Chem. 2001, 73, 3737.
Dzyuba, S. V.; Bartsch, R. A. Chem. Commun. 2001, 1466.

Sheldon, R. Chem. Commun. 2001, 2399.

Earle, M. J.; Esperanca, J. M. S. S.; Gilea, M. A.; Canongia Lopes, J. N.;
Rebelo, L. P. N.; Magee, J. W.; Seddon, K. R.; Widegren, J. A. Nature
2006, 439, 831.

Olivier-Bourbigou, H.; Magna, L.; Morvan, D. Appl. Catal. A 2010, 373,
1.

O’Mahony, A. M.; Silvester, D. S.; Aldous, L.; Hardacre, C.; Compton, R.
G. J. Chem. Eng. Data 2008, 53, 2884.

Wooster, T. J.; Johanson, K. M.; Fraser, K. J.; MacFarlane, D. R.; Scott, J.
L. Green Chem. 2006, 8, 691.

Kroon, M. C.; Buijs, W.; Peters, C. J.; Witkamp, G. J. Thermochim. Acta
2007, 465, 40.

Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; Broker,
G. a.; Rogers, R. D. Green Chem. 2001, 3, 156.

Amigues, E.; Hardacre, C.; Keane, G.; Migaud, M.; O’Neill, M. Chem
Commun 2006, 72.

Swatloski, R. P.; Holbrey, J. D.; Rogers, R. D. Green Chem. 2003, 5, 361.
Wang, H.; Gurau, G.; Kelley, S. P.; Myerson, A. S.; Rogers, R. D. RSC
Adv. 2013, 3, 10019.

Hallett, J. P.; Welton, T. Chem. Rev. 2011, 111, 3508.

Welton, T. Green Chem. 2011, 13, 225.

Welton, T. O. M.; Smith, P. J. Adv. Organomet. Chem. 2004, 51, 251.
Wasserscheid, P.; Keim, W. Angew. Chemie 2000, 39, 3772.

Werner, S.; Haumann, M.; Wasserscheid, P. Annu. Rev. Chem. Biomol.
Eng. 2010, 1, 203.

Riisager, A.; Fehrmann, R.; Haumann, M.; Gorle, B. S. K.; Wasserscheid,
P. Ind. Eng. Chem. Res. 2005, 44, 9853.

Consorti, C. S.; Dupont, J. In Modern Carbonylation Methods; Kollar, L.,
Ed.; Wiley-VCH Verlag GmbH & Co. KGaA, 2008; pp. 135-160.

31



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(73)

(74)
(75)

(76)
(77)
(78)
(79)
(80)

(81)
(82)
(83)
(84)
(85)
(86)

(87)
(88)

(89)
(90)
(91)
(92)
(93)
(94)
(95)
(96)

(97)
(98)

New Syntheses with Carbon Monoxide; Falbe, J., Ed.; Springer-Verlag
Berlin Heidelberg, 1980.

Papp, M.; Skoda-Foldes, R. J. Mol. Catal. A. Chem. 2013, 378, 193.

Zirbs, R.; Strassl, K.; Gaertner, P.; Schroder, C.; Bica, K. RSC Adv. 2013,
3, 26010.

Sievers, C.; Jimenez, O.; Muller, T. E.; Steuernagel, S.; Lercher, J. A. J.
Am. Chem. Soc. 2006, 128, 13990.

Knapp, R.; Wyrzgol, S. A.; Reichelt, M.; Hammer, T.; Morgner, H.; Ml
Ller, T. E.; Lercher, J. A. J. Phys. Chem. C 2010, 114, 13722.

Mehnert, C. P.; Cook, R. A.; Dispenziere, N. C.; Afeworki, M. J. Am.
Chem. Soc. 2002, 124, 12932.

Mehnert, C. P.; Mozeleski, E. J.; Cook, R. A. Chem. Commun. 2002, 3010.
Riisager, A. PhD Thesis - Biphasic hydroformylation catalysis: Structure
and reactivity of immobilized Rh catalysts modified with water-soluble
phosphine ligands, Technical University of Denmark, 2002.

Wasserscheid, P.; Eichmann, M. Catal. Today 2001, 66, 309.

Schoenberg, A.; Heck, R. F. J. Org. Chem. 1974, 39, 3327.

Schoenberg, A.; Bartoletti, I.; Heck, R. F. J. Org. Chem. 1974, 39, 3318.
Grigg, R.; Mutton, S. P. Tetrahedron 2010, 66, 5515.

Kiss, M.; Takéacs, A.; Kollar, L. Curr. Green Chem. 2015, 2, 319.

De La Fuente, V.; Godard, C.; Claver, C.; Castillén, S. Adv. Synth. Catal.
2012, 354, 1971.

Takéacs, A.; Petz, A.; Kollar, L. Tetrahedron 2008, 64, 8726.

Yamamoto, A.; Ozawa, F.; Osakada, K.; Huang, L.; Son, T.; Kawasaski,
N.; Doh, M. Pure Appl. Chem. 1991, 63, 687.

Ozawa, F.; Kawasaki, N.; Okamoto, H.; Yamamoto, T. Organometallics
1987, 6, 1640.

Ozawa, F.; Sugimoto, T.; Yuasa, Y.; Santra, M.; Yamamoto, T.
Organometallics 1984, 3, 683.

Ozawa, F.; Takino, H.; Izawa, K.; Yamamoto, T. J. Am. Chem. Soc. 1985,
107, 3235.

Fernandez-Alvarez, V. M.; de la Fuente, V.; Godard, C.; Castillon, S.;
Claver, C.; Maseras, F.; Carbo, J. J. Chem. - A Eur. J. 2014, 20, 10982.
Nielsen, D. U.; Neumann, K.; Taaning, R. H.; Lindhardt, A. T.; Modvig,
A.; Skrydstrup, T. J. Org. Chem. 2012, 77, 6155.

de la Fuente, V.; Godard, C.; Zangrando, E.; Claver, C.; Castillén, S.
Chem. Commun. 2012, 48, 1695.

de la Fuente, V.; Godard, C.; Zangrando, E.; Claver, C.; Castillén, S.
Chem. Commun. 2012, 48, 1695.

Wu, X.-F.; Schranck, J.; Neumann, H.; Beller, M. Tetrahedron Lett. 2011,
52, 3702.

Yu, H.; Zhang, G.; Huang, H. Angew. Chemie - Int. Ed. 2015, 54, 10912.
Zhao, X.; Liu, D.; Guo, H.; Liu, Y.; Zhang, W. J. Am. Chem. Soc. 2011,
133, 19354.

32



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(99)

(100)
(101)
(102)

(103)
(104)

(105)
(106)
(107)
(108)
(109)
(110)
(111)
(112)
(113)

(114)
(115)

(116)
(117)
(118)
(119)
(120)
(121)

(122)
(123)

(124)
(125)

(126)

Murahashi, S.-1.; Hirano, T.; Yano, T. J. Am. Chem. Soc. 1978, 7, 348.
Murahashi, S.; Makabe, Y.; Kunita, K. J. Org. Chem. 1988, 53, 4489.
Michel, B. W.; Steffens, L. D.; Sigman, M. S.; Michel, B. W.; Steffens, L.
D.; Sigman, M. S. In Organic Reactions; John Wiley & Sons, Inc.:
Hoboken, NJ, USA, 2014; pp. 75-414.

Bertleff, W.; Roeper, M.; Sava, X. Carbonylation. Ullmann’s Encyclopdia
of Industrial Chemistry, 2012, 73-98.

Franke, R.; Selent, D.; Bo, A. Chem. Rev. 2012, 112, 5675.

Singh, C.; Kumar, V.; Sharma, U.; Kumar, N.; Singh, B. Curr. Org. Synth.
2013, 10, 241.

Allen, C. L.; Williams, J. M. J. Chem. Soc. Rev. 2011, 40, 3405.

Lee, S. 1; Son, S. U.; Chung, Y. K. Chem. Commun. 2002, 1310.

Fang, X.; Jackstell, R.; Beller, M. Angew. Chemie - Int. Ed. 2013, 52,
14089.

Xu, T.; Sha, F.; Alper, H. J. Am. Chem. Soc. 2016, 138, 6629.

Liu, H.; Yan, N.; Dyson, P. J. Chem. Commun. 2014, 50, 7848.
Jiménez-Rodriguez, C.; Nafiez-Magro, A. A.; Seidensticker, T.; Eastham,
G. R.; Furst, M. R. L.; Cole-Hamilton, D. J. Catal. Sci. Technol. 2014, 4,
2332.

Li, M.-B.; Li, H.; Wang, J.; Liu, C.-R.; Tian, S.-K. Chem. Commun. 2013,
49, 8190.

del Rio, I.; Claver, C.; van Leeuwen, P. W. N. M. Eur. J. Inorg. Chem.
2001, 2719.

Liu, J.; Li, H.; Spannenberg, A.; Franke, R.; Jackstell, R.; Beller, M.
Angew. Chemie - Int. Ed. 2016, 55, 13544.

Gadge, S. T.; Bhanage, B. M. RSC Adv. 2014, 10367.

Schneider, M. J.; Haumann, M.; Stricker, M.; Sundermeyer, J.;
Wasserscheid, P. J. Catal. 2014, 309, 71.

Gabriele, B.; Mancuso, R.; Salerno, G.; Veltri, L.; Costa, M.
ChemSusChem 2011, 4, 1778.

Mancuso, R.; Raut, D. S.; Della Ca’, N.; Fini, F.; Carfagna, C.; Gabriele,
B. ChemSusChem 2015, 8, 2204.

Chaturvedi, D. Tetrahedron 2012, 68, 15.

Alper, H.; Hartstock, F. W. J. Chem. Soc. Chem. Commun. 1985, 1141.
Shi, F.; Peng, J.; Deng, Y. J. Catal. 2003, 219, 372.

Giannoccaro, P.; Nobile, C. F.; Mastrorilli, P.; Ravasio, N. J. Organomet.
Chem. 1991, 419, 251.

Giannoccaro, P. J. Organomet. Chem. 1987, 336, 271.

Giannoccaro, P.; Ferragina, C.; Gargano, M.; Quaranta, E. Appl. Catal. A
Gen. 2010, 375, 78.

Mulla, S. A. R.; Gupte, S. P.; Chaudhari, R. V. J. Mol. Catal. 1991, 67, L7.
Zheng, S.-Z. Z.; Peng, X.-G. G.; Liu, J.-M. M.; SUN, W.; Xia, C.-G. G.
Chinese J. Chem. 2007, 25, 1065.

Kanagasabapathy, S.; Gupte, S. P.; Chaudhari, R. V. Ind. Eng. Chem. Res.

33



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(127)
(128)

(129)
(130)
(131)

(132)
(133)

(134)
(135)

(136)
(137)
(138)
(139)
(140)
(141)
(142)
(143)
(144)
(145)
(146)
(147)
(148)
(149)
(150)

(151)
(152)

1994, 33, 1.

Prasad, K.V. ; Chaudhari, R. V. J. Catal. 1994, 145, 204.

Peng, X.; Li, F.; Hu, X.; Xia, C.; Sandoval, C. a. Chinese J. Catal. 2008,
29, 638.

Ca’, N. Della; Bottarelli, P.; Dibenedetto, A.; Aresta, M.; Gabriele, B.;
Salerno, G.; Costa, M. J. Catal. 2011, 282, 120.

Gasperini, M.; Ragaini, F.; Cenini, S.; Gallo, E. Appl. Organomet. Chem.
2007, 21, 782.

Gasperini, M.; Ragaini, F.; Cazzaniga, C.; Cenini, S. Adv. Synth. Catal.
2005, 347, 105.

Kim, K. D.; Lee, S. M.; Cho, N. S.; Oh, J. S. J. Mol. Catal. 1992, 75.
Ragaini, F.; Larici, H.; Rimoldi, M.; Caselli, A.; Ferretti, F.; Macchi, P.;
Casati, N. Organometallics 2011, 30, 2385.

Ragaini, F. Dalt. Trans. 2009, 6251.

Mooibroek, T. J.; Schoon, L.; Bouwman, E.; Drent, E. Chemistry 2011, 17,
13318.

Mooibroek, T. J.; Bouwman, E.; Drent, E. Eur. J. Inorg. Chem. 2012,
2012, 1403.

Wehman, P.; van Donge, H. M. a.; Hagos, A.; Kamer, P. C. J.; van
Leeuwen, P. W. N. M. J. Organomet. Chem. 1997, 535, 183.

Ferretti, F.; Ragaini, F.; Lariccia, R.; Gallo, E.; Cenini, S. Organometallics
2010, 29, 1465.

Rimoldi, M.; Ragaini, F.; Gallo, E.; Ferretti, F.; Macchi, P.; Casati, N.
Dalton Trans. 2012, 41, 3648.

Ragaini, F.; Gasperini, M.; Cenini, S.; Arnera, L.; Caselli, A.; Macchi, P.;
Casati, N. Chem. - A Eur. J. 2009, 15, 8064.

Skoda-Foldes, R.; Takacs, E.; Horvath, J.; Tuba, Z.; Kollar, L. Green
Chem. 2003, 5, 643.

Muller, E.; Péczely, G.; Skoda-Foldes, R.; Takacs, E.; Kokotos, G.; Bellis,
E.; Kollar, L. Tetrahedron 2005, 61, 797.

Rahman, M. T.; Fukuyama, T.; Kamata, N.; Sato, M.; Ryu, I. Chem.
Commun. 2006, 1, 2236.

McNulty, J.; Nair, J. J.; Robertson, A. Org. Lett. 2007, 9, 4575.

Cao, H.; Alper, H. Org. Lett. 2010, 12, 4126.

Cao, H.; McNamee, L.; Alper, H. Org. Lett. 2008, 10, 5281.

Li, Y.; Alper, H.; Yu, Z. Org. Lett. 2006, 8, 5199.

Mancuso, R.; Maner, A.; Ziccarelli, 1.; Pomelli, C.; Chiappe, C.; Della Ca,
N.; Veltri, L.; Gabriele, B. Molecules 2016, 21, 1.

Szanti-Pintér, E.; Csok, Z.; Berente, Z.; Kollar, L.; Skoda-Foldes, R.
Steroids 2013, 78, 1177.

Rahman, T.; Fukuyama, T.; Kamata, N.; Sato, M.; Ryu, I. Chem. Commun.
2006, 1, 2236.

Shi, F.; Zhang, Q.; Gu, Y.; Deng, Y. Adv. Synth. Catal. 2005, 347, 225.
Genelot, M.; Villandier, N.; Bendjeriou, A.; Jaithong, P.; Djakovitch, L.;

34



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

Dufaudz, V. Catal. Sci. Technol. Catal. Sci. Technol 2012, 1886.

(153) Mane, R. S.; Sasaki, T.; Bhanage, B. M. RSC Adv. 2015, 5, 94776.

(154) Mansour, A.; Portnoy, M. J. Mol. Catal. A Chem. 2006, 250, 40.

(155) Hao, W.; Sha, J.; Sheng, S.; Cai, M. Catal. Commun. 2008, 10, 257.

(156) Cai, M.; Zhao, H.; Huang, Y. J. Mol. Catal. A Chem. 2005, 238, 41.

(157) Mingzhong, C.; Jun, Z.; Hong, Z.; Caisheng, S. React. Funct. Polym. 2002,
50, 191.

(158) Qureshi, Z. S.; Revankar, S. A.; Khedkar, M. V.; Bhanage, B. M. Catal.
Today 2012, 198, 148.

(159) Khedkar, M. V; Sasaki, T.; Bhanage, B. M. ACS Catal. 2013, 3, 287—293.

(160) Mei, H.; Hu, J.; Xiao, S.; Lei, Y.; Li, G. Appl. Catal. A Gen. 2014, 475, 40.

(161) Bagal, D. B.; Qureshi, Z. S.; Dhake, K. P.; Khan, S. R.; Bhanage, B. M.
Green Chem. 2011, 13, 1490.

(162) Batail, N.; Bendjeriou, A.; Djakovitch, L.; Dufaud, V. Appl. Catal. A Gen.
2010, 388, 179.

(163) Papp, M.; Szabd, P.; Srankd, D.; Skoda-Fdéldes, R. RSC Adv. 2016, 6,
45349.

(164) Khokarale, S. G.; Garcia-Suarez, E. J.; Fehrmann, R.; Riisager, A.
ChemCatChem 2017, 9, 1.

35



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

36



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

Chapter 2

Preparation of Benzamides by
Carbonylation of Anilines



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

Preparation of Benzamides by
Carbonylation of Anilines

This work was performed in collaboration with Jan Lorkowski, Uniwersytet im.
Adama Mickiewicza w Poznaniu.

2.1 Introduction

2.1.1 Activation of C-N Bonds
The activation of C-N bonds has recently received attention as a parallel and

complementary tool to C-X and C-H bond activation*? since this process could
give access to new synthetic pathways in organic synthesis.® With transition-metal
catalysis in rapid development, this bond activation reaction already yielded
impressive results.* The activation of C-N bonds have recently been reviewed."**

R' R R! R R_Rl ox R’
N—R N-M—-R N T IMeN
RZ R R2 R R m R?
(i) Oxidative addition. (if) Iminium activation for further
reaction.
R
IM R\1
\ N-M
H7 N-R!| T R2
H R?

Z>R

(iii) B-N elemination.
Scheme 1. Three general mechanisms for the C-N activation.
To date, three mechanisms have been proposed for this transformation (Scheme
1): (i) Oxidative addition to low-valent late transition metals, (ii) iminium
activation and (iii) B-N elimination." This chapter will focus on the catalytic
oxidative addition of amines.
The oxidative addition of primary amines is a challenging reaction due to the
inertness of C-N bonds. For instance, the length of an aryl-NH, bond is on average
1.35 A while that of an aryl-F is ca. 1.36 A and that of an aromatic C-H bond is
approximately 1 A.° However, the C-N bond becomes significantly elongated
upon formation of an ammonium group (to an average of 1.465 A), which thus
constitutes a significant activation. Moreover, the size and polarisability of the
ammonium-group, make this group a good leaving group.? In this context, the
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d5,7710

activation of C-N bonds is usually performed via Brgnste or Lewis

acidsactivation.® 3

The oxidative addition of amines is most commonly performed with allylamines
where the reaction intermediate can be stabilised through the formation of allyl-Pd
complexes. For this particular kind of reaction, allylic amines have become an
important class of pseudo-halides.? The oxidative addition of secondary ***° and
tertiary amines were also reported.’*?® Similarly to primary amines, secondary
amines are usually acid activated and/or used as allylic substrates.?”

o
o)
P \/\)J\
R ~
R~ . NR'
\/\)J\NRz RS 2
VR\/\/NRz
AP [ P|d R',N PiDdP ~_R
; sL~INR; R2N P~y
A -Pd IR
RNE S gy, Vco
.Pld/\/\R
¢o NR',

Scheme 2 Proposed mechanism for the carbonylation formation of benzamide.'®

Huang et al.?® and Murahashi et al.'® have investigated the carbonylation of

tertiary allylic amines without acid co-catalyst. Murahashi reported the synthesis
of RB,y-unsaturated amides from the corresponding allylamines. The mechanism
(Scheme 2)™ was proposed to proceed through oxidative addition of the amine
with formation of an allylic-Pd complex, CO coordination and insertion to give
the acyl-palladium complex followed by nucleophilic attack by the amide ligand.
The reactions performed in ethanol yielded ethyl hept-3-enoate, therefore
indicating that the involvement of an acyl-intermediate. However, in the absence
of alcohol, the amide formation via a carbamoyl-intermediate could not be
excluded.®

N X NH, Cco |

_N Pd/P-P

(o]
Scheme 3 Formation of quinolizinones from pyridyl-substituted allylamine.?

Huang et al. reported the synthesis of quinolizinones through the carbonylation of
pyridyl-substituted allylamines (see Scheme 3), with good functional-group
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tolerance on the pyridyl, while dialkylamines were preferred as leaving groups.
The reaction was proposed to follow the mechanism proposed by Murahashi et al.
In their study, Huang et al. reported an increased stabilization of the allylic
intermediate due to the coordinating ability of the pyridyl nitrogen.? Both groups
reported a large effect of the phosphine ligands: little or no activity was observed
with monodentate phosphines while the activity and selectivity of the reaction was
greatly affected by the bite angle in bidentate palladium-phosphine complex. This
effect has no clear origin but allylic stabilisation of the intermediate comples was
mentioned an important factor in the reaction. This was supported by the observed
tendency that superior activity was obtained with substrates forming sterically
protected allyls.”® The transformation of pyridyl-allylamines proceeded selectively
to quinolizinones and Xantphos was found to give the most active catalytic
system.”® Applying N,N-diethyl-2-hexenylamine as substrate the highest
selectivity was obtained with DPPB as ligand while DPPP resulted in a significant
formation of alternative products, among other dienes.*

Oxidative addition of aryl-amine C-N bonds to transition-metals under catalytic
conditions have, to the best of our knowledge, only been studied for Rh-
complexes.”*?® Stoichiometric reactions furnished by palladium are published
but to a much smaller extend.** The Rh-catalyzed reactions have been
investigated with primary, secondary and tertiary aryl-amines with ortho-acyl*"
or ortho-amide substituents.”* In a resemblance to C-H activation the ortho-
substituents have been observed to coordinate directly to the metal center.?

2.1.2 Preparation of Benzamides from Anilines
Developed strategies to obtain benzamides can be divided into two approaches.

One involves the direct breaking of the (sp?)C-N bond of unactivated anilines as
discussed above.*>* The other method involve the activation of C-N bond by
preparation of diazonium salts from anilines which can undergo oxidative addition
to palladium.*** This method has been widely applied even in large scale
process® and was recently adapted for the synthesis of benzamides by in-situ
formation of the required diazonium spicies.*’

Although the utilization of diazonium salts have many applications, this approach
suffer from three main disadvantages, e.i. the need for stoichiometric amount or
even excess of a diazotization reagents such as tert-butylnitrite, the sensitivity of
the reaction towards moisture as well as the handling of residual diazonium
intermediates which can be explosive.®%

A selective and functional-group tolerant method for the synthesis of benzamides
from anilines in the absence of additives, the need for inert atmosphere or dried
solvents, is therefore desirable.
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2.2 Results and Discussion
Initially, our investigation was focused on the aminocarbonylation of styrene in

the presence of aniline. Studies on palladium catalysed aminocarbonylation of
olefins are usually reported using phosphine ligands and in many cases, the
presence of an acid is required.** In an interesting report by Dyson et al.,
Pd/monophosphine systems was observed to catalyse the regioselective formation
of amides without added acid.*

Initially, some experiments were performed with PPhs as ligand (Table 1). First,
the reaction was carried out under the conditions reported by Dyson et al. (entry
1).*. The results obtained were in accordance with those reported. A brief study
on the effect of the reaction conditions was then performed. When the reaction
temperature was lowered to 90°C, an increase of the regioselectivity to the
branched product B was observed (entry 2). However, when the catalyst loading
was lowered from 5 to 2.5 mol%, no activity was observed. An increase in the
styrene/aniline ratio from 10 to 16.5 (entry 4) restored some activity (40%
conversion) but greatly affected the chemoselectivity of this reaction since the
benzamide product C was formed (33% selectivity) (entry 4). Although fully
selective aminocarbonylation of olefins can be challenging to obtain,***
benzamides were not previously reported as by-product in this reaction. In view of
this result, the styrene / aniline ratio was lowered to 1 and under these conditions
and 50% selectivity to the benzamide was obtained (entry 5). The reaction was
then performed in the absence of styrene and total selectivity to the benzamide
product C was obtained (entry 6).

In view of these results, the aim of our investigation was changed and we decided
to explore the production of benzamide from aniline and CO.
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Table 1. Substrate and complex effect on the reaction.?

JOEETSN Ss NoN S N
© + Pd, THF ©/\)‘\N + N,c + HI\Q
H H
A B C

Entry Catalyst Time Pd Aniline:Styrene  Conversion” A:B:C”
(hours) (mol%) ratio (%) (%)

1° 2 5 1:10 99 8:92:0
2 2 5 1:10 99 0:100:0
3 1 2 25 1:10 trace
4 2 2.5 1:16.5 40 0: 66:33
5 16 2.5 11 29 0: 50:50
6 16 2.5 1:- 99 0:0:100

®Reaction conditions: 0.3 mmol aniline, 2.5 mol% [PdCl,(PPh3),] with respect to aniline, 0.03 mmol
mesitylene, 50 bar CO, 6 mL THF, 90°C, 2 hours. "Calculated on basis of GC with mesitylene as

internal standard. “Reaction temperature was 125°C.

Next, the effect of the ligands was investigated (Tables 2 and 3). The use of the N-
heterocyclic carbene iPr was tested using two distinct precursors: the monomeric
PEPPSI complex 2 and the dimeric complex 3 (Table 2) and the results compared
with those obtained with the [PdCI,(PPhs),] precursor 1. The reactions were
performed at 90°C for 6h under 50 bar of CO and using THF as solvent. In all
cases, excellent conversions were obtained with full selectivity to the benzamide

product.
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Table 2. Effect of the ligand in the formation of benzamide from aniline.?

NH,

CO
—
p) Pd, THF
90° C

oo &%

CI'P|d Cl Cl—PId—Cl
N <
o |
3 o
1 2 3
Entry Pd Time Conversion®  Selectivity”
(hours) (%) (%)
1 1 6 92 >99
2 2 6 93 >09
3 3 6 97 >09

®Reaction conditions: 0.3 mmol aniline, 2.5 mol% Pd, 0.03 mmol mesitylene, 50 bar CO, 6 mL THF,
90°C. Calculated on basis of GC with mesitylene as internal standard.

Next, the bidentate phosphine ligands L1-L4 were tested under the same
conditions (Table 3). Bidentate ligands L1-L3 afforded very low conversions
under the conditions used (Table 3, entries 1-3), which is in accordance with
literature. On the other hand, when the P-C-P-pincer ligand L4 was used (entry 4),
62% conversion and full selectivity towards the formation of N-phenyl-benzamide
was obtained after 4 hours of reaction.
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Table 3. Testing of bidentate phosphine ligand on conversion and selectivity.?

t-B
t-Bu g
Ph Ph Ph R B
Php~Popp P P By
| Ph™ """ph t-Bu
Ph P—t-Bu /
R
t-Bu

/

t-Bu
L1 L2 L3 L4
NH, co [:::l\ 9
2 Pd, THF n-C
90° C H \©
C
Entry Ligand Time Conversion”  Selectivity”

(hours) (%) (%)
1 L1 2 trace >909
2 L2 2 trace >99
3 L3 4 trace >99
4 L4 4 62 >99

®Reaction conditions: 0.3 mmol aniline, 2.5 mol% PdCIl,(COD), 2.5 mol% ligand, 0.03 mmol
mesitylene, 50 bar CO, 6 mL THF, 90°C, 6 hours. PCalculated on basis of GC with mesitylene as
internal standard.

The results described in Tables 2 and 3 clearly demonstrated that both aryl groups
of the N-phenylbenzamide originated from the aniline substrate.

At this point, further optimisation experiments were conducted using the ligand
L4 (Table 4). When the reaction was performed under lower CO pressure (30 bar,
entry 1), only traces of the product were detected even after 16h of reaction,
revealing a crucial role of the CO pressure in this process. When the Pd loading
was lowered to 1 mol%, 54% conversion was obtained after 16h of reaction (entry
2). The use of a more coordinating solvent such as MeCN (entry 3) also led to
decrease in activity since 87% conversion was measured after 16h. This was most
likely caused by competitive coordination of the substrate and the solvent to the
Pd centre. When [Pd(acac),] was used as a Pd-precursor, a small drop in yield was
observed compared that obtained with [PdCI,(COD)]. Such an observation
indicates that formation of the active catalyst was slower, but that the chloride ion
was not involved in the catalytic cycle under the applied conditions.
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Table 4 Optimisation of the reaction conditions.?

NH
e 0L
2 Pd, THF n-C
90° C H

C
Entry Catalyst Pd loading Pco Time Conversion®
(mol%) (hours) (%)
1 [PdCI,(COD)] /L4 2.5 30 16 Trace
2 [PdCI,(COD)] /L4 1 50 16 54
3 [PdCI,(COD)] /L4 2.5 50 16 87
4 [Pd(acac),]/L4 2.5 50 6 91

®Reaction conditions: 0.3 mmol aniline, 2.5 mol% Pd, 2.5 mol% ligand, 0.03 mmol mesitylene, 50
bar CO, 6 mL THF, 90°C. "Calculated on basis of GC with mesitylene as internal standard. “Solvent
was MeCN.

With optimized conditions in hand, a series of benzamides with different
substituents were synthesized using either [PdCI,(COD)]/L4 or [PdCI,(IPr)], 3 as
catalyst precursors. Although for simple N-phenylbenzamides (Table 5, entry 1), 6
hours was found to be sufficient to reach stoichiometric conversion, longer
reaction times were required for substituted anilines and the reactions were
performed for 16h (Table 5, entries 2-8). Using [PdCl,(COD)]/L4 as catalytic
system, anilines bearing both electron electron donating (entries 2-3) and
withdrawing groups (entries 4-7) in para position of the aniline phenyl ring were
guantitatively and selectively converted into the corresponding benzamides. Full
separation of the catalyst was, on the other hand, non trivial. Furthermore,
quantitative conversion was obtained when applying sterically accessible or
moderately hindered substrates (Table 5, entries 1-8). However, when sterically
hindered ortho-substituted substrates 2-methylaniline and 2,6-dimethylaniline,
very low conversions (6% and 7% respectively) were achieved in 16 hours
(entries 9 and 10). To overcome this problem, [PdCI,(IPr)], 3 was used as Pd
precursor and provided 80% spectroscopic yield in the synthesis of 2-Methyl-N-
(2-methylphenyl)benzamide (Table 5, entry 9). Moreover, with the highly
hindered 2,6-dimethylanline, only 14% conversion of the substrate was observed
and the selectivity was switched towards the benzoic acid derivative (Table 5,
entry 10).
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Table 5. Substrate scope of the carbonylative benzamide synthesis.

NH R',R?
* co 0 @
2 | N ——-> N C\N X
// Pd, THF |/ |-||
R1R2 90°C R1,R2/
[PdCI2(COD)]/L4 [PACI,(IPD)],
Entry Aniline Time Conversion® Yield® Conversion
(hours) (%) (%) (%)
1 RYR*=H 6 >99 93
2 R'=p-MeO, R*=H 16 >99 77
3  R'=p-Me, R*=H 16 >99 85
4 R'=p-Cl, R*=H 16 >99 72
5 R'=p-Br,R*=H 16 >99 67
6 R'=p-F, R*=H 16 >99 84
7 R'=p-l, R*=H 16 >99 52
8 R R*=m-Me 16 >99 82
9 R'=0-Me, R*=H 16 6 6 80
10 R R*=0-Me 16 7 7 14*
11 RY R2=H, N-Me 16 trace trace trace

®Reaction conditions: 0.3 mmol aniline, 2.5 mol% Pd, 2.5 mol% ligand, 0.03 mmol mesitylene, 50
bar CO, 6 mL THF. "Calculated on basis of GC with mesitylene as internal standard. “Isolated yield.
*Product was benzoic acid.

The formation of 2,6-dimetylbenzoic acid could suggest the formation of an acyl-
intermediate which undergo nucleophilic attack in the presence of water. Attempts
to convert N-methyl aniline were unsuccessful regardless of the ligand applied
(Table 5, entry 11). GC-MS analyses of reaction mixtures showed appearance of
benzoic acids as well as benzenes and phenyl-isocyanats in levels <1%. The
benzene derivatives were only observed in the presence of phenyl-isocyantate and
in all cases the substitution indicated that the source of these by-products was the
applied anilines. The fact that longer reaction times were needed for both
substrates bearing electron donating and withdrawing groups was surprising and
could suggest a change in mechanism depending on the electronic properties of
the substituents. Lower conversions as a consequence of steric hindrance is a
commonly occurring observation but the steep change in conversion which was
observed when switching catalyst from the formed Pd(11)/L4 to 2 indicate a high
degree of steric crowding on the catalytically active species when palladium was
stabilised by L4.
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2.2.1 Mechanistic Discussion
The starting point of this investigation was the aminocarbonylation of styrene and

firstly, a [PdCI,(PPhs),]-catalysed system was applied resulting in good selectivity
when applied under the conditions used in literatur.** During the optimization of
the reaction, it was observed that lowering the temperature and the palladium
loading lead to a competition between the formation of carboxamide and N-
phenyl benzamide. This was rather surprising since several examples of
aminocarbonylation of olefins under mild conditions and with similar catalysts
were previously reported.®***“® These systems involve additives which might
favour the formation of the active catalytic species.

Under the applied reaction conditions, [PdCI,(PPhs),] was found to be active in
both transformations and competition between the two reactions occurred. This
selectivity could be shifted by changing the amount of styrene (Table 1, entries 3-
6). Aminocarbonylation of amines generally involve the use of co-catalytic
acid®"*043458 and the formation of palladium-hydride species in the absence of
acid has been proposed to require halogen bearing palladium precursors* which
are not required in the formation of benzamide. Reactions performed with halogen
free precursors (Table 4, entry 4), lead to the selective formation of benzamides.
Further investigation of the reaction mixture by Electro Spray lonization Mass
Spectrometry did not lead to the observation of palladium hydride species.

In work by Murahashi et al.,'® deamination of the substrate was observed to take
place. Under our applied the conditions, deamination would lead to the formation
of ammonia. To determine if ammonia was formed under the conditions applied in
the present work, the gas phase found in the reactor after reaction, was bubbled
though milli-Q water, as detailed in the experimental section. The water was
subsequently subjected to a known colourmetric test*® which clearly identified
ammonia in the solution.

During the investigation of the formation of benzamide, benzoic acid was
identified in trace amounts in all but the most active experiments. This is
interesting firstly because condensation of benzoic acid with aniline is a well
known procedure in the formation of benzamide and secondly because higher
activity for the formation of benzamide was observed when the reaction was
performed in standard solvent than when the reaction was performed dried
solvent. This observation was repeated when catalytic amount of water was added
to dry solvent.

The ligand screening revealed a distinct difference between the three ligands
providing active complexes: Complex 1 was active in both aminocarbonylation of
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styrene and in benzamide formation wheras Pd(I1)/L4 and 3 were only active in
benzamide formation.

This led to three hypothesises: That the benzamide was formed from a cationic
Pd-H active species (Scheme 4), that the benzamide was formed starting from a
Pd(0) active species (Scheme 5) or that the product of the catalytic cycle was
benzoic acid and the benzamide formed through condensation (Scheme 6).

The first proposed mechanism is initiated by a cationic Pd-H species (2.1). The
first step in the reaction is the base abstraction of the hydride by the aniline. The
formation of the corresponding ammonium in turn activates the C-N bond for
oxidative addition to the Pd-centre (2.11). CO addition and insertion into the Pd-
aryl bond lead to the formation of the cationic Pd-acyl complex 2.111. At this stage
nucleophilic attach from either water or aniline result in the formation of benzoic
acid or 2.1V, respectively. Rearrangement of complex 2.1V leads to elimination of
benzamide and reformation of the active Pd-H.

i /@
N 21
" [Pd-H]+CI- @
//)//" HoN

HsN"
Pd"@
co
NH,

(0_
Pd

IZ-T

Cl
2.1v 2.11

s

2.1
Scheme 4. Proposed hydride mechanism for the formation of benzamide.

Metal hydrides are generally considered as bases and alkalimetal hydrides are
applied as such. In the case of transition metal hydrides the picture becomes more
complicated as additional ligands also affect the properties of the hydride.
Cationic palladium phosphine complexes have been observed to form acidic
hydrides ***° Complexes of this type would furnish the activation of the aniline
through ammonium formation which is the principal route in oxidative C-N bond
addition™*® and thus be an ideal starting point for C-N bond activation. Similarly
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Pd-H hydrides are the starting point of the aminocarbonylation of olefins as
discussed in Chapter 1. This would account for the competition between the two
reactions and the difference observed in selectivity between the applied
complexes: The more acidic the hydride of a given complex is, the further
displaced towards ammonium would the acid-base equilibrium be. In the
literature, cationic Pt-H, Pd-H and Ni-H complexes have been reported to have
equal acidity for equivalent complexes, while the palladium species have the best
hydride donor properties.®*®  Acidic Pd-H complexes have revived far less
attention in litterateur than their Pt and Ni counterparts due to the difficulty
associated with their preparation and investigation. The complexes are prone to
decompose under elimination of hydrogen.”*® The studied complexes are
frequently stabilised by alkyl-diphosphines and weakly coordinating anions such
as [BF4, [PFe], [CFsSOs]" and [SbFe].>*****°® The acidity of the cationic
palladium hydrides was reported to vary with both anion/solvent coordination
abillity®® and electron-donating properties of the ligand.”® For diphosphines,
geometrically distorted complexes provided lower hydride donor ability.***” This
was proposed to be an effect of the decrease in LUMO energy that follows a
distortion of the square planar geometry towards tetrahedral coordination in
complexes of large bite angle ligands.*®*! The observation by Huang et al.”® and
Murahashi et al.’® that amide formation was favoured by bidentate phosphines
with large natural bite angles, supports this hypothesis. On the other hand, in the
present investigation diphosphines were not observed to provide catalytically
active complexes. Furthermore, the formation of acidic Pd-H stabilised by aryl
phosphines have, to the best of our knowledge not been described in litterateur. In
summary, further information concerning the reactivity of acidic Pd-H complexes
in aminocarbonylation of amines and olefins is needed, in order to draw qualified
conclusions with respect to the viability of the proposed hydride mechanism. Such
information could possily, be drawn from competition experiments similar to the
experiments contained in Table 1.

Taking into account that Pd(L4)H was reporte to be unstable and that
hydrides, to the best of our knowledge, have not been reported for the applied
NHC complexes, a mechanism which do not involve the formation of a hydride
species has been considered.

d59£0
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Ar-COOH
Scheme 5 Proposed mechanism for the carbonylative formation of benzamide.

According to this hypothesis, the aminocarbonylation of aniline leading to the
formation of benzamide go through a Pd(0)-Pd(ll) cycle (Scheme 5). Moreover,
the high activity of complexes bearing strong c-donating ligands as well as the
formation of carboxylic acid from 2,6-dimethylaniline suggest that first step in
this reaction is direct oxidative addition of anilines to a Pd(0) centre and formation
of V similar as was presented for ruthenium(0) by Kakiuchi et al.?® and for
palladium by Fujiwara et al.** Species 2.VI can undergo further insertion of CO to
form 2.VI1 which then undergoes nucleophilic attack from aniline to form 2.VIII
under release of ammonia. Notably ammonia release is also observed in primary
aniline C-N bond activation by Pd(0) species** and by Ru(0) species.? Ammonia
was detected in the post-reaction gas phase of our experiments. Moreover species
2.V1I can react with water as nucleophile with formation of observed benzoic acid
derivatives. Last step in the cycle is reductive elimination of benzamide from
species 2.VI111 and regeneration of active species.

As a third proposal which can be mentioned, is the hydroxycarbonylation of
aniline for the formation of benzoic acid. Benzoic acid can be formed through one
of the previously mentioned mechanisms, followed by condensation of benzoic
acid with aniline forming benzamide and water.

NH, PdL2 Amllne /@
+ H,0
H20/co
Scheme 6. Sequential hydroxycarbonylation of aniline and condensation to form benzamide.
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Due to the release of water in the condensation reaction, trace amounts of water
would be sufficient allow the reaction to proceed by this path. The main
arguments for this mechanism are the familiarity of the reaction,® the increased
reaction rate in “wet” solvent and the observation of benzoic acid in the reaction
mixture. The main argument against the hypothesis is the low concentration of
acid observed. Applying 2,6-dimethylaniline as the substrate 14% aniline was
converted into the corresponding acid which indicate that water was available for
this transformation. That the condensation reaction did not proceed in this case,
can be associated with the combined steric hindrance of the amine and the
acid.®*® If the condensation is the hindered step in this reaction pathway a kinetic
study should show the accumulation of benzoic acid during the course of the
reaction.

In summary, three different reaction mechanisms for the formation of benzamide
from aniline has been proposed and the arguments in favouring or disfavouring
each of the mechanisms have been discussed.

The role of water in the formation of benzamide from aniline has not been studied
to date, but considering the ability of water as a nucleophile it is unlikely that
accumulation of benzoic acid would not occur in less active experiments. This
has not been observed and therefore this pathway must be disregarded
Considering the proposed hydride mechanism to form benzamide (Scheme 4),
cationic palladium hydrides are most frequently applied as water oxidation
catalysts.®*® Due to the dissimilarity between the organometallic systems which
have been reported to form acidic palladium hydride complexes®>***"*® and our
applied conditions the formation and catalytic activity of this type of complex
must be considered unlikely. The formation of amides through oxidative addition
of an amine to a Pd(0) complex has previously been proposed in
literature.'®2*?6%87 This would suggest the proposal to be credible but a thorough
mechanistic investigations which would support this theory has not been
published. Given the scarcity of publications on both topics further investigation
would very likely provide new information on the chemistry of acidic palladium
hydrides and palladium driven C-N activation.

2.3 Conclusions
In summary, novel palladium-based catalytic systems for the synthesis of various

substituted N-phenylbenzamides is described. It is noteworthy that the catalytic
system is additive free, robust and based on commercially available ligands. The
ligands were observed to have a significant influence on the chemoselectivity of
the reaction, most likely due to their different ability to stabilise hydride
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complexes. A wide range of primary anilines including sterically hindered
substrates were efficiently converted to benzamides in high yield. Moreover, the
possible reaction pathways have been discussed and two catalytic cycle involving
the cleavage of (sp?)C-N is proposed.

2.4 Experimental

2.4.1 General Experimental Details
The chemicals were obtained from Aldrich. Silica gel Geduran® Si 60 (40-63um)

and silica gel 60 F254 TLC sheets were supplied by Merck. Unless mentioned
otherwise all reactions were carried out under aerobic conditions with chemicals
and solvents used as received from supplier.

2.4.2 Characterisation Techniques and Analysis

'"H- and “C{'H}-NMR spectra were recorded on a Bruker spectrometer
respectively at 400 and 100 MHz at 25°C. Chemical shifts (& in ppm and coupling
constants J in Hz) were referenced to residual solvent resonances. GC/MS
analyses were performed on an Agilent Technology 6850 Network GC System
combined with 5975C VL MSD. ATR-FTIR spectra were recorded on Bruker
Alpha-P spectrometer. ESI-MS analysis was performed on a Waters SQD2
equipped with a standard ESI ion source. The basic ESI conditions were: vacuum,
3.7-107 mbar; Capillary voltage, 3.0 kV; Dry Heater temperature, 150°C. Data
acquisition and analysis were performed with the MassLynx (version3.0) software
package.

2.4.3 Synthesis

1,3-bis-(2,6-diisopropylphenyl)imidazolium chloride (IPrHCI) was synthesized
following a slightly modified procedure published by Nolan et al.?” 17.5 g (0.1
mol) 2,6-diisopropylaniline was weighted out in a round-bottomed flask and
dissolved in 100 mL of EtOH. 7 g (0.05 mol) 40wt% aqueous glyoxal solution
was added followed by three drops of formic acid and the mixture left to stirrer at
room temperature overnight. The bright yellow precipitate was filtered off,
washed with cold methanol and dried on the glass porous filter. Purity was
checked by 'H. 0.938 g of paraformaldehyde was transferred to a flame dried
schlenk under argon and 5.1 mL 4 M HCI in dioxane was added. The mixture was
stirred till the paraformaldehyde was completely dissolved and the solution turned
clear. 5.037 g bis-imine was added to a flamed dried schlenk under argon,
dissolved in 130 mL of THF and cooled to 0°C. The paraformaldehyde solution
was transferred to the bis-imine solution via canula, the mixture was allowed to
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heat to room temperature and left to stirrer overnight. The white precipitate was
filtered off, washed with THF and dried on the glass porous filter. ‘H NMR
chemical shifts corresponded to published data for the 1,3-bis-(2,6-
diisopropylphenyl)imidazolium chloride (IPrHCI).¥” *H NMR (401 MHz, DCCl5)
5 9.88(s, 2H, N-CH-N), 6 8.14(d, J =1.6, 2H, N-CH-CH-N), & 7.57 (t, J =7.8, 2H,
phen-p), &6 7.35 (d, J =7.9, 4H, phen-m), & 2.44(sep, J = 6.8, 4H), & 1.25(dd, J
=4.9, 6.1, 24H). Overall yield 44%.
1,3-Bis-(2,6-diisopropylphenyl)imidazolylidene was synthesized following a
slightly modified procedure published by Arduengo et al.®® 212.5 mg IPrHCI was
transferred to a flame dried schlenk, introduced into the glow box and dispersed in
2 mL THF. In the glow box 67.3 mg t-BuOK weight out in a vial, dissolved in 5
mL THF and transferred to the schlenk containing the IPrHCI. The mixture was
left to stirrer for half an hour, the schlenk was removed from the glow box and the
solvent removed under vacuum. The solid residue was redissolved two timed in
hexane and filtered via canula to a separate flame dried schlenk. The solvent was
removed under vacuum to yield 127 mg (67%) opalescent white solid. *H NMR
chemical shifts corresponded to published data for the 1,3-Bis-(2,6-
diisopropylphenyl)imidazolylidene (IPr).® *H NMR (401 MHz, THF-dg) & 8.14(d,
J=1.6, 2H, N-CH-CH-N), & 7.57 (t, J=7.8, 2H, phen-p), & 7.35(d, J=7.9, 4H, phen-
m), & 2.44(sep, J=6.8, 4H), & 1.25(dd, J=4.9, 6.1, 24H).
[PACI,(IPr)(3-chloropyridine)] was synthesized following a procedure published
by O Brien et al.* 88.5 mg (0.5 mmol) PdCl,, 234 mg (0.55 mmol) IPrHCI, 345.5
mg (2.5 mmol) K,CO; and 2 ml (14.8 mmol) 3-chloropyridine was loaded into a
schlenk which was heated to 80°C and left to stirrer overnight. The reaction
mixture was cool to room temperature, diluted with CH,CI, and filtered over celite
and silica. The solvent was removed under vacuum and the oily solid was washed
with pentane to yield 286 mg (89%) light yellow powder. *H NMR chemical shifts
of the solid corresponded to published data.®* *"H NMR (399 MHz, DCCls) &
8.60(dd, J=2.4, 0.5, 1H, N-CH-CCI), 4 8.52(dd, J=5.6, 1.4, 1H, N-CH-C), 6
7.55(ddd, J=8.2,2.4, 1.4, 1H, CCI-CH-C), 5 7.50(t, J =2.4, 2H, Ar-p), & 7.35(d,
J =7.8, 4H, Ar-p), & 7.14(s, 2H, N-CH-CH-N), § 7.07(ddd, J =8.2, 5.6, 0.5, 1H,
C-CH-C), 5 3.16(sept, J =6.8, 2H, me-CH-me), & 1.48(d, J =6.6, 12H, -CH,),

8 1.12(d, J =6.9, 12H, -CHs).
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[PACI,(PPh3),] was synthesised according to a slightly modified procedure
published by Verkuijl et al.”® In a schlenk flask under argon 176.3 mg (0.56
mmol) [PdCI,(CH3CN),] was dissolved in 40 mL dry dichloromethane and 352.5
mg (1.3 mmol) triphenylphosphine was added. The solution was stirred overnight
and the solvent removed under reduced pressure The crude was washed in
sequential portions of diethyl ether and ethanol and dried in vacuum overnight. *H
NMR and *P{"H} NMR chemical shifts of the solid corresponded to published
data.”® 'H NMR (401 MHz, CDCls) & 7.76-7.65(m, 10H), & 7.46-7.34(m, 20H).
$'P{*H} NMR (162 MHZ, CDClI;) & 24.3. Yield 356.1 mg (89%).

2.4.3.1 General Procedure for Synthesis of Benzamides
In a 50 mL Parr reactor with Teflon liner, appropriate amounts of palladium

catalyst or precursor, phosphine, aniline, mesitylene (internal standard) and 6 ml
of THF (HPLC grade from Aldrich) were added. The reaction vessel was closed,
purged trice with CO and finally pressurized with CO to required pressure. The
reactor was heated to the required temperature and the time was started when the
internal reactor temperature reached set temperature. After the reaction, the
reactor was cooled to room temperature and depressurized. The reaction mixture
was filtered through a short pad of silica and celite before injection in the GC-MS.
For product isolation, the reaction mixture was directly absorbed on silica and
purified by careful column chromatography using a heptane/ethyl acetate gradient
from 0 vol% to 5 vol% ethyl acetate. Evaporation of the solvent yielded the
products as white crystalline solids which were analysed by NMR, FTIR and mass
spectrometry.

N-Phenylbenzamide

Isolated yield: 93%."H NMR (CDCls, 8, ppm): 7.81 (d, J = 7.0 Hz, 2H), 7.73 (s,
broad, 1H) 7.58 (d, J = 8.3 Hz, 2H), 7.53 — 7.47 (m, 1H), 7.43 (t, J = 7.3 Hz, 2H),
7.36 —7.27 (m, 2H), 7.09 (t, J = 7.4 Hz, 1H). *C NMR (CDCl;, &, ppm): 165.84,
138.06, 135.17, 132.02, 129.28, 128.98, 127.15, 124.74, 120.31.

GC-MS: m/z (%) = 197.1 [M+] (42), 105.0 (100), 7.0 (45)

IR: 3342, 1653, 1598, 1525, 1437, 1320, 1259, 749, 715, 689

The spectroscopic data was in agreement with literature.®®
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4-Methyl-N-(4-methylphenyl)benzamide

CH
o /@/ 3
N
H
H5;C

Isolated yield: 77%. *H NMR (CDCl, 5, ppm): 7.76 (d, J = 8.2 Hz, 2H), 7.72 (s,
broad, 1H) 7.52 (d, J = 8.4 Hz, 2H), 7.28 (d, J = 7.9 Hz, 2H), 7.17 (d, J = 8.2 Hz,
2H), 2.42 (s, 3), 2.34 (5,1H).

BC NMR (CDCls, 6, ppm): 165.68, 142.41, 135.60, 134.24, 132.36, 129.73,
129.57,127.13, 120.34, 21.63, 21.04.

GC-MS: m/z (%) = 225.1 [M+] (41), 119.1 (100), 91.1 (30)

IR: 3347, 1646, 1595, 1515, 1402, 1317, 1256, 810, 749.

The spectroscopic data was in agreement with literature.”®"*

4-Methoxy-N-(4-methoxyphenyl)benzamide

OCH
: T
H,CO

Isolated yield: 85%. 'H NMR (CDCls, 8, ppm):7.83 (d, J = 8.9 Hz, 2H), 7.65 (s,
broad, 1H), 7.52 (d, J = 9.0 Hz, 2H), 6.97 (d, J = 8.9 Hz, 2H), 6.90 (d, J = 9.0 Hz,
2H), 3.87 (s, 3H), 3.81(s, 3H).

3C NMR (CDCls, 3, ppm): 165.26, 162.58, 156.67, 131.31, 128.97, 127.35,
122.22,114.39, 114.10, 55.66, 55.61.

GC-MS: m/z (%) = 257,1 [M+] (29), 135,0 (100), 77,1 (11).

IR: 3324, 1643, 1605, 1514, 1245, 1029, 823, 527.

The spectroscopic data was in agreement with literature.”

4-Chloro-N-(4-chlorophenyl)benzamide

Isolated yield: 72%. *H NMR (CDCls, 5, ppm): 9.60 (s, 1H), 7.17 (d, J = 8.0 Hz,
2H), 6.99 (d, J = 8.4 Hz, 2H), 6.80 (d, J = 8.0 Hz, 2H), 6.60 (d, J = 8.4 Hz, 2H).
13C NMR (CDCly, 8, ppm): 164.49, 137.92, 136.52, 133.34, 129.61, 128.52,
128.47,127.41, 121.88.
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GC-MS: miz (%) = 265,0 [M+] (24), 139,0 (100), 111,0 (30), 75 (11).
IR: 3343, 1650, 1593, 1515, 1493, 1398, 1315, 1095, 823.
The spectroscopic data was in agreement with literature.”* "

4-Bromo-N-(4-bromophenyl)benzamide

B
o /[::j/ r
N
H
Br

Isolated yield: 67%. "H NMR (CDCls, 8, ppm): 7.75 (s, broad overlapping, 1H),
7.73 (d, J = 8.6 Hz, overlapping, 2H), 7.63 (d, J = 8.6 Hz, 2H)., 7.54-7.47 (m,
4H). *C NMR (CDCls, 3, ppm): 164.81, 136.87, 133.57, 132.29, 128.75, 127.03,
121.91, 117.61.

GC-MS: m/z (%) = 354.9 [M+] (28), 182.9 (100), 154.9 (26), 76.0 (15).

IR: 3337, 1649, 1591, 1517, 1393, 1312, 1074, 1010, 820, 753.

The spectroscopic data was in agreement with literature.’

4-Fluoro-N-(4-fluorophenyl)benzamide

o

Isolated yield: 84%. *H NMR (CDCls, 8, ppm): 7.90-7.86(m, 2H), 7.73 (s, broad
1H) 7.60-7.56 (m, 2H), 7.19 (t, J = 8.6 Hz, 2H), 7.07 (t, J = 8.7 Hz, 2H).

3C NMR (CDCls, 8, ppm): 164.98 (d, "Jc.r = 252.9 Hz), 164,64 (s) 159.64 (d, “Jc.
£ = 244.2 Hz), 133.70 (d, “Jc.r = 2.9 Hz), 130.88 (d, “Jc.r = 3.1 Hz), 129.39 (d, *Jc.
£ =9.0 Hz), 122.17 (d, *Jc¢ =7.9 Hz), 116.00 (d, 2Jc.r =11.2 Hz), 115.78 (d, “Jc.r
=11.8 Hz).

GC-MS: m/z (%)= 233.0 [M+] (28), 123.0 (100), 95(37).

IR: 3361, 1650, 1599, 1532, 1503, 1404, 1190, 1095, 830, 759.

The spectroscopic data was not available in literature.
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4-1odo-N-(4-lodophenyl)benzamide

|
2T
jog
H
|
Isolated yield: 52%. *H NMR (CDCls, 8, ppm): 10.37 (s, 1H), 7.92 (d, J = 8.5 Hz,
2H), 7.73 (d, J = 8.5 Hz, 2H), 7.69 (d, J = 8.8 Hz, 2H), 7.61 (d, J = 8.9 Hz, 2H).
3C NMR (CDCls, 8, ppm): 165.38, 134.50, 130.08, 122.96, 99.98, 88.02.
ESI-MS: m/z =449.75.
IR: 3326,15, 1649, 1586, 1512, 1390, 1313, 1061, 1006, 817.
The spectroscopic data was in agreement with literature.”

3,5-dimethyl-N-(3,5-dimethylphenyl)benzamide

(o}

w1 L
H

CH,
Isolated yield: 82%. 'H NMR (CDCls, 8, ppm): 7.68 (s, broad, 1H), 7.45 (s, 2H),
7.29 (s, 2H), 7.17 (s, 1H), 6.79 (s, 1H), 2.39 (s, 6H), 2.33 (s, 6H). *C NMR
(CDCls, 8, ppm): 166.08, 138.93, 138.65, 138.02, 135.34, 133.49, 126.32, 124.85,
117.95, 21.55, 21.43.

GC-MS: m/z (%) = 253.2 [M+] (28), 133,1 (100), 105,1(20), 77,1 (10)

IR: 3264, 2913, 1644, 1598, 1524, 1420, 1318, 1234, 848, 799, 685.

The spectroscopic data was in agreement with literature.”

2-methyl-N-(2-methylphenyl)benzamide

CH; O
N
H

CH,
GC-yield: 80%, *H NMR (CDCls, 8, ppm): 8.00 (s, broad, 1H), 7.53 (d, J = 7.0
Hz, 1H), 7.38 (t, J = 7.3 Hz, 1H), 7.30-7.22 (m, 6H), 7.12 (t, J = 7.4 Hz, 1H), 2.54
(s, 3H), 2.31 (s, 3H)
3C NMR (CDCls, 8, ppm): 168.08, 136.56, 135.75, 131.36, 130.61, 130.31,
128.99, 126.93, 126.68, 125.98, 125.40, 122.96, 19.94, 17.96.
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GC-MS: m/z (%) = 225.1 [M+] (24), 119.1 (100), 91.1 (27), 65.5 (10).
IR: 3262, 1646, 1521, 1493, 1455, 1309.
The spectroscopic data was in agreement with literature.”

2.4.4 Electron Spray lonization Mass Spectrometry Experiment
[PACI(COD)] (2.1 mg), L4 (2.9 mg) and aniline (27.9 mg) was placed in a 50 mL

Parr reactor fitted with a Teflon liner. 6 ml of THF (HPLC grade from Aldrich)
and 8 pL of mesitylene (internal standard) were added. The reaction vessel was
closed, flushed trice with CO and pressurized with CO to 50 bar. The reaction
mixture was heated to 90°C and after reaching demanded temperature stirred for
an hour. After cooling and depressurization the reaction mixture was divided in
two. One part was diluted with THF and injected directly on ESI-MS and the
second one was injected to GC-MS for confirmation of aniline conversion.

2.4.5 Ammonia Detection Experiment by the Indophenol Blue Method
[PACI2(COD)] (2.1 mg), L4 (2.9 mg) and aniline (27.9 mg) was placed in a 50

mL Parr reactor fitted with a Teflon liner. 6 ml of THF (HPLC grade from
Aldrich) and 8 pL of mesitylene (internal standard) were added. The reaction
vessel was closed, flushed trice with CO and pressurized to 50 bar with CO. The
reaction mixture was heated to 90°C and after reaching demanded temperature
stirred for six hours. The Parr reactor was cooled to room temperature and the gas
phase was slowly vented to a trap containing 25 ml of distilled water. When no
more bubble was observed, water from the trap was transferred to a 50 mL round
bottomed flask with stopper and magnetic stirrer bar. The presence of ammonia in
solution was observed using a standard colorimetric method.49 The water
collected from the trap was added 1 mL 0.01 M ethanolic phenol solution, 1 mL
0.2 mM aqueous sodium nitroprusside solution and 2.5 mL 1% Sodium
hypochlorite in 0.4 mL 1 M aqueous NaOH. The flask was sealed with parafilm
and stirred for an hour in the absence of light at room temperature. The reaction
mixture turned blue in comparison to the blank test with distilled water which
remained pale yellow.
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Palladium Catalysed
Carbonylation of Anilines in
Ionic Liquids

3.1 Introduction

Ureas are useful and indispensable compounds commonly included in the
structures of a large number of biologically active compounds and are widely used
as agrochemicals, dyes, antioxidants, HIV inhibitors, anti-cancer medication™?
plasticisers and stabilizers.®> Furthermore, they are also key intermediates in
organic synthesis.*”

Currently, one of the most efficient routes to obtain ureas is via the coupling of an
amine with the highly toxic phosgene or its derivatives®’ As a result, intense
efforts are focused on the development of greener and more sustainable routes for
the synthesis of this essential organic compound. In this sense, transition metal-
catalyzed carbonylation of amines is considered a powerful alternative method
that has attracted steady attention in the past 50 years.2'? Among the transition
metals, palladium is the most widely used in carbonylation reactions but is usually
limited to aromatic amines and both high CO pressure and temperature.’*** The
search and development of new palladium based systems that could catalyze the
carbonylation of aromatic amines and/or aliphatic amines under mild reaction
conditions is thus of high interest. lonic liquids (ILs) have attracted much interest
in the last decade due to their inherent properties such as low vapour pressure and
toxicity, offering an excellent alternative to volatile organic solvents, making the
whole process greener. ILs constitute a special class of compounds that, due to
their physical and chemical properties, have a wide field of application catalysis,
biomass processing, electrochemistry etc.™'® In catalysis, ILs can be used as both
reaction media and catalysts and have beneficial effects in many reactions.”” In
addition, ILs can be easily modified with functionalities for a specific catalytic
application altering either the cation or the anion.'® In this sense, ILs were also
previously employed in the oxidative carbonylation of amines as reaction media
generating biphasic systems by Shi et al., Peng et al. and Mancuso et al.****?
Furthermore, the use of ILs is reported to be beneficial in many reactions as both
reaction media and catalyst.”**** In this sense, the combination of ILs and new
palladium catalysts could lead to an efficient catalytic system for the
carbonylation of both aliphatic and aromatic amines under mild reaction
conditions as demonstrated by F. Shi et al.****?® Besides, the use of ionic liquids
as reaction media would allow both the separation of the products and the
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recovery of the precious metal catalyst which is nowadays one of the most
important challenges in homogeneous catalysis also in fine chemical industry.

3.1.1 Oxidative Carbonylation of Amines

Carbonylation of amines to produce ureas or carbamates have been explored for
both aliphatic and aromatic subtrates,***"?® but is most frequently investigated
with aniline as a model substrate. In the catalytic carbonylation of amines the
nitrogen atom undergoes an oxidation as illustrated in Scheme 1 and therefore it is
also known as oxidative carbonylation to distinguish the reaction from the
reductive carbonylation of nitroaryls. A large number of transition-metal catalysts
such as Mn.® Pd,”® Cu,®* Au,** Co,** W,*® Ni,* Rh,* and Ru*" and organo-
catalysts such as Se*** and S* with either O,/air'23!323437.3-41.47°50 (5 | 13385152
as oxidants have been applied in the oxidative carbonylation of amines. The use of
CO/O, mixtures is ideal from a green chemistry point of view as O, is readily
available in atmospheric air and offer almost full atom efficiency in the reaction
but it can also problematic due to the explosive nature of CO/O, mixtures.®* Work
conducted in the explosive range has resulted in very active catalytic systems.?*

NH;  pd-catalyst H n
2 \ﬂ/ + H,0
co + 1,0, o

Scheme 1. Oxidative carbonylation of aniline.

The mechanism of the palladium-catalysed oxidative carbonylation of amines
have been studied by Hiwatari et al.>*using I, as oxidant and the authors suggested
that the reaction proceeds through a Pd(I1)/Pd(0)-cycle via a Pd-carbamoyl
intermediate (Scheme 2).

In this mechanism, the active species is a Pd(ll) complex that reacts with CO and
2 equivalents of amine to form a Pd-carbamoyl complex and an ammonium salt.
Reaction of an amine molecule at the carbonyl of this Pd intermediate then
provides the corresponding isocyanate that reacts in situ to form urea as final
product.

Hiwatari et al. base their suggestion on the observation that isolated N-
propylcarbamoyl-palladium complexes reacted with primary and secondary
amines to give N,N-dialkylurea and N,N,N-trialkylurea, respectively while
reaction with a tertiary amine produced the free isocyanate. The selectivity of the
reaction supports the mechanism as the reaction step 3.11-3.111 can be facilitated
by primary, secondary and tertiary amines alike although the intermediate
isocyanate can only be formed from a primary amine and the formation of the urea
from isocyanate requires a primary or a secondary amine. The repeated
observation that N,N,N,N-tertrasubstituded ureas cannot be generated with CO
and secondary amines as the only substrates”®°*> supports this mechanism.
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Scheme 2. Mechanism proposed by Hiwatari and co-workers for the Pd-catalysed oxidative
carbonylation of primary amines.

A different mechanism must therefore be accredited for the observations
published first by Pri-Bar et al.>® and later by others®>° who prepared N,N,N,N-
tetrasubstitued ureas in l,-oxidised systems. Giannoccaro et al.>”**®! prepared Pd-
carbamoyl complexes of both primary and secondary aliphatic amines from
various [PdCI,(L-L)] precursors and isolated the Pd-complexes along with
ammonium chlorides supporting the mechanistic proposal by Hiwatari et al. The
Pd-carbamoyl complexes were subsequently oxidized with Cl,, I, and CuCl,. The
oxidation products were found to be more dependent on the amine substitution
than the oxidant as secondary carbamoyl halides and primary isocyanates was
formed regardless of the halide source. Giannoccaro et al.** summarized their
observations in a proposed mechanism which is largely in agreement with the
proposal made by Hiwatari et al.> there is a disagreement on whether or not the
ammonium halides re-enter the cycle. The formation of secondary carbamoyl
halides would explain the observation of N,N,N,N-tetraalkylureas in reactions
where 1, has been used as oxidant.®> Further support for the mechanisms of
Hiwatari et al. and Giannoccaro et al. has been provided by Didgikar et al.*® and
Gabriele et al.'#?>>%% \who both studied the oxidative carbonylation of amines
with Pd(I)/1" catalytic systems using molecular O, as oxidant and reported a
correlation between the nucleophilicity and the reactivity of the substrate for a
series of primary arylamines. Comparing aryl- and alkyl-amines Gabriele et al.?®
found primary alkylamines to be more active than arylamines.

Didgikar et al.”® and Chen et al.** have examined the effect of O, partial pressure
as well as total pressure in the oxidative carbonylation of aniline using
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respectively a palladium and a copper catalyst and found a large influence of the
of the O, partial pressure without affirming the reaction order with respect to O,.

The possible reversibility of oxidative carbonylation is not discussed in litterateur
as formation of the carbamoyl (3.11) is irreversibly.>* On the other hand formation
of Pd-OMe species is known to be reversible under copolymerization conditions
and challenges stabilizing the Pd-carbamoyl complex indicate that the isocyantate
elimination is energetically favourable.® On the other hand, the reoxidation of the
Pd(0)-complex is a likely candidate for a rate determining step. Experiments
performed at high O, partial pressures, and therefore explosive conditions,
indicate that the reaction is restrained by the lack of O, under reaction conditions
commonly applied. Experiments performed at very low O, partial pressures due
not lead to a significant drop in activity, suggesting that it is the diffusion of O, in
the reaction media and not the energy barrier of palladium oxidation that inhibits
the reaction. To the best of our knowledge no spectroscopic or computational
study has detailed the formation of palladium carbamoyl.

In the oxidative carbonylation of amines, ionic liquids (ILs) have been employed
as reaction media generating biphasic systems. ****% In these works, the catalytic
systems were constituted by a palladium(ll) catalysts, an ionic liquid and in the
case of Mancuso et al. an iodide additive such as KI.*

In this chapter the preparation and characterization of palladium-based
catalyst/ionic liquid systems for the oxidative carbonylation of aniline into
diphenyl urea is described. These catalysts are formed by a palladium (1)
precursor, N-donor or P-donor ligands and are evaluated with regard to their
catalytic activity, stability and recyclability in the oxidative carbonylation of
aniline as a model substrate.
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3.2 Results and Discussions
3.2.1 Influence of Oxidant, Catalyst Loading and Reaction Time

The first part of this work focused on studying the influence of the oxidant on the
oxidative carbonylation of aniline to diphenylurea (DPU). I,, O, and benzoquinone
(BQ) were selected as oxidants. BQ has not previously been reported in this
reaction although it has been employed in other processes such as Pd-catalyzed
olefins carbonylation.®

Table 1. Influence of the oxidant, catalyst loading and reaction time.

H

NH, Pd-catalyst n N
2 \n/ + H,0
co + 1,0, o

Entry Catalyst ~ Oxidant Time TOF  Conversion Selectively

(h) (h?) (%) (%)
1 0.1 I, 4 2475 99 0*
2° 0.1 I, 4 165 66 >99
3 0.1 0, 4 197.5 79 >99
4° 0.1 BQ 4 220 88 >99
5 0.1 BQ 4 250 100 >99
6 - BQ 1 - - >99
7 0.001 BQ 1 11000 11 >99
8 0.005 BQ 1 7200 36 >99
9 0.01 BQ 1 5200 52 >99
10 0.1 BQ 1 250 100 >99
11 0.01 BQ 0.25 15600 39 >99
12 0.01 BQ 2 2350 47 >99
13 0.01 BQ 4 1100 44 >99

Reaction conditions: Aniline (6 mmol), [PdCI,(PPh),] BQ (6 mmol), I, (6 mmol), O, (6 mmol),
[BMIM][CI] (7.5 mmol), mesitylene (0.6 mmol), Toluene (10.5 mL), 140°C, 10 bar, 1000 rpm.
®mmol aniline converted/mmol Pd - h. *With the addition of K,CO4 (6 mmol). “BQ(3 mmol)

The reaction was initially carried out in a biphasic mixture of toluene and
[BMIM][CI] at 140°C under 10 bar of CO using 0.1 mol% of [PdCI,(PPh),] as
catalyst. The results are displayed in Table 1 (entries 1-5).

After 4 hours of reaction, full conversion was achieved with I, (entry 1) while
only 79% was obtained with O, (entry 3). The lower conversion in the case of O,
as oxidant was attributed to the poor solubility of the gas in the reaction media.®®®’
Applying BQ in equimolar amount (entry 4) afforded 88% and increasing the
amount of BQ to 2 eq. resulted in the full conversion of aniline. Concerning the
selectivity, >99% towards urea was reached with BQ and O, whereas no urea
product was obtained when I, was applied without additional additives. In this
latter experiment, only anilinium chloride was obtained. The absence of selectivity
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towards the urea product with 1, as oxidant can be explained by the insolubility of
the anilinium chloride species formed from in-situ generated anilinium iodide*
and [BMIM][CI] during the reaction, thus hampering the catalytic performance.
Similar results were previously reported when I, was used as oxidant in the
absence of additional base.®® When the reaction was repeated in the presence of
1 eq. of K,COg, the selectivity increased up to 66% (entry 2). In view of these
results, BQ was selected as oxidant to study the effects of catalyst loading and
reaction time on the case reaction.

When the catalyst loading was progressively decreased from 0.1 to 0.001 mol%, a
decrease in conversion from 100% to 11% was observed (Table 1, entries 6-9)
while the total selectivity towards DPU remained unchanged.

The influence of the reaction time was also studied at 0.01 mol% catalyst (Table
1, entries 8, 10-12). After 1 hour of reaction time, a maximum conversion of 52%
was achieved. However, further increase in the reaction time resulted in a decrease
in conversion to 47% after 2 hours and to 44% after 4 hours. This result can be
explained by the decomposition of diphenylurea into aniline and
phenylisocyanate, which further decomposes into aniline and CO; in the presence
of water (Scheme 3).®® The decomposition and reformation of the product also
accounts for the need for excess oxidant as noted in entry 4. It is worth pointing
out that the studied catalytic system composed by [BMIM][CI]/Pd/PPhs/BQ is, to
the best of our knowledge, among the most active?**® in the literature so far with
a TOF of 15600 h-1 after 15 minutes reaction (Table 1, entry 9).

H H
NH, N NH,
N\n/N . ©/ + ©/ o HO ©/ + CO,
o)

Scheme 3. Decomposition of DPU into aniline.

Several ligands (Figure 1), namely 1,3-bis(2,6-diisopropylphenyl)-1H-imidazol-3-
ium-2-ide (L1), 1,10-phenanthroline (L2), 3-chloropyridine (L3), aniline (L4),
benzonitrile (L5) and triphenylphosphine (L6) were tested in the oxidative
carbonylation of aniline. The catalytic experiments were performed with a catalyst
loading of 0.01 mol% using the corresponding isolated complexes. Synthetic
procedures are described in the experimental section.
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L1 L2 L3

L4 L5 L6
Figure 1. Ligands tested in the oxidative carbonylation of aniline.

The results obtained are displayed in Figure 2. The highest conversion (52%) was
achieved when the Pd catalysts bearing PPh; L6 was used. Similar results in terms
of conversion were achieved with the complexes of the monodentate N-donor
ligands L3 and L5 with conversions of 47% and 44%, respectively. When the
mono-carbene complex [PdCI,(L1)(L4)] and the complex of the bidentate N-
donor ligand (L2) were tested, similar conversions (26% and 27% respectively)
were obtained.

A

100%

80% -
60% -
40%
20%

Conversion
1)(%) T

Figure 2. Influence of the ligand in the oxidative carbonylation of aniline. Reaction conditions:
aniline (6 mmol), Pd-complex (0.01 mol%), BQ (6 mmol), [BMIM][CI] (7.5 mmol), mesitylene as
internal standard (0.6 mmol), toluene (10.5 ml), 140°C, 60 min., 10 bar CO.
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The low conversion obtained with ligand (L2) was somehow unexpected, since
very good results were obtained by F. Shi et al. although under harsher reaction
conditions (175°C and 50 bar CO)."

The use of complex [PdCI,(L1),] bearing two NHC ligands showed no activity,
which is in agreement with previous reports.®*” Considering the catalytic
behaviour reported for bis-Pd(NHC)-complexes an isomerisation from trans- to
cis-comformation is required for addition of the substrate.*® Given the
inflexibility of the applied carbene ligands,”” this isomerisation does not take place
thus blocking the coordination of the substrate. The similar results obtained with
complexes of L3 and L5 are easily explained by the fast displacement of L5 by
L3 to give in-situ formation of [PdCI,(L3),].

To obtain more insights on the catalytic behaviour of the system based on
[PACI,(L6)] as precursor, a high pressure NMR study was performed under in-situ
conditions.

| | |
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Figure 3. In-situ 31P NMR (sapphire tube, 162 MHz, toluene) of the [PdCI,(PPhs),] catalysed
carbonylation of aniline, before, under and after formation of DPU: (1) Initial spectra of the
[PACI,(PPhj3),]/[BMIM][CI1] suspension under Ar at 25°C, (2) after the addition aniline under Ar at
25°C, (3) the reaction mixture at 80°C under Ar, (4) the reaction mixture under 5 bar CO at 25°C, (5)
the reaction mixture under CO at 80°C, (6) the reaction mixture under CO at 110°C, (7) the reaction
under CO at 25°C.

1. At the start of the experiment, the **P{"H}-NMR spectrum (Figure 3, trace
1) displayed one signal at & 24.30 ppm corresponding to the *'P resonance
of the [Pd Cl,(L6)] precursor.”
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The addition of aniline causes no change in the spectra while heating the
mixture under Ar leads to a broadening of the [PdCI,(PPhs),] signal and
an upfield shift to 6 23.86 ppm.

No signals belonging to free PPh; or OPPh; were observed indicating that
the complex was stable under these conditions also under heating.

Upon the addition of CO, a signal was immediately observed at & -4.70
ppm and assigned to free PPh;.”

Heating the reaction mixture under CO to 80°C led to the broadening of
the signals and the appearance of a new signal at & 24.82 ppm.

Further heating the mixture to 110°C caused the signals of both free PPh;
and [PdCI,(PPhs),] to additionally broaden, indicating a rapid exchange
between free and coordinated PPh;. Moreover, new signals were observed
at 6 25.16 ppmand & 19.79 ppm.

When the sample was cooled to 25°C, three distinct signals at & 26.64
ppm, & 24.30 ppm and & 19.54 ppm were observed. The signal at 5 24.30
ppm was readily assigned to [PdCl,(PPhy),].”*"® The multiplicity and
chemical shifts of the two other signals could match those of
Pd(CO)n(PPhs),, and [PdCI(CONHPh)(PPhs),].>*
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Figure 4. In-situ *C{*H}-NMR (sapphire tube, 100 MHz, toluene, 25°C, 5 bar ?CO:**CO = 3:2) of
the [PdCI,(PPhs),] catalysed carbonylation of aniline after the formation of DPU.

Before, under and after the HP-NMR experiment *C{*H}-spectra were recorded.
The area between 5 186 ppm and & 182 ppm of the spectrum recorded at the end
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of the experiment at room temperature is displayed in Figure 4. It features the free
CO at 6 184.78 ppm with a shoulder at app. & 185 ppm as the most dominant peak
and a triplet at & 184.05 ppm. This latter signal was assigned to the Pd-carbamoyl
complex [PdCI(CONHPh)(PPh;),] based on literature values.> The shoulder at &
185 ppm was suggested to arise from complexes of the general type of
Pd(CO)n(PPhs), although such signals should also display multiplicity. The
intensity of the CO peak and overlapping signals, caused the possible
Pd(CO)n(PPhs), peak to be to poorly resolved for any multiplicity to be observed.

The stability and reactivity of [PdCl,(PPhs),] correlates well with the results
obtained during catalytic testing. As PPh; do not interchange with aniline even at
elevated temperatures, the improved conversion obtained with [PdCl,(PPhs),] as
catalyst is directly related to the coordination of PPhs;. Under an atmosphere of CO
and with heating to 110°C, [PdCI,(PPhs),] underwent a rapid exchange of PPh;
and CO at the metal center which activated the complex for the formation of the
Pd-carbamoyls intermediate proposed by Hiwatari et al.>* and Giannocarro et al.”
To the best of our knowledge it is the first time the palladium-carbamoyl complex
has been observed under in-situ conditions.

3.2.2 O, as Oxidant in the Oxidative Carbonylation of Aniline to
Diphenylurea

Initial results, using O, as an oxidant, indicated that the low solubility of O?

caused the incomplete conversion of the substrate (Table 1, Entry 3). Therefore, it

was decided to study the influence of the stirring rate in the oxidative

carbonylation of aniline to diphenylurea using O, as oxidant since the solubility of

Oy into the ionic liquid could be partially overcome by optimizing the stirring rate.
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Table 2. Influence of the stirring rate, catalyst loading, IL amount and pressure.®
H

NH;  pd-catalyst N H
2 \ﬂ/ + H,0
co + 1,0, o

Entry  Catalyst Pressure  Stirring TOF  Conversion Selectivity”

(mol%)  (bar) (rpm) () (%) (%)

1 0.1 10 500 1025 41 >99

2 0.1 10 1000 1974 79 >09

3 0.1 10 1400 195 88 >99

4 - 10 1000 - 0 n.d.

5 0.01 10 1000 1900 76 >99

6 0.02 10 1000 198 79 >99

7 0.5 10 1000 97.5 78 >99

8 1 10 1000 395 79 >99

9 10 10 1000 175 70 >99

10 0.1 10 1000 2.1 82 >99
11 0.1 5 1000 1375 55 >99
12 0.1 20 1000 200 80 >99
13 0.1 30 1000 2075 83 >99
14° 0.1 10 1000 215 86 >99
15° 0.1 10 1000 250 100 >99
16° 0.1 10 1000 5 2 >99
17" 0.1 10 1000 68 27 >99

®Reaction conditions: aniline (6 mmol), [PdCI,(PPh),], O, (6 mmol), [BMIM][CI] (7.5 mmol),
mesitylene (0.6 mmol), Toluene (10.5 mL), 140°C, 4h., 1000 rpm. °mmol aniline converted/mmol
Pd h. [BMIM][CI] (15 mmol). [BMIM][CI] (30 mmol).°No [BMIM][CI]. " DPU(2.4 mmol), aniline
(12 mmol), [PdCIy(PPh),], 02 (12 mmol), [BMIM][CI] (13 mmol), mesitylene ( 1.2 mmol),
Toluene (21 ml), 140°C, 1h. n.d.=not determined.}

The results are shown in Table 2 (entries1-3) and an increase in conversion from
41% to 79% was observed when the stirring rate was increased from 500 to 1000
rpm but further increase in the stirring rate to 1400 rpm did not show any
improvement in conversion. This fact confirms that using O, as oxidant the mass
transfer is rate limiting when a stirring rate below 1000 rpm is used.

Next, the catalyst loading was optimized (Table 2, entries 4-10) between 0.01 and
10 mol% (Table 2, entries 5-10). The results show that there is no influence of
catalyst loading on conversion when O, was used as oxidant, which is in contrast
with the results obtained with BQ (Table 2, entries 4-8). Therefore, it appears that
the oxidative carbonylation of aniline under our reaction conditions is not first
order with respect to the catalyst using O, as oxidant. The catalytic performance
with total pressure was also investigated under our reaction conditions using total
pressures of 5, 10, 20 and 30 bar (Table 2, entries 6, 11-13). An increase in
conversion from 55% to 79% was observed when total pressure was increased
from 5 to 10 bar respectively. Further increase in total pressure to 20 or 30 bar did
not show any improvement in terms of conversion Table 2, entries 12, 13). In
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entries 6, 14-16 (Table 2), the results concerning the influence of the IL amount in
the investigated reaction are depicted. The highest IL amount resulted in the
highest conversion without affecting the selectivity. The conversion increases up
to 100% when 30 mmols of the IL are employed.

The strong influence of the IL on the reaction, indicate an interaction between the
IL and either the substrate, the catalyst or the product. The formation of Pd-NHC
complexes form palladium precursors in imidazolium IL has been reported
previously but given the negative effect on the reaction obtained when applying
NHC-complexes (Table 2, entries 1-2) the in-situ formation of a Pd-NHC complex
has to be disregarded in the case of the applied reaction conditions. An experiment
started at a point close to full conversion (Table 2, entry 17) lead to the conversion
of only 27% of the added aniline, indicating a negative effect of high substrate
concentrations on the reaction. This led to examination of the influence of the
nature of the IL.

3.2.3 Influence of lonic Liquids lons in the Oxidative Carbonylation of
Aniline to Diphenylurea with O, as Oxidizing Agent

Physical and chemical properties of ionic liquids can be tuned up by selecting the
appropriate cation or anion, which in turn will influence the catalytic performance
for a studied reaction.

=\ é

— — + N— P
) r’} _ r/} _ \\//\»/N\i’ NN
Cations \/\/N < \/N <
[BMIM] [EMIM] [BMMIM] TBP
Anions 1~ cl Br ﬁ'bg
o*>
CF;
iodide chloride bromide bistriflimide

Figure 5. Cations and ions employed in this study.

Here, various ions were tested in the oxidative carbonylation of aniline to
diphenylurea under our reaction conditions as shown in Figure 5.

1-btyl-3-methylimidizalium ([BMIM]) was selected as the starting cation and was
tested with different anions, namely, iodide, bistriflimide, bromide and chloride
(Figure 6). The best results in terms of conversion were obtained with
[BMIM][Br] ionic liquid with up to 88% conversion. [BMIM][CI] provided 76%
conversion and [BMIM][(CF3;SO,);N] 57%. On the other hand, [BMIM][I]
inhibited completely the catalytic activity, which was unexpected since both
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Gabriele et al. and Peng et al. described that iodide could play a key role in the
catalytic reaction.”*® Didgikar et al.>® optimized the I-/Pd-ratio and obtained the
highest conversion with 5 eq. of iodide promoter with respect to palladium while
both higher and lower I'/Pd-ratios resulted in lower conversion. The application of
[BMIM][I] give a I'/Pd-ratio > 1000 and it is therefore plausible that the high
concentration of iodide poisons the catalyst. The effect of the alkyl on the cation
was studied comparing the results obtained with [BMIM][CI] and with
[EMIM][CI]. However, no differences in conversion were observed by varying the

z
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= .
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Figure 6. Effect of the ionic liquid ions. Reaction conditions: aniline (12 mmol), 10 bar (CO/O, =
9/1), [PdCI,(PPh),] (0.1 mol\%), IL (15 mmol), Toluene (21 mL); mesitylene (1.2 mmol), 140°C,
500 rpm, 60 min, DPU as sole product. *10 bar (CO/Air = 3/1).

length of the alkyl chain in 1 position of the imidazolium moiety. The use of other
cations such as [BMMIM]" or [TBP]" in the ionic liquid did not result in any
activity. Among the anions, Br™ gave the best results but [(CF3SO,),N] rendered an
spontaneous separation of DPU and consequently [BMIM][(CFs:SO,),N] ionic
liquid was selected to carried out the recycling experiments.

However, when the catalytic system was recycled, a decrease in conversion was
clearly observed from 57% (first cycle) to 19% (second cycle and to 10% in the
third run.

The strong influence of the cat-ion structure on the oxidative carbonylation of
aniline and the absence of a proton in the C,-position effectively quenching the
reaction can be explained by the increased solubility of the weakly basic aniline in
a acidic imidazolium IL.** The acidity of the imidazolium ILs is affected by the
alkyl-chain length and the ionic interaction®® making [BMIM][(CFsSO,),N] the
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more acidic and thus better solvent for aniline®® but the IL-anion must also be
expected to enter into palladium coordination sphere where the less coordinating
[(CF3SO,),N] fail to stabilize the catalyst sufficiently making [BMIM][Br] the
best compromise between solvation strength and coordination ability.

3.3 Conclusions

Selective oxidative carbonylation of aniline to diphenylurea was carried out in the
presence of a catalytic system comprising of [PdCI,(PPh;),] as catalyst and
[BMIM][CI] with a TOF of 15600 h™ and 1900 h™ when benzoquinone or O, were
used as oxidants respectively. The TOF achieved with benzoquinone as oxidant
was, to the best of our knowledge, the highest reported so far in mild reaction
conditions (140°C and 10 bar). In order to investigate the influence of the ionic
liquids several cations and anions were applied, the best results were achieved
with [BMIM][Br] while the employment of [BMIM][(CFsSO,),N] drove a
spontaneous product separation. Unfortunately recycling experiments were not as
good as expected and the catalytic system could be reused three times but with
loss of activity from the first reuse. The unexpected recycling results are attributed
to lack of stability of the palladium catalytic species during work-up of the
reaction.

3.4 Experimental

3.4.1 General

Solvents were supplied by Panrec. Deuterated solvents where supplied by Oxford
Isotopes. Solvents for synthesis of ILs or complexes were dried using a MBraun
MB-SPS-800 solvent purification system or distilled by standard techniques
(acetonitrile and ethyl acetate from CaH, and THF from Na/benzophenone).
Chemicals were supplied by Sigma-Aldrich. For the catalytic tests reagents were
used as supplied and manipulation was conducted under atmospheric conditions.
ILs was purchased from Sigma-Aldrich or synthesized inhouse. Prior to use they
were dried under vacuum at 70°C for more than 24 hours. Complex synthesis was
performed under argon using schlenk techniques or in a dry nitrogen glow box
when necessary.

3.4.2 Characterization Techniques and Analysis

NMR analysis was performed using Varian or Oxford 400 MHz instruments. *H
NMR and “C{*H} NMR spectra were referenced with respect to the residual
solvent peak as published by Fulmer et al.** '"H NMR (400 MHz DMSO) & 2.5(p,
J = 3.7, 1.8) “C{'"H} NMR (100 MHz DMSO) & 39.52. *'P{'H}-NMR was
referenced with respect to H3PO,. The Fourier transform was analysed using
MestReNova 6.0.2.
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GC-MS was performed using an Agilent 220-MS fitted with a HP-5, 30 m x 250
pm x 0.25 um column.

Samples were taken from the solvent and IL phases and analysed by respectively
GC-MS and 'H NMR. Residual aniline concentration was quantified using the
internal standard method, mesitylene was chosen as internal standard. *H NMR
was performed in DMSO-dg using and spectra were collected with a relaxation
time of 2 x T1. DPU concentration and residual aniline was quantified using the
internal standard method with [BMIM][CI] as internal standard and the regression
analysis shown in the appendix. IL-phases from selected experiments were
extracted using 50 mL water and 2 x 50 mL diethyl ether. The diethyl ether
extractions was combined and dried with MgSO, and the solvent removed at
reduced pressure to obtain a dark brown solid. The water extraction was dried to a
viscous liquid at reduced pressure. Both was analysed by *H NMR in DMSO-d;
and confirmed to contain DPU from the ether extraction and [BMIM]* from the
water extraction. Residual aniline was found in both water and ether extractions.
Crude DPU from the diethyl ether extraction was further purified by column
chromatography using 60 A silica and a hexane:EtOAc gradient from 9:1 to 6:4
yielding light brown needle shaped crystals.

3.4.3 Synthesis

[PACI,(IPr),] was synthesized using standard glowbox and schlenk technique. 29
mg PdCIl, was transferred to a flame dried schlenk and introduced into the
glowebox. PdCI, was suspended in 5 mL THF. 127 mg IPr was weighted into a
vial and dissolved in THF before it was transferred to the PdCl, suspension. THF
was added to a total volume of 25 mL and immediately a discoloration of
suspension from dark brown to hazy yellow was observed. The mixture was
allowed to stir overnight and the solvent was removed under vacuum. The
remaining solid was purified by column chromatography over silica with 1:1
hexane/CH,Cl, to yield 41 mg (54%) light yellow solid. *H NMR chemical shifts
of the solid corresponded to published data.” *H NMR (401 MHz, DCCl5)

§ 7.35(t, J=14.0, 4H, Ar-p), & 7.07(d, J=7.6, 8H, Ar-m), & 6.72(s, 4H, N-CH-CH-
N), & 2.88(sept, J=7.6, 8H, me-CH-me), & 0.90(t, J=7.6, 24H, -CHs.
[PACI,(NH,Ph),] was synthesised according to a slightly modified procedure
published by Chaudhari et al.*® 118.5 mg (0.67 mmol) PdCl, was suspended in 9
mL benzene and 1 g (11 mmol) aniline was added. The mixture was refluxed for
two hours during which a warm yellow precipitated formed. The precipitate was
filtered of and recrystalised from DMF and pentane to yield 191 mg (79%) pure
yellow solid.

[PACI,(Phen)] was synthesised by a slightly modified procedure from A.
Bontempi et al.*” To a schlenck flask 64.9 mg (0.25 mmol) of [PdCI,(CH;CN),]
and 10 mL of dichloromethane was added and stirred to complete solution.
Addition of 45.1 mg (0.25 mmol) of 1,10-phenantroline caused immediate
precipitation. The precipitate was filtered of, washed in dichloromethane and dried
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in vacuum. *H NMR chemical shifts of the solid corresponded to published data.®
'H NMR (401 MHz, DMSO-dg) & 9.35(d, J =5.4, 2H), & 8.14(d, J =8.2, 2H), &
9.98(d, J =8.2, 2H), 5 8.29(s, 2H).

IPr, [PdCI,(IPr)(3-chloropyridine)] and [PdCI,(PPhs),] was prepared as
described in chapter 2.

1-Butyl-3-Methylimidazolium Chloride ([BMIM][CI]) was synthesized according
to a procedure published by J. Dupont et al.** 100 mL MeCN was charged to a
flame dried schlenk under argon followed by 78.2 mL (0.5 mol) 1-methylimidazol
and 97.9 mL 1-chlorobutane. The flask was fitted with a condenser and brought to
a gentle reflux. After 48 hours, the reaction was allowed to cool to room
temperature and the progress controlled by TLC. The reaction was reheated and
allowed to reflux for another 36 hours. The completion of the reaction was
confirmed by TLC. The reaction mixture was transferred by canula to a well
stirred schlenk containing 500 mL of EtOAc and a seeding crystal. The flask was
cooled to -30°C for two hours, the solvent mixture was removed by canula
filtration and the solid dried under vacuum to give yield 161.5 g (99%) of 1-Butyl-
3-Methylimidazolium Chloride. 'H NMR chemical shifts of the solid
corresponded to published data.” *H NMR (401 MHz, DCClIs)

5 10.8(s, 1H, N-CH-N), & 7.22(d, J =14.0, 2H, N-CH-CH-N), 6 4.32(t, J =7.6, 2H,
N-CH,-C), 8 4.12(s, 3H, N-CHj), 8 1.91(d, J =7.6, 2H, C-CH,-C), 8 1.38(t, J =7.6,
2H, C-CHy-me), 4 0.97(t, J =7.4 3H, C-CH3).

1-Butyl-3-Methylimidazolium Bromide ([BMIM][Br]) was synthesized according
to the procedure described for [BMIM][Br]. *H NMR chemical shifts of the solid
corresponded to published data.”*

'H NMR (400 MHz, dmso-dg)

6 9.72(s, 1H, N-CH-N), & 7.94(d, J =14.0, 2H, N-CH-CH-N), & 4.21(t, J =7.6, 2H,
N-CH,-C), & 3.89(s, 3H, N-CHj,), 8 1.73(d, J =7.6, 2H, C-CH,-C), 6 1.19(t, J =7.6,
2H, C-CH,-me), 5 0.83(t, J =7.4 3H, C-CHy).

3.4.4 Catalytic test

The catalytic tests were performed in two different reactors: A 300 mL Parr
autoclave and a 100 mL Berghof autoclave. The procedure for each reaction is
described below.

Test of reaction conditions were performed in a 100 mL magnetically stirred
Berghof autoclave fitted with a Teflon liner. The reactor was equipped with
thermocouple, manometer, hotplate and heating block where the thermocouple
and hotplate was connected to a Berghof control unit. For each experimental run
the reactor was loaded with catalyst, IL, internal standard, substrate and solvent,
flushed trice with app. 1 bar CO before it was charged with 9:1 CO/O, mixture
unless otherwise stated. Temperature was set from the control unit and stirring
rate from the hotplate.

In an typical run the autoclave was loaded with 1.2 g [BMIM][CI], 4.0 mg
[PACI,(PPh3)], 10.5 mL Toluene, 0.55 mL aniline, 84 puL mesitylene, 9 bar CO
and 1 bar O, and heated to 140°C under stirring at 1000 rpm.
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For all experimental runs the liquid volume of the reactor was kept at 12.4 mL.
The heating block was preheated to 150°C before the charged reactor was inserted
and the time to reach set temperature was 30 min. Temperature deviations from
the set temperature were within £ 3°C. Reaction time was counted form the onset
of set temperature. At the end of the experimental run the heating block was
removed and the reactor was cooled to room temperature with ice. At room
temperature the pressure was released and the solvent phase and the IL phases
were separated. For the recycling test the IL phase was extracted as described
below and the dried IL was reused.

Test of reaction conditions were performed in a 300 mL mechanically stirred Parr
autoclave fitted with a Teflon liner. The reactor was equipped with thermocouple,
manometer, heating mantle and pressure transmitter. Thermocouple, heating
mantle and pressure transmitter were connected to a Parr control unit which
controlled temperature, pressure and agitation. For each experimental run the
reactor was loaded with catalyst, IL, internal standard, substrate and solvent,
flushed trice with app. 1 bar CO before it was charged with 9:1 CO/O, mixture
unless otherwise stated. In an typical run the autoclave was loaded with 2.4 g
[BMIM][CI], 8.0 mg [PdCI,(PPh3)], 21 mL Toluene, 1.1 mL aniline, 168 pL
mesitylene, 9 bar CO and 1 bar O, and heated to 140°C under stirring at 500 rpm.
For all experimental runs the liquid volume of the reactor was kept at 24.7 mL and
the time to reach set temperature was 30 min. Temperature deviations from the set
temperature were within £ 3°C. Reaction time was counted form the onset of set
temperature. At the end of the experimental run the heating mantle was removed
and the reactor was cooled to room temperature with ice. At room temperature the
pressure was released and the solvent phase and the IL phases were separated.

3.4.5 HP-NMR

0.436 mmol of [BMIM][CI] was dissolved in 0.5 mL of methanol and transferred
to the tube which was placed under vacuum overnight. To the tube was added 22
pmol [PdCI,(PPhz)], 0.2 mmol Aniline, 0.8 mL toluene-dg and 5

bar *CO:*CO = 3:2 in 5 mm sapphire tube.*” Prior to the addition of CO the
content of the tube was kept under Argon using schlenk technique. Spectra were
recorded with a 400 MHz Variant spectrometer. *C{*H} and 'H spectra were
referenced to the residual solvent signal in accordance with literature®® while
$1pf1H} was referenced with respect to HsPO,. If not stated otherwise the spectra
were collected at room temperature.
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Oxidative Carbonylation of
Aniline in Continuous Flow

4.1 Organically Modified Silicas
Continuous flow reactions in IL and over SILP catalysts were introduced in

chapter 1. As described, challenges concerning catalyst stability have been
observed by several groups as well as unexpected catalyst-support interactions.*
The interest in the application of IL's in continuous reactions have given interest
to the anchoring of IL's to solid supports.>® This can proceed through non-
covalent interactions (hydrogen bonding, capillary forces and van der Walls
interaction) (i, Figure 1),*® or covalent bonding of either the cation or the anion of
classical SILP while solids functionalised with charged fragments are described
with labels such as cSILP or SILP.

R R
- ' N
(Mxg), R N 4 RO R
I:" (/'ll (\\,? X <N] N (/@
ﬁ /N——;y X E:ijy N-iy
¢ *_/7 RO R\ R’
N, HO OH ] ;
R Si. Si’ (MX3)y  (MX3),
OH OHOHOHOH O 0 OHO O OH O OHO OH
N I B Y
i.  Supported ii.  Anchoring by iii.  Anchoring by
liquid phase. the cation. the anion.

Figure 1 Immobilizing ionic liquids.

For silica the covalent functionalisation of a solid support with an IL proceed
either through the bottom-up (Scheme 1), top-down approach (Scheme 2) or
through synthesis of organosilicas by co-condensation.®** Within the bottom-up
approach reported methods** " show little variation while the top-down approach
is reported via three general procedures: Neat without base,'®*? in solvent without
base”** and in solvent with base.® The approach must be chosen on basis of the
stability of the alkoxysilane, as the hydrolysis of the silane can hinder the

anchoring of the organic fragment at a later stage of the top-down synthesis. The
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bottom-up synthesis is, on the other hand, challenged by the multistep
functionalisation of the silica surface. In this work the bottom-up approach and the
top-down approach without base have been applied.

> cl
J j)
Si oH o OH AN 990
OH 0" 0. si N <
J "Si_~_Cl NA\ o )
OH < o L NH
OH OH — > ["OH —
O-a;
OH O-g; Si\_~
Si an
OH o’ b/l-l\/\CI O OH N}

36 //\ J\/\SO:;H
3 OH —
OH ﬁ\NJJ o +N

: *si N -
Osi N R N TT-T
4 H,SO
(o} 2504
OH —— > —OH
O-c;
S
g;SI‘ B o’ OH N—\ /\/\/803H
OH N
~ HSO,

Scheme 1. Bottom-up synthesis of IL-functionalised silica.

Functionalised silicas have been used as independent catalysts in cases of the
functionalisation being an organocatalyst'"?**® or when the functionalisation has
been the ligand of a transition-metal centre.”*** Funtionalised silicas have also
been applied as supports for transition metal nano-particles.’>**" Examples of
organocatalysts tethered to solid support are seen in the intramolecular aldol
reaction,”* alcohol oxidation,* condensation reactions,***“° Baeyer—Villiger
reaction,”® Michael addition"! and the synthesis of cyclic carbonates from
CO,.5222" The first heterogenization of a homogeneous metal catalyst through
the tethering to a solid was performed by Valkenberg et al. anchoring [AICI,] to
silica” applying (ii) and (iii) (Figure 1) and their approach has since found frequent
application.?***

Bulk ionic liquids do not preserve all of their previously mentioned physio-
chemical properties (see chapter 1) when tethered to a solid. Molecular mobility
and self-organization, which are key characteristics of IL's, are lost as well as their
solvation strength, conductivity and viscosity.*
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Scheme 2. Top-down synthesis of IL-functionalised silica.

On the other hand, the physio-chemical properties of the ILs are conserved when
they are immobilized by non-bonding interaction (see chapter 1) in the form of a
SILP material. In the most commonly applied form of a SILP catalyst the IL is
anchored strictly to a inorganic support* but the anchoring of IL's to
functionalised supports is also known and this form of hybrid SILP with enhanced
interaction between the support through the functionalisation and the IL-film have
previously been applied in hydroformylation,”*  Suzuki—Miyaura’ and
Mizoroki—Heck.*®

In this work a SILP prepared on functionalised silica through the deposition of a
palladium complex dissolved in a BMIM-IL has been applied to the oxidative
carbonylation of aniline yielding diphenyl urea. The oxidative carbonylation of
aniline has been investigated as a model reaction for the formation of substituted
ureas. Ureas are important intermediates in organic synthesis of
pharmaceuticals,®**  agrochemicals,”**®  plasticizes,***®  dyes®*"  and
antioxidants.®® Compared to the biphasic approach described in chapter 3, the
amount of IL applied is reduced greatly. Even though the IL was found to have a
direct and significant positive influence on the reaction the application of such
conditions would require copious amounts of IL if used in a continuous process
making the reaction economically nonviable. The successful production of
substituted ureas in a continuous process would greatly increase the space-time
yield and thereby lower the production costs.
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4.2 Results and Discussion
Mesoporous silica with a well defined pore diameter was functionalised with the

imidazolium fragments seen in Figure 2 and characterised through N,-
physisorption, ATR-FTIR and thermo-gravimetric analysis. Silicas functionalised
with [SBIM][MeSO,] and [BPIM][MeSO,] was applied in solketal synthesis
which will not be discussed in this thesis. [BPDHIM][Br] and [BPIM][Br]
functionalised silicas were used as basis for SILP catalysts applied in the
continuous flow liquid phase carbonylation of aniline to be discussed later in this
chapter. The motivation for applying functionalised silicas as catalyst supports
was the observations, that the gas-liquid phase formation of diphenyl urea would
pose a challenge for the SILP catalyst in terms of stability.

HSO,

MeSO3 </+ XMeSO </+ </+
>N </
_Si-0 i ,>Si—0 ?Si-o
o5 S (o] o™ o
| <\) \ 0 o\ [ o\ [ o

\ \ \
[BPIM][MeSO;] [SBIM][MeSOj3] [BPIM][Br] [BPDHIM]|[Br|

Figure 2 Imidazolium salts anchored to silica in this chapter.

4.2.1 Characterization
The functionalized silicas were characterized through N,-physisorption, ATR-

FTIR and thermogravimetric analysis (TGA).

Table 1. Observed vibration bands of imidazolium salts covalently bound to silica.

v[cm™] Vibration

1332 -CHjs bending

1418 Asymmetric O=S=0 stretch

1465 C=N stretch

1565 C=C stretch

1630 H-O-Hags

1655 C45-H bending
2877-2964 Alkyl C-H stretch
3090-3157 C,5-H stretch
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The grafting of imidazolium alkoxysilanes was confirmed via ATR-FTIR. In the
spectrum of the pure silica, the most pronounced vibration bands are located at
1630 cm™ and 2750 - 3800 cm™, which correspond to adsorbed water.>*®® The
material prepared by the bottom-up approach and functionalised with
[SBPIM][MeSO;] show only weak signal in the 1558- 1457 cm™ area associated
with the imidazolium ring and barely visible signals in the 2750- 3800 cm™
associated with symmetric and asymmetric stretches of the C-H bonds in the
alkyl-chains.

= 1655

--3157
--3090

Reflectance [a.u.]

T T
4000 3500 3000
v[em™]

Figure 3 ATR-FTIR of the functionalised and non-functionalised silicas.

Using the top-down approach to functionalise the surface with [BPIM][MeSQs]
resulted in a material giving rise to more intense signals. The vibrations located at
3157 cm™ and the soft peak at 3090 cm™ are assigned to symmetric and
asymmetric C,s-H stretch respectively.**®*® Vibration bands at 2964 cm™ and
2877 cm™ associated with the symmetric and asymmetric C-H stretching modes of
methylene and methyl groups in the alkyl-chains are clearly visible.**®® Bands at
1564 cm™ and 1455 cm™ correspond to C=C and C=N stretching modes associated
with the imidazolium ring.*** The spectrum also contain vibration bands
originating from the anion in form of the asymmetric O=S=0O stretch mode at
1418 cm™ and the very weak -CH; bending mode at 1332 cm™%3%¢
Functionalisation of the surface with [PBIM][Br] appeared to give rise to fewer
signals as the C,s-H stretches are no longer distinguishable and it has previously
been documented that these bands are subjected to red shift and change in
intensity under influence of the anion.?*®®% In the spectrum of the material
functionalised with [PBDHIM][Br] the vibration of C=C at 1564 cm™ is missing
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The termogravimetric analysis of the functionaljsed materials in Table 5 showSs
minimal mass loss in the case of unfunctionalisethsilica. The observed mass loss
corresponds to gradual loss of surface hydroxyl "groups. In contrast to this
behaviour, the functionalised silicas undergo greater Nmass loss with defined
decomposition temperatures. The smallest mass loss is observed for the
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[SBIM][MeSO;]-functionalised silica which looses 13% distributed on two
decompositions at 391°C and 451°C corresponding to [SBIM][MeSO5]**"* and
[HPIM][MeSO3]>" respectively (Figure 4). This indicates that the N-alkylation
performed with 1,4-sulfobutone was not complete prior to the protonation with
methylsulfonic acid. [BPIM][MeSOs]-functionalised silica synthesised by the top
down method on the other hand undergo decomposition in one step at 376°C
constituting 17% of the initial mass. The peak decomposition temperature
corresponds to the loss of the [BPIM][MeSO;]-fragment’*™ The slightly higher
mass loss observed in the case of the [BPIM][MeSOs]-functionalised material
may be considered a result of the complete N-alkylation of both imidazolium-
nitrogens. The mass losses observed for the [BPIM][Br]- and the [BPDHIM][Br]-
functionalised silicas consists of an initial loss of water and toluene below 250°C
followed by the decomposition of the organic fragment which decrease the mass
of the silica with 25% and 27%, respectively. The peak decomposition
temperature of the [BPIM][Br]-functionalised material located at 335°C is slightly
higher than the 310°C reported for [BBIM][Br].”®"" Peak decomposition of the
[BPDHIM][Br]-fragment is located slightly higher at 337°C.

The surface area, pore volume and pore diameter of functionalized silicas is listed
in Table 2. When comparing the properties of the unfunctionalised silica with the
functionalized material it is seen that the grafting of different imidazolium
moieties reduces the pore volume drastically from 1.00 cm®/g to 0.427 m%g in the
case of [BPIM][MeSQO;]-functionalisation, while the pore diameter are is not
affected. This indicates that the [PBIM][ MeSOs] anchors on the inside or at the
entrance of the pores blocking part of the pores. Similar tendencies are seen for
the three other functioanlisations.

Table 2 Structural properties as effect of functionalisation.

Silica  Functionalisation  Molar SeeT VP d°
loading (m%g) (m%g) A

- - 293 1.00 105

[BPIM][MeSO;] 1.4 172 0427 105

Si0,-100 [SBIM][MeSO;] 0.6 219  0.695 106
[BPIM][B] 1.1 220 0552 93.3
[BPDHIM][Br] 1.4 219 0619 88.3

3Surface area (Sger, m?/g), "pore volume(V, m®/g), °BJH pore diameter (d, A)

The functionalised silicas were used supports in the preparation of SILP catalysts
for the oxidative carbonylation of aniline in continuous flow ([BPIM][Br]@SiO;

97



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

and [BPDHIM][Br]@SiO,) and in solketal synthesis ([SBIM][MeSOz;]@SiO, and
[BPIM][MeSO;]@SiO,). The SILP catalyst was prepared by a procedure
following Hermann et al.” and the pore-filling degree was maintained at o=0.36
for all catalysts. In the case of a SILP supported on [BPDHIM][Br]@SiO, the
deposition led to a slight decrease in surface area and pore volume, to 193 m?/g
and 0.553 m®jg respectively, without affecting the pore diameter which was
maintained at 87.3 A. A similar patterns are observed for other SILP catalysts”
but the reverse tendency has also been observed.®

Table 3. Properties of the prepared SILP catalysts.

Support IL Pd® «° SILP
Pd-sourse Wi%o

- 0.5 SILP-1

0.5 SILP-2

[BPIMIIC  rpgcipphy),] 005 SILP-3

[BPIM][Br]@SiO, 0.5 4 SILP-4

[BPIM] 0.05 7" SILP-5

[CF.S0,),N] [PdCl,(phen)] 0.5 SILP-7

sz [PACI,(PhNH,),] 0.5 SILP-11

[BPDHIM][Br] @SiO, [PACI,(PhNH,),] 0.5 SILP-15

a b
de/mSiIica+II- VIL/Vpore-

4.2.2 Oxidative Carbonylation of Aniline in Batch Conditions
To investigate the possibility of performing oxidative carbonylation with the

modified silicas as supports for palladium catalysts the [BMIM][Br]
functionalised material was impregnated with [PdCl,(PPhs),], and applied in
batch experiments. Traditional SILPs where the IL-phase is attached through non-
bonding interaction (Figure 1, (i)) have previously been observed to be leaching in
liquid phase reactions® and covalently anchored IL's (cSILP, Figure 1 (ii)) were
applied as an alternative. In a first attempt, the palladium complex was
immobilized only by the anchored imidazolium-based IL which was found to give
a material inactive for the reaction (non, Figure 5).
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Figure 5 Reaction conditions: 12 mmol Aniline, 250 mg Catalyst (180-200 um [BPIM][Br]@SiO,,

a=0.36, [PACI,(PPhs),], 10 bar (CO/O, =9/1), 25 mL Toluene, 500 rpm, 140°C, 1 hour. *Recycled
catalyst.

Considering that IL/Pd(Il) ratio has previously been found to be crucial for the
reaction, hybrid materials with a non-bonded IL-layer on the modified silicas was
prepared. The material prepared with [BMIM][CI] and a palladium-loading of 0.5
wt%o showed good activity and good recyclability with a TOF of 360 h™ in the
first and 340 h™ in the second run ([BMIM][CI](a), (Figure 5). Lowering the
palladium-loading to 0.05 wt%o increased the TOF without affecting the
recyclability. With the aim to utilize the spontaneous product separation observed
for the biphasic experiments (see chapter 3), hybrid material was prepared with
[BMIM][CF;SO,),N] and palladium-loadings of both 0.05 wt%o and 0.5 wt%eo.
These SILP’s showed TOF's of 1000 h™ and 340 h™ respectively performing
similarly to the material prepared with [BMIM][CI]. Full selectivity towards DPU
was found in all experiments. During these experiments, the product was observed
to crystallise on the catalyst and was extracted in refluxing toluene. In an attempt
to avoid the deposition of product on the catalyst, alternative solvents were tested.
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Table 4 The influence of solvent on the selectivity.

NH;  pd-catalyst H H
2 \ﬂ/ + H,0
co + 11,0, o

Entry? Solvent Conversion Selectivity By-product
(%) (%)
1 MTBE 44 78 ©/N“s
Cl

2 Toluene 34 >99 -
H
N

3 EtOAC 12 33 @f T

®Reaction conditions: 12 mmol Aniline, 300 mg SILP-2, 10 bar CO:02 9:1, 25 mL
solvent, 500 rpm, 140°C, 1 hour. *SILP could not be recycled.

Solvents capable of dissolving DPU, that were immiscible with the IL and with
intermediate boiling points was chosen (e.g. MTBE and EtOAc) and tested in the
oxidative carbonylation of aniline. Performed in MTBE (Table 4, entry 1), the
reaction converted 44% of the available aniline with a selectivity of 78% towards
DPU (entry 1, Table 4). In comparison, only 36% was achieved in toluene (entry
2) but with full selectivity to the desired product. When the oxidative
carbonylation was performed in EtOAc, the obtained conversion was only 12%,
combined with a selectivity of 33% towards DPU making N-methylbenzamide the
major product. Attempts to reuse the catalyst material after reactions performed in
MTBE were futile. To this end, toluene was chosen as solvent for experiments in
continues flow, despite of a maximum solubility of 9 mM DPU in toluene at
refluxing conditions.
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4.2.3 Oxidative Carbonylation of Aniline in Liquid-Phase

Continuous Flow Conditions

7/
i g z $
Nitrogen —— \

Figure 6 Schematic overview of the flow setup used for the oxidative carbonylation of aniline.

Continuous flow oxidative carbonylation of aniline with the prepared SILP
catalyst was performed 140°C and 10 bar total pressure using fixed-bed reactor
technology. The initial screening of various reaction parameters such as the
catalyst loading and IL-loading quickly revealed that the primary criterion for

success was catalyst stability.
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Figure 7 The effect of the precursor on the stability of the catalyst.Reaction conditions: 250 mg
catalyst(180-200 pm, 0=0.36 [BMIM][CF3SO,),N], 0.5 wt%o Pd(II), 1.8e-9 mol/min Aniline, 50
mL/min CO:Air =3:1, 10 bar, contact time=0.4 s, 140°C. Top: TOF h™* versus time on stream (h),
bottom: TON versus time on stream (h).

The performance of the prepared SILP materials with respect to activity and
stability is illustrated TOF and TON. In the effort to obtain a stable catalyst the
influence of the palladium precursor was investigated. In batch experiments with
bulk IL only minor differences in activity was observed between [PdCI,(PPhs),]
and [PdCI,(PhNH,),]. Consequently, [PdCl,(PhNH,),] was the first choice of
precursor for the experiments in continuous flow and displayed a maximum TOF
of 214 s but also a rapid deactivation despite of being substrate stabilised (Figure
7). As less strongly coordinating ligand An alternative precursor was sought in
[PACI,(PPh3),] which was observed to be the most active catalyst when applied in
bulk IL and displayed a maximum TOF of 146 s@ in continuous flow. As
indicated by the rapid drop in TOF values, the catalyst was not stable over time
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and the deactivation was ascribed to the loss of PPh; observed in the product
stream. Bidentate complexes are frequently found to be more stable than their
monodentate counterparts and [PdCl,(phen)] was tested in the oxidative
carbonylation of aniline. With this precursor a maximum TOF of 121 s* was
achieved without yielding a catalyst material which was stable under the applied
reaction conditions. All catalyst underwent a drastic change in colour during
reaction as the previously yellow catalyst material was black after 8 hours under
the applied conditions.

250 coc@ee 140°C
. <ol 110°C
200 -
¢ s
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& .
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Figure 8 The effect of temperature on the stability and performance of the catalyst. Reaction
conditions: 250 mg SILP 12 (180-200 pm, o=0.36 [BMIM][CF3SO,),N], 0.5 wt%o
[PACI,(NH,Ph),], [BPDHIM][BR]), 1.8e-9 mol/min Aniline, 50 mL/min CO/Air =3/1, 10 bar,
contact time=0.4 s. Top: TOF s versus time on stream (h), bottom: Cumulative TOF versus time on
stream (h).
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In response to these observations the effect of reaction temperature was examined

igure 8). At 140°C, a maximum TOF of 214 h™ was reached followed by
dexctivation (Figure 8). At 110°C a maximum TOF of 43 s™ was reached giving
similr TOF's for the two catalysts after 8 hours on stream. The TON clearly show
a flatteNjng of the curve for the experiment performed at 140°C whereas the TON
fox_the experiment performed at 110°C was still increasing after 8 hours. This
showrs that & 140°C, the catalyst is losing activity while this not the case after 8
hours OR strdgm at 110°C. The difference in performance depending on
temperaturd\ can\be explained by higher stability of the catalyst at lower
temperature oN\by\slower activation and hence slower decomposition of the
catalyst at lower Ympgrature. The discoloration of the catalyst material observed

Nafter reaction at 140°QWKs not observed after reaction at 110°C.

400 500 600

dm/dT[A.U]

Figure 9. TGA analysis of the catalyst applied at 140°C. i) Mass lossNj) firo\gderivative of the mass.
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For tNeg catalyst material used in the reaction at 140°C a weight-loss of 25% during
TGA aNglysis was observed compared to 19% for the spent catalyst indicating that
a much laxger part of the non-covalently anchored IL has been lost. The observed
dsgompositiya  temperatures at 416°C and 533°C belonging to [BMIM][
a\: N]% ¥e almost absent for the spend material while loss at temperatures
2sSOONRIRAWYth the decomposition of the covalently anchored IL is still observed.

Mg 0SINBYBRONiNg to anilinium chloride at 473°C* are also observed, while
the ma os &\ unidentified at the moment.

=== S|LP_12_fresh
| eeeeee SILP_12_spent
o=« [BPDHIM][Br]

=== S|LP_12 fresh

eecees SILP_12 spent
= = [BPDHIM][BTr]

dm/dT[A.U]

Figure 10. TGA analysis of the catalyst applied at 110°C. i) Mas
mass.
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decomposition  temperatures at 416°C and 533°C belonging to
[BMIM][CF3S0,),N]** are less pronounced for the spent material in comparison
to the fresh catalyst showing that the non-covalently anchored IL has been
partially removed during reaction while the covalent functionalisation that
decomposes at 336°C is intact. Thus temperature has a large effect on the leaching
of the IL layer on the catalyst material.

Table 5. Relative intensity of Pd to Si in the prepared SILP catalysts.

SILP-11 SILP-12
(cps/cps-10) (cps/cps-10)
Fresh 5.6 5.5
Spend 2.9 4.7

Experimental conditions: 120 mg catalyst, 180 mg SiO, 180-200 um, 25°C.

The fresh and spent catalysts was also analysed by X-ray flourescence
spectrometry (Table 5) which indicated a satisfactory reproducibility in the
catalyst preparation but the relative intensity of the Pd signal was also reduced. In
the case of the catalyst applied at 140°C 48% of the observable Pd was lost during
reaction while 15% was lost during reaction at 110°C. In combination with the
catalytic results and TGA analysis this may indicate that the catalysts deactivate as
a consequence of the leaching of the non-covalently bound IL leading to the loss
of palladium as higher temperatures would facilitate leaching.’

4.3 Conclusion
The oxidative carbonylation of aniline was performed in under continuous flow

conditions applying CO and air as the gaseous reactants and a Pd-SILP catalyst.
Steady-state conditions were not obtained due to the deactivation of the catalyst.
Characterization of the catalyst material after reaction indicated leaching of both
palladium and non-anchored IL during the reaction to be the cause of the
deactivation of the SILP catalyst. Leaching of the catalytically active components
of the SILP material was most likely caused by the large amounts of solvent
passed over the catalyst and the imperfect insolubility of the solvent in the
catalysts. In this perspective the imidazolium functionalisation of the silica surface
did not provide sufficient immobilization of the non-covalently bound IL onto the
support. The applied change to the structure of the covalently anchored
imidazolium was not observed to affect the leaching although a larger degree of
surface funtionalisation was observed when the organic species was
dihydroimidazolium. The tested Pd-complexes displayed a similar in activity as
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observed for experiments in bulk IL. Conclusions on their stability could not be
drawn do to the leaching of the combined leaching of IL and palladium.

4.4 Experimental

4.4.1 General

Solvents were supplied by Sigma-Aldrich and dried using a Puresolv MD-7
solvent purification system prior to use when necessary. Chemicals and deuterated
solvents were supplied by Sigma-Aldrich and used without any further
purification. Silica supplied by Merck ( ref. no. 10184, pore 100, mesh 70-
230)was fractionated to 180-200 pm particle size prior to use. NMR was
performed using a Bruker 400 mHz instrument. *H NMR was referenced with
respect to the residual solvent signal as published by Fulmer et al.** DMSO; 'H
NMR (400 mHz) & 2.5(p, J=3.7, 1.8).

4.4.2 Characterization Techniques and Analysis
NMR analysis was performed using Varian or Oxford 400 MHz instruments. 'H

NMR and “C{*H} NMR spectra were referenced with respect to the residual
solvent peak as published by Fulmer et al.®* *"H NMR (400 MHz DMSO) & 2.5(p,
J=3.7,1.8) ®C{*H} NMR (100 MHz DMSO) & 39.52.

Synthesis were monitored by GC-MS, performed using an Agilent 220-MS fitted
with a HP-5, 30 m x 250 pm x 0.25 pm column.

Catalytic reactions were followed by GC-fid using an Agilent 6890N fitted with a
HP-5, 30 m x 250 pm x 0.25 pum column.

ATR-FTIR was performed with a Bruker diamond-ALPHA ATR spectrometer
running an exponential ATR correction. To ensure contact with the diamond
pellets of the neat materials were made using a Paul Weber pellet press and 5 ton
force on the material. Spectra were recorded with a resolution of 4 cm™.
Termogravimetric analysis (TGA) was performed on a Mettler Toledo TGA/DCS
Star system. Samples were heated with a ramp of 10°C/min. from room
temperature to 100°C and hold at 100°C for 1 hour before heating the sample to
600°C with a ramp of 10°C /min. All TGA analysis were performed in dry air.
Nitrogen physisorption was performed at liquid nitrogen temperature on a
Micrometrics ASAP 2020. The samples were outgassed in vacuum at 145°C
during 18 hours prior to measurement. Total apparent surface area calculated by
the Brunauer-Emmet-Teller method (BET). Pore volumes were calculated based
on nitrogen adsorbed at relative pressure p/p,=0.95. Pore size distributions were
derived using the Barret-Joyner-Halenda (BJH) method using the desorption
branch.
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Energy dispersive X-ray fluorescence (XRF) was performed in ten replicas on an
Epsilon 3XL spectrometer using Ag, Rb and Mo filaments.

4.4.3 Synthesis

1-(4-sulfobuty)l-3-(3-(silyl)propyl)-imidazolium  methanesulfonate@SiO, was
prepared combining the procedures published by Niknam et al.'® and Wei et al.*
10 g dry silica was suspended in 20 mL toluene and refluxed with 3-
(chloropropyl)triethoxysilane for 24 hours under nitrogen. The solvent was
removed by filtration via cannula and the wet solid was washed 3 times 20 mL
toluene. The wet solid was dried at 100°C under reduced pressure. In a different
flask 774 mg ( mmol) and 546 mg 50% NaH in mineral oil (mmol) was combined
in 25 mL toluene and stirred 1 hour. The slurry was cannulated into 3-
chloropropryl silica and the mixture was refluxed for 24 hours. The suspension
was cooled to room temperature, filtered via cannula and washed with 3 times 20
mL ethanol. The solid was dried overnight at 100°C under reduced pressure. 3.4 g
imidazolpropyl silica was suspended in 25 mL toluene and 144 pL (1.41 mmol)
butanosultone was added via cannula. The mixture was stirred at 100°C for 6
hours, cooled, filtered and washed with 3 times 10 mL toluene. The intermediate
was treated with 92 uL (1.4 mmol) methylsulfonic acid in 5 mL toluene. The
mixture was stirred for 24 hours and washed with 3 times 20 mL ether.
N-(3-triethoxysilyl)propyl imidazole was synthesised to a slightly modified
procedure published by Roshan et al.®* 3.4 g (50 mmol) of imidazole was
suspended in 50 mL dry toluene and (3-chloropropyl)triethoxysilane 12 g (50
mmol) was added via canula. The mixture was refluxed overnight and the
progress followed by GC-MS. The crude product was purified by column
chromatography on 25 g neutral alumina (Merck 1077, Mesh 70-230) per gram
crude eluding with ethyl acetate obtaining the product as a slightly viscose light
yellow liquid in 30% yield.

'H NMR (400 MHz, CDCls) & 8.09 (s, 1H), 7.66 (s, 1H), 7.53 (s, 1H), 4.73 (q, J = 7.1 Hz,
2H), 4.59 — 4.51 (m, 2H), 4.42 (q, J = 7.0 Hz, 6H), 2.50 (dt, J = 15.3, 7.2 Hz, 2H), 1.85
(dt, J = 14.1, 7.1 Hz, 9H), 1.25 — 1.10 (m, 2H).
1-butyl-3-(3-(triethoxysilyl)propyl)-imidazolium  bromide was  synthesized
according to a procedure published by Roshan et al.** N-(3-triethoxysilyl)propy!
imidazole was dissolved in dry toluene (1:1 volume) and 1-bromobutane was
added via canula. The mixture was refluxed overnight and solvent was removed
under reduced pressure.

"H NMR (400 MHz, DMSO) & 9.33 (s, 1H), 7.82 (s, 1H), 7.42 (s, 1H), 4.38 (s, 4H), 4.24 —
3.98 (m, 9H), 3.80 — 3.57 (q, 6H), 2.01 — 1.64 (m, 4H), 1.33 — 1.18 (m, 2H), 1.13 (dd, J =

108



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

14.0, 6.9 Hz, 6H), 1.06 (dd, J = 14.4, 7.4 Hz, 3H), 0.90 (t, J = 7.4 Hz, 3H), 0.56 — 0.23 (m,
2H).

1-butyl-3-(3-(triethoxysilyl)propyl)-4,5-dihydroxyimidazolium  bromide  was
synthesized as described for 1-butyl-3-(3-(triethoxysilyl)propyl)-imidazolium
bromide.

1-butyl-3-(3-(silyl)propyl)-imidazolium bromide@SiO, was produced by grafting
1-butyl-3-(3-(triethoxysilyl)propyl)-imidazolium bromide onto silica following a
procedure published by Luska et al.*® 2.2 g silica was suspended in 12 mL toluene
using standard schlenk technique and 3 mmol 1-butyl-3-(3-(triethoxysilyl)propyl)-
imidazolium bromide dissolved in 10 mL dichloromethane was added via canula.
Dichloromethane was removed under reduced pressure and the mixture was
refluxed for 24 hours after which the solvent was filtered off and the product
washed trice with dichloromethane.
1-butyl-3-(3-(triethoxysilyl)propyl)-4,5-dihydroxyimidazolium bromide@SiO,was
synthesized as  described  for  1-butyl-3-(3-(silyl)propyl)-imidazolium
bromide@SiO..

1-butyl-3-(3-(triethoxysilyl)propyl)-4,5-dihydroxyimidazolium
methylsulfonate@SiO,  was prepared by refluxing 1-butyl-3-(3-
(triethoxysilylpropyl)-4,5-dihydroxyimidazolium  bromide@SiO, with an
egimolar ammount of methyl sulfonic acid in toluene for 24 hours after which the
solid was separated by filtration and washed with toluene. The absence of chloride
in the prepared material was verified by XDF.

SILP catalysts were prepared by solubilising a palladium catalyst in IL.
Subsequently the solution was diluted with THF and functionalised silica was
suspended in the catalyst/IL solution. THF was removed at a reduced pressure of
0.4 bar and 40°C.

4.4.4 Oxidative Carbonylation of Aniline in Batch Conditions
Catalytic test in batch conditions were performed in a 300 mL mechanically

stirred Parr autoclave fitted with a Teflon liner. The reactor was equipped with
thermocouple, manometer and heating jacket. Temperature and stirring rate were
controlled from a Parr control unit. For each experimental run the reactor was
loaded with catalyst, internal standard, substrate and solvent, flushed trice with
CO before it was charged with 9:1 CO/O, mixture unless otherwise stated.

In a typical run the autoclave was loaded with 250 mg SILP material, 23.9 mL
Toluene, 1.1 mL aniline, 168 pL mesitylene, 9 bar CO and 1 bar O, and heated to
140°C under stirring at 500 rpm.
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For all experimental runs the liquid volume of the reactor was kept at 25 mL.
Temperature deviations from the set temperature were within +3°C. Reaction time
was started when the internal temperature of the reactor reached the desired
temperature. At the end of the experimental run the heating jacket was removed
and the reactor was cooled to room temperature with ice. At room temperature the
pressure was released and the solvent and SILP was separated by filtration. The
product was extracted from the SILP material with refluxing toluene and hot
filtration. The product was isolated from the toluene solution by removal of the
solvent under reduced pressure. Catalytic performance was monitored by NMR
and GC-MS.

4.4.5 Oxidative Carbonylation of Aniline in Liquid-Phase
Continuous Flow Conditions
The oxidative carbonylation of aniline was conducted in a continuous-flow fixed-

bed stainless steel vertical reactor (i.d.=9 mm, 0.d.=1.2 mm) where the catalyst
bed was held in place by a steel grid (pore diameter below 2 um). 250 mg catalyst
(180-200 um) was loaded into the reactor and preheated to the desired temperature
under flow of aniline/dodecane solution in toluene (12.5/0.25 mM, 0.15 mL/min.)
and nitrogen (50 mL/min.). Once the temperature had stabilized, gas flow was
switched to CO/air (4/1, volumetric ratio) with a flow rate of 50 mL/min and data
collection was commenced. Toluene solution leaving the system was condensed
and analyzed by GC using the internal standard method monitoring the aniline
disappearance. During the entire experiment system pressure was maintained at 10
bar +0.3 bar using a Samson 3730-2 electropneumatic valve (K\=0.00063
m?*/hr(bar)*). Catalytic performance was monitored by NMR and GC-MS.

110



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

45 References

(1)
)

(3)
(4)

()
(6)

(7)
(8)
(9)
(10)
(11)
(12)
(13)
(14)
(15)

(16)
17)

(18)
(19)

(20)
(21)

(22)
(23)
(24)

(25)

Hanna, D. G.; Shylesh, S.; Werner, S.; Bell, A. T. J. Catal. 2012, 292, 166.
Garcia-Verdugo, E.; Altava, B.; Burguete, M. I.; Lozano, P.; Luis, S. V.
Green Chem. 2015, 17, 2693.

Skoda-Fdldes, R. Molecules 2014, 19, 8840.

Sakai, K.; Okada, K.; Uka, A.; Misono, T.; Endo, T.; Sasaki, S.; Abe, M.;
Sakai, H. Langmuir 2015, 31, 6085.

Fitchett, B. D.; Conboy, J. C. J. Phys. Chem. B 2004, 108, 20255.
Carmichael, A. J.; Hardacre, C.; Holbrey, J. D.; Nieuwenhuyzen, M.;
Seddon, K. R. Mol. Phys. 2001, 99, 795.

Valkenberg, M. H.; DeCastro, C.; Holderich, W. F. Green Chem. 2001, 4,
88.

Udayakumar, S.; Raman, V.; Shim, H. L.; Park, D. W. Appl. Catal. A Gen.
2009, 368, 97.

Udayakumar, S.; Shim, H.-L.; Raman, V.; Park, D. Microporous
Mesoporous Mater. 2010, 129, 149.

Miao, J.; Wan, H.; Shao, Y.; Guan, G.; Xu, B. J. Mol. Catal. A Chem.
2011, 348, 77.

Viau, L.; Ne, M.; Biolley, C.; Volland, S.; Brevet, D.; Gaveau, P.;
Dieudonne, P.; Galarneau, A.; Vioux, A. 2012.

Elhamifar, D.; Nasr-esfahani, M.; Karimi, B.; Moshkelgosha, R.
ChemCatChem 2014, 6, 2593.

Lazarin, A. M.; Gushikem, Y.; de Castro, S. C. J. Mater. Chem. 2000, 10.
Nouri Sefat, M.; Saberi, D.; Niknam, K. Catal. Letters 2011, 141, 1713.
Restrepo, J.; Lozano, P.; Burguete, M. |.; Garcia-verdugo, E.; Luis, S. V.
Catal. Today 2015, 255, 97.

Niknam, K.; Piran, A. Green Sustain. Chem. 2013, 3, 1.

Yang, J.; Zeng, T.; Cai, D.; Li, L.; Tang, W.; Hong, R.; Qiu, T. ASIA-
PACIFIC J. Chem. Eng. 2016, 11, 901.

Chrobok, A.; Baj, S.; Pudlo, W.; Jarzebski, A. Appl. Catal. A Gen. 20009,
366, 22.

Xu, H.; Zhao, H.; Song, H.; Miao, Z.; Yang, J.; Zhao, J.; Liang, N.; Chou,
L. J. Mol. Catal. A Chem. 2015, 410, 235.

Han, L.; Park, S.-W.; Park, D.-W. Energy Environ. Sci. 2009, 2, 1286.
Roshan, K. R.; Mathai, G.; Kim, J.; Tharun, J.; Park, G.-A.; Park, D.-W.
Green Chem. 2012, 14, 2933.

Yang, H.; Han, X.; Li, G.; Ma, Z.; Hao, Y. J. Phys. Chem. C 2010, 114,
22221.

Moosavi-Zare, A. R.; Zolfigol, M. A.; Zarei, M.; Zare, A.; Khakyzadeh, V.
J. Mol. Lig. 2015, 211, 373.

Surca Vuk, A.; Jovanovski, V.; Pollet-Villard, A.; Jerman, 1.; Orel, B. Sol.
Energy Mater. Sol. Cells 2008, 92, 126.

Lombardo, M.; Easwar, S.; De Marco, A.; Pasi, F.; Trombini, C. Org.
Biomol. Chem. 2008, 6, 4224,

111



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(26)
(27)

(28)
(29)

(30)

(31)
(32)

(33)
(34)
(35)
(36)
(37)
(38)
(39)
(40)
(41)
(42)
(43)
(44)
(45)
(46)
(47)

(48)
(49)

(50)

Aprile, C.; Giacalone, F.; Agrigento, P.; Liotta, L. F.; Martens, J. A,;
Pescarmona, P. P.; Gruttadauria, M. ChemSusChem 2011, 4, 1830.
Agrigento, P.; Al-Amsyar, S. M.; Sorée, B.; Taherimehr, M.; Gruttadauria,
M.; Aprile, C.; Pescarmona, P. P. Catal. Sci. Technol. 2014, 4, 1598.

Hu, Y.; Li, D. F. D. Catal. Letters 2016, 146, 968.

Yang, H.; Wang, Y.; Qin, Y.; Chong, Y.; Yang, Q.; Li, G. Green Chem.
2011, 13, 1352.

Corma, A.; Iglesias, M.; Monge, A.; Pérez-ferreras, S. Adv. Synth. Catal.
2006, 348, 1899.

Guenther, J.; Reibenspies, J.; Blimel, J. Adv. Synth. Catal. 2011, 353, 443.
Garcés, K.; Fernandez-Alvarez, F. J.; Garcia-Ordufia, P.; Lahoz, F. J;
Pérez-Torrente, J. J.; Oro, L. A. ChemCatChem 2015, 7, 2501.

Martinez, A.; Krinsky, J. L.; Pefiafiel, I.; Castillén, S.; Loponov, K.;
Lapkin, A.; Godard, C.; Claver, C. Catal. Sci. Technol. 2015, 5, 310.
Rostamnia, S.; Doustkhah, E.; Bulgar, R.; Zeynizadeh, B. Microporous
Mesoporous Mater. 2016, 225, 272.

Luska, K. L.; Julis, J.; Stavitski, E.; Zakharov, D. N.; Adams, A.; Leitner,
W. Chem. Sci. 2014, 5, 4895.

Luza, L.; Gual, A.; Rambor, C. P.; Eberhardt, D.; Teixeira, S. R.; Bernardi,
F.; Baptista, D. L.; Dupont, J. Phys. Chem. Chem. Phys. 2014, 16, 18088.
Bivona, L. A.; Giacalone, F.; Vaccaro, L.; Aprile, C. ChemCatChem 2015,
7, 2526.

Aprile, C.; Giacalone, F.; Gruttadauria, M.; Marculescu, M.; Noto, R.;
Revell, D.; Wennemers, H. Green Chem. 2007, 9, 1328.

Karimi, B.; VVahdati, S.; Vali, H. RSC Adv. 2016, 6, 63717.

Zhang, Q.; Luo, J.; Wei, Y. Green Chem. 2010, 12, 2246.

Veverkova, E.; Bilka, S.; Baran, R.; Sebesta, R. Synthesis (Stuttg). 2016,
48, 1474.

Giacalone, F.; Gruttadauria, M. ChemCatChem 20186, 8, 664.

Haumann, M.; Wasserscheid. In RCS Catalysis Series; Hardacre, C.;
Parvulescu, V., Eds.; Royal Society of Chemistry, 2014; Vol. 15, pp. 410—
432.

Supported lonic Liquids: Fundamentals and Applications; Fehrmann, R.;
Riisager, A.; Haumann, M., Eds.; Wiley-VCH Verlag GmbH & Co.
KGaA, 2014.

Mehnert, C. P.; Mozeleski, E. J.; Cook, R. A. Chem. Commun. 2002, 3010.
Mehnert, C. P.; Cook, R. A.; Dispenziere, N. C.; Afeworki, M. J. Am.
Chem. Soc. 2002, 124, 12932.

Taher, A.; Kim, J.-B.; Jung, J.-Y.; Ahn, W.-S.; Jin, M.-J. Synlett 2009,
2477.

Hagiwara, H.; Sugawara, Y.; Suzuki, T. Chem. Commun. 2005, 2942.
Shahabuddin, M. S.; Nambiar, M.; Choudhary, B.; Advirao, G. M.;
Raghavan, S. C. Invest. New Drugs 2010, 28, 35.

Anandan, S.-K.; Webb, H. K.; Do, Z. N.; Gless, R. D. Bioorg. Med. Chem.

112



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(51)

(52)

(53)

(54)

(55)

(56)

(57)
(58)
(59)
(60)
(61)
(62)
(63)

(64)
(65)

(66)
(67)
(68)
(69)
(70)

(71)

Lett. 2009, 19, 4259.

Ali, A.; Reddy, G. S. K. K.; Nalam, M. N. L.; Anjum, S. G.; Cao, H.;
Schiffer, C. a; Rana, T. M. J. Med. Chem. 2010, 53, 7699.

Nisler, J.; Zatloukal, M.; Spichal, L.; Koprna, R.; Dolezal, K.; Strnad, M.
1,2,3-thiadiazol-5yl-urea derivatives, use thereof for regulating plant
senescence and preparations containing these derivatives. WO
2016037595, 2016.

Fischer, L. G.; Baum, E. W.; Crouse, G. D.; Deamicis, C.; Lorsbach, B.;
Petkus, J.; Sparks, T. C.; Whiteker, G. T. Molecules having certain
pesticidal utilities, and intermediates, compositions, and processes related
thereto, 2014.

Halecky, A. A.; Tollington, P. J. Structured oil based systems. WO
2009151568 A1, 2009.

Hughes, J.; Fujiwara, T. Epoxy resin composition, prepreg, fiber-
reinforced plastic material, and manufacturing method for fiber-reinforced
plastic material. WO 2016087935, 2016.

Pomper, M. G.; Mease, R. C.; Ray, S.; Chen, Y.; Yang, X. New scaffolds
and multifunctional intermediates for imaging psma and cancer therapy.
WO 2016065142, 2016.

Job, M.; Jeschke, R.; Lohr, C.; Lawrence, A. Colour protection detergent.
WO 2013123981A1, 2016.

Depree, D. O.; Hill, E. F. N-aryl-n’-(p-hydroxyphenyl) ureas as
antioxidants for petroleum hydrocarbon fuels. US 2785965 A, 1957.
Comas-Vives, A. Phys. Chem. Chem. Phys. 2016, 18, 7475.

Morrow, B. A.; McFarlan, A. J. Langmuir 1991, 7, 1695.

Hoffmann, P.; Knozinger, E. Surf. Sci. 1987, 188, 181.

Mielby, J.; Kunov-Kruse, A. J.; Kegnas, S. J. Catal. 2017, 345, 149.
Nishino, N.; Arquero, K. D.; Dawson, M. L.; Finlayson-Pitts, B. J.
Environ. Sci. Technol. 2014, 48, 323.

Tait, S.; Osteryoung, R. A. Inorg. Chem. 1984, 23, 4352.

Yamada, T.; Tominari, Y.; Tanaka, S.; Mizuno, M.; Fukunaga, K.
Materials (Basel). 2014, 7, 74009.

Mihalopoulos, N.; Barnes, I.; Becker, K. H. Atmos. Environ. Part A, Gen.
Top. 1992, 26, 807.

Tuttolomondo, M. E.; Navarro, A.; Pefia, T.; Varetti, E. L.; Parker, S. F.;
Altabef, A. Ben. J. Phys. Chem. A 2009, 113, 8401.

Yamada, T.; Tominari, Y.; Tanaka, S.; Mizuno, M. J. Phys. Chem. B 2015,
119, 15696.

Ueno, K.; Tokuda, H.; Watanabe, M. Phys. Chem. Chem. Phys. 2010, 12,
1648.

Kunov-Kruse, A. J.; Riisager, A.; Saravanamurugan, S.; Berg, R. W,
Kristensen, S. B.; Fehrmann, R. Green Chem. 2013, 15, 2843.

Trilla, M.; Borja, G.; Pleixats, R.; Man, M. W. C.; Bied, C.; Moreau, J. J.
E. Adv. Synth. Catal. 2008, 350, 2566.

113



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids

Nanette Zahrtmann

(72)
(73)

(74)

(75)
(76)

(77)
(78)

(79)
(80)

(81)
(82)

(83)
(84)

Ding, Z. D.; Shi, J. C.; Xiao, J. J.; Gu, W. X.; Zheng, C. G.; Wang, H. J.
Carbohydr. Polym. 2012, 90, 792.

Lin, B.; Chu, F.; Yuan, N.; Shang, H.; Ren, Y.; Gu, Z.; Ding, J.; Wei, Y.;
Yu, X. J. Power Sources 2014, 252, 270.

Perchacz, M.; Donato, R. K.; Seixas, L.; Zhigunov, A.; Konefal, R.;
Serkis-Rodzen, M.; Bene$, H. ACS Appl. Mater. Interfaces 2017,
acsami.7b02631.

Kudo, S.; Zhou, Z.; Yamasaki, K.; Norinaga, K.; Hayashi, J. Catalysts
2013, 3, 757.

Zimmermann, J.; Ondruschka, B.; Stark, A. Org. Process Res. Dev. 2010,
14, 1102.

Meine, N.; Benedito, F.; Rinaldi, R. Green Chem. 2010, 12, 1711.
Herrmann, W. A.; Kohlpaintner, C. W.; Manetsberger, R. B.; Bahrmann,
H.; Kottmann, H. J. Mol. Catal. A. Chem. 1995, 97, 65.

Khokarale, S. G.; Garcia-Suéarez, E. J.; Fehrmann, R.; Riisager, A.
ChemCatChem 2017, 9, 1.

Hintermair, U.; Zenxing, G.; Serbanovic, A.; Muldoon, M. J.; Santini, C.
C.; Cole-Hamilton, D. J. Dalt. Trans. 2010, 39, 8501.

Papp, M.; Skoda-Foldes, R. J. Mol. Catal. A. Chem. 2013, 378, 193.
Huddleston, J. G.; Visser, A. E.; Reichert, W. M.; Willauer, H. D.; Broker,
G. a.; Rogers, R. D. Green Chem. 2001, 3, 156.

Lubkowski, J.; Blazejowski, J. Thermochim. Acta 1987, 121, 413.

Fulmer, G. R.; Miller, A. J. M.; Sherden, N. H.; Gottlieb, H. E.; Nudelman,
A.; Stoltz, B. M.; Bercaw, J. E.; Goldberg, K. I. Organometallics 2010, 29,
2176.

114



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

Chapter 5

General Conclusions



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann



UNIVERSITAT ROVIRA I VIRGILI
Pd-catalysed Carbonylations of Anilines in Ionic Liquids
Nanette Zahrtmann

In summary, two palladium catalysed reactions were studied in batch and one of
the two was also studied under continuous flow conditions.

The first reaction was the preparation of benzamide from aniline. This reaction
has received very little attention in literature despite the straight forward benefits
offered by this reaction.

The second reaction was the oxidative carbonylation of aniline. This reaction was
performed both under batch and under continuous flow conditions. Under batch
conditions, the reaction was examined using homogenous palladium catalysts in
bulk ionic liquid and with supported ionic liquid phase (SILP) catalysts. Both
catalytic systems were highly active and supporting the homogenous catalyst onto
solid support improved the recyclability of the catalyst. On the other hand, when
the SILP material was applied in continuous flow, the leaching of both the ionic
liquid and of palladium was observed leading to the deactivation of the system.

1 Preparation of Benzamide by Carbonylation of Anilines

Novel palladium-based catalytic systems for the synthesis of differently
substituted N-phenylbenzamides are described. Notably, the catalytic system is
additive free, robust and based on commercially available ligands. The ligands
were found have a significant influence on the chemoselectivity of the reaction,
most likely due to their different ability to stabilise hydride complexes. A wide
range of primary anilines were efficiently converted to benzamides in high yield.
The tolerance sterically hindered substrates was also examined and good obtained.
Moreover a catalytic cycle accounting for the cleavage of sp2 C-N in the
transformation is proposed. To the best of our knowledge this is a first example of
catalytic C-N activation bond in presence of palladium without prior activation of
the aniline.

2 Palladium Catalyzed Oxidative Carbonylation of Aniline in
Ionic Liquid
The selective oxidative carbonylation of aniline to diphenylurea was carried out in
the presence of a catalytic system comprising of [PdCI,(PPhs),] as catalyst and
[BMIM][CI]. TOFs up to 15600 h™* and 1900 h™* were achieved with
benzoquinone and O,as oxidants, respectively. The TOF achieved with
benzoquinone as oxidant was, to the best of our knowledge, the highest reported
to date under mild reaction conditions (140°C and 10 bar). In order to investigate
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the influence of the ionic liquids, several cations and anions were applied. The
best results were achieved with [BMIM][Br] while the employment of
[BMIM][(CF3SO,),N] drove a spontaneous product separation. Unfortunately
recycling experiments were not successful: The catalytic system could be reused
three times but with loss of activity from the first reuse. The unexpected recycling
results were attributed to the lack of stability of the palladium catalytic species
during work-up of the reaction.

3 Oxidative Carbonylation of Aniline in Flow

The oxidative carbonylation of aniline was performed under continuous flow
conditions applying CO and air as the gaseous reactants and a Pd-SILP catalyst.
Steady-state conditions were not obtained due to the leaching of the catalyst.
Characterization of the catalyst material after reaction indicated leaching of both
palladium and non-anchored IL during the reaction as the cause of the
deactivation of the SILP catalyst. Leaching of the catalytically active components
of the SILP material was most likely caused by the large amounts of solvent
passed over the catalyst and the partial miscibility of the solvent in the catalysts.
In was therefore concluded that the imidazolium functionalisation of the silica
surface did not provide sufficient immobilization of the non-covalently bound IL
onto the support. The tested Pd-complexes displayed a similar in activity as
observed for experiments in bulk IL. Conclusions on their stability could not be
drawn do to the leaching of the combined leaching of IL and palladium.
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Al 'H NMR and ®*C{*H} NMR spectra of 4-Fluoro-N-(4-
fluorophenyl)benzamide
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'H NMR (CDCls, 400.13 MHz): 7.90-7.86(m, 2H), 7.73 (s, broad 1H) 7.60-7.56
(m, 2H), 7.19 (t, = 8.6 Hz, 2H), 7.07 (t, J = 8.7 Hz, 2H).
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3C NMR (CDCls, 100.61 MHz): 164.98 (d, *Jc.r = 252.9 Hz), 164,64 (s) 159.64
(d, YJer = 244.2 Hz), 133.70 (d, *Jc.r = 2.9 Hz), 130.88 (d, “Jc.r = 3.1 Hz), 129.39
(d, *Jcr = 9.0 Hz), 122.17 (d, *Jc.r =7.9 Hz), 116.00 (d, 2Jc.r =11.2 Hz), 115.78
(d, 2Jcr =11.8 H2).
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A2 Quantification by NMR
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H H 2 4
5 6 8
1
Diphenylurea [BMIM][CI]

"H-NMR chemical shifts of the standard samples, regression coefficients of the
respective protons (G) and their relaxation times (T1).

Proton Olppm] GJs-1] T1[s]
[BMIM][CI]-9 0.88 0.364549 2.743115
[BMIM][CI] -8 1.24 0.47063  2.124811
[BMIM][CI]-7 1.74 0.658684 1.518179
[BMIM][CI] -3 3.38 0.427061 2.41586
[BMIM][CI]-6 4.16 0.703238 1.421994

DPU -4 6.93 0.302185 3.309231
DPU -3,5 7.25 0.408682 2.44689
DPU - 2,6 7.46 0.9461 1.056971

[BMIM][CI]-5 7.72  0.157511 6.348763
[BMIM][CI] -4 7.79  0.23184 4.31332
[BMIM][CI]-2 926  0.258727 3.865078
DPU - 1 967 1569470 0.637158

Vi
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