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Chapter 1
Introduction

1.1. Homogeneous catalysis and organometallic chemistry
The importance of catalysis in modern‐day life is hard to overestimate, as
nearly all the products one encounters are in some way made from chemicals
that have been produced by catalyzed chemical reactions. Berzelius was the
first to describe the action of a catalyst in 1836, which was defined by Ostwald
in 1895 as “a substance that changes the rate of a chemical reaction without
itself appearing in the products”.[1] The modern definition has changed
somewhat in order to include the improved understanding of chemistry in the
last century, but the basis remains the same.
1
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When several reactants are put together they may react to give a mixture of
various products. A catalyst can enhance the rate towards one of the products
and decrease the relative rate towards the others. In that way catalysts give
rise to increased product selectivity relative to the non‐catalyzed process. This
is very important from both an economic and an environmental viewpoint, as
the raw materials are converted more efficiently, generating less waste and
thereby requiring fewer energy consuming separation steps.
Although the greater part of catalytic reactions is used in bulk processes, the
impact of catalysis in the fine chemical industry (pharmaceuticals, fragrances,
agrochemicals) is equally strong, especially because these make high‐value
products. A distinction is often made between homogenous and
heterogeneous catalysts, the difference being based on the phase of the
catalyst compared to that of the chemical reaction it catalyzes. Heterogeneous
catalysts are mostly solids that catalyze reaction in the gaseous phase (e.g. the
catalytic converter in automobile exhausts) or in solution and homogeneous
catalysts are nearly always compounds that are soluble in the reaction mixture.
While heterogeneous catalysts play the major role in bulk chemical processes
because of their high stability and lower process costs, homogeneous catalyst
lead to higher rates and better selectivities for the more delicate reactions in
the fine chemical industry. In the last 50 years it has been found that it is also
possible to immobilize homogenous catalysts onto solid supports, thereby
combining the best of homogeneous catalysis (well‐defined species, highly
active and selective) and heterogeneous catalysis (increased physical &
chemical resistance and recyclability). The merits of homogeneous catalysis are
recognized in the scientific community, as in the last decade three Nobel Prizes
have been awarded to researchers in the field of homogeneous catalysis. In
2001, Knowles, Noyori and Sharpless were awarded the Nobel Prize for chirally
catalyzed oxidation and hydrogenation reactions, 2005 saw Chauvin, Grubbs
and Schrock for their development of metathesis methods in organic synthesis
and in 2010 Heck, Negishi and Suzuki were awarded the Nobel Prize for their
work on palladium‐catalyzed cross‐coupling reactions. All employ complexes of
transition metals for their catalytic reactions. The main strength of
homogeneous catalysis lies in the well‐understood manner in which
homogeneous catalysts can be prepared, characterized and studied during
2
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catalysis. This enables the facile elucidation of the mechanism of a catalyst and
a directed search to improve the catalyst properties. The majority of man‐
made homogenous catalysts is based on coordination complexes and in order
to rationally direct the reactivity of new catalysts this field must be
understood.
Coordination compounds are substances that contain a metal atom
surrounded by several other organic (e.g. carbon monoxide, ethylene) or
inorganic moieties (e.g. chloride, ammonia), known as ligands. Famous
examples of coordination compounds are cis‐platin (used in anti‐cancer
treatments), or Wilkinson´s catalyst for hydrogenation of alkenes (Figure 1).
When one of the ligands is attached to the metal via a metal‐carbon bond, the
complex is referred to as an organometallic compound, well‐known examples
of which are methylcobalamin (a form of vitamin B12) and Ziegler‐Natta‐type
catalysts for production of polypropylene. By adjusting the nature of the
ligands, the properties and reactivity of coordination compounds and
organometallic complexes can be tuned, which is especially important for the
catalytic applications.

Figure 1. Several examples of coordination compounds and organometallic complexes

A ligand needs to have electrons available with which to interact with the
metal.[2] Lone electron pairs can form metal‐ligand (M‐L) σ‐bonds, as seen with
phosphorus (e.g. triphenylphosphine), nitrogen (e.g. pyridine, ammonia),
sulfur, oxygen and the halides. Another option is the formation of a π‐bond
between a metal and a ligand such as ethylene, in which the C=C double bond
donates electrons to the metal. If the metal is sufficiently electron rich and the
ligand has orbitals available, metal‐to‐ligand dÆπ*‐backdonation can also take
place, which strengthens the M‐L bond. Carbon monoxide and phosphines are
3
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ligands in which this can play a large part in the bond strength. As far as
transition metals are concerned, carbon‐based ligands are mostly bound via π‐
interactions, such as in ethylene, benzene or the cyclopentadienyl anion. The
reason for this is the high reactivity and nucleophilicity of lone electron pairs in
carbanions and carbenes. However, quite recently carbenes have been made
available as easily applicable σ‐donor ligands in the form of N‐heterocyclic
carbenes (NHCs) and this has had a profound effect on the field of
organometallic chemistry and transition metal catalysis.[3‐5]
1.2. N‐Heterocyclic carbenes as ligands in catalysis
1.2.1. Development and properties of N‐heterocyclic carbenes
N‐Heterocyclic carbenes have in recent years risen to a prominent position
among ligands for transition metals. The main reasons are their capability to
form strong covalent bonds to many transition metals, based mostly on σ‐
donation with little π‐backbonding character, and high stability under a variety
of reaction conditions, notably air‐ and moisture‐stability. They have initially
been put forward as a ‘successor’ to phosphorus ligands in homogeneous
catalysis, but in the last decade their character has become better understood
and it has been recognized that their properties make them more than ‘just
strong phosphane‐mimics’.[5] Although N‐heterocyclic carbenes should not be
regarded as omnipotent ligands, their potential in organometallic chemistry
and homogeneous catalysis has not yet reached its peak.
Carbenes have been studied since the first half of the twentieth century, and
metal‐complexes of carbenes have been pioneered by the groups of Öfele and
Wanzlick, whose aim it was to find stable carbene species. A carbene is a
divalent carbon atom with only six valence electrons, of which two are non‐
bonding, making carbenes intrinsically reactive species. They appear in two
distinct spin states that are characterized by the electron distribution over the
orbitals. In the singlet state two electrons are paired up in the sp2‐hybridized
lone pair, while in the triplet state there is one electron in each of the sp2 and
p‐orbitals (Figure 2). This is reflected in their reactivity: singlet carbenes have
one filled and one vacant orbital and have an ambiphilic character, while
triplet carbenes are regarded as diradicals.[6]
4
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Figure 2. Singlet and triplet carbenes,

The nature of the substituents has a strong influence on the type of carbene,
inductively σ‐electron withdrawing substituents favoring the singlet state over
the triplet state. Also mesomeric stabilization plays an important role, with π‐
electron donating groups stabilizing the singlet state relative to the triplet
state. Wanzlick recognized that the 2‐position of an imidazole might strongly
stabilize the singlet carbene and was able to synthesize imidazolin‐2‐ylidenes
1, but was only able to isolate its dimer, the enetetramine 2 (Scheme 1).[7]
However, trapping experiments by his group and that of Öfele proved that the
free carbene had been present in solution.[7, 8]

Scheme 1. Wanzlick’s ‘free’ carbenes and derivatives thereof

The discussion whether the free carbene existed or not was partly solved in
1970, when Lappert reacted the enetetramine 2 with a Pt‐complex to isolate
the corresponding platinum carbene complex 3 and determined its crystal
structure as definite proof of the structure of the carbene.[9] This approach was
continued with other metals, explaining more about the reactivity and
properties of carbenes as ligands.[10] The search for stable carbenes lay
5
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dormant for ten more years until, independently of each other, Arduengo and
Bertrand reopened this field in 1988 and 1991 by isolating ‘free’ carbene
species not coordinated to a transition metal (Figure 3).[11, 12] Especially the
work of Arduengo received much attention, most probably because the 1,3‐
bis(adamantyl)imidazol‐2‐ylidene 4 was crystallized and stable in the solid
state, allowing structural studies. Also, this compound was easily prepared,
melted at 240 °C without decomposition and appeared to be stable in the solid
state and in solution, even under non‐inert conditions.[3, 12, 13] This allowed the
systematic study of the properties of these heteroatom‐stabilized carbenes
and comparison with theoretical studies of classic carbenes.[14]

Figure 3. The first free carbenes from Bertrand and Arduengo, along with the
interactions responsible for the stabilization of the latter.[15]

As the initial studies on carbenes involved organometallic compounds,
Herrmann and co‐workers reinitiated the study of their coordination and
structural properties in organometallic chemistry. By that time simple
procedures had been reported for the synthesis of imidazol(in)ium salts, the
general precursors to carbenes, which allowed for facile structural variation. It
was found that their ligand properties and complex synthesis was similar to
that of phosphanes, being strong donors and able to stabilizing high and low
oxidation states. Once this was recognized, ‘carbene’ became a buzzword and
research for new organometallic complexes and catalytic application
blossomed. By 2002, numerous (review) articles had appeared that explain the
synthesis of N‐heterocyclic carbenes, their properties and behavior as ligands
and application in catalysis.[3, 5, 6, 13, 16‐18] In the past decade carbenes have
become a well‐known tool in the organometallic and homogeneous catalysis
community.[15, 19‐27] Their properties have by now been critically reviewed and a
consensus is being formed on the details of their coordination behavior.[21, 24, 26,
28]
N‐heterocyclic carbenes are mostly strong σ‐donor ligands and for a long
time this was assumed to be the only contribution to the M‐L bond. More
recent studies show that the π‐acidity and ‐basicity are influenced by the
6
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electron density of the metal.[27, 29] For example, the d→π*‐backdonation from
the metal can amount up to 15% of the bond in PtII‐complexes,[24, 28] and stable
Pd0‐ and Ni0‐complexes with only carbene ligands have also been isolated.[30]
On the other hand, stable complexes are also formed with very electron
deficient rare earth metals incapable of π‐backdonation,[31] indicating that
NHCs have very strong donor character and do not require π‐backbonding.
Imidazolin‐2‐ylidenes 4 are stronger σ‐donors but also better π‐acceptors than
their unsaturated analogues, which may increase the reactivity of the metal.
The substituents on the nitrogen have some influence on the electron donating
capacity of the carbene,[23] but benzannulation or substitution on the backbone
has a more pronounced effect.[26] Moderately donating N‐heterocyclic
carbenes (e.g. 1) have a donor capacity as high as the strongest phosphanes
ligands.[32] In the meantime this burst of research has led to the isolation of
complexes of carbenes with virtually all elements in the period table, as well as
adapting the structure of the carbene towards ever more reactive but stable
carbenes (Figure 4).[33] Other carbene types have been isolated in which less
hetero‐atom stabilization or a greater NCN‐angle increases the electron
donating capacity. [34] As N‐heterocyclic carbenes are now well‐understood and
less of a novelty, they have been applied to a variety of molecular coordination
architectures, such as multidentate ligands[25, 35] and in supramolecular
chemistry.[36]

Figure 4. Several more recent NHCs, in order of increasing donor strength

1.2.2.Transition metal‐complexes with NHCs in catalysis
By now carbenes have been coordinated to most metals in the periodic table,
with catalytic applications of metal‐carbene species ranging from natural
product synthesis to polymerization.[37] Here, the focus will lie on transition
metal complexes of groups 8‐10 and some cases will be addressed in which
NHC‐ligands have been adventitiously applied. The reason for this is two‐fold:

7
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carbenes have improved the stability and activity of the catalysts involved and
the remainder of this thesis deals with Pd‐complexes.
RuII(NHC)‐complexes – Grubbs’ 2nd generation catalyst for alkene metathesis
The most well‐known application of N‐heterocyclic carbenes in catalysis is
Grubbs’ second generation alkene metathesis catalyst, commonly known as
“Grubbs II” (Figure 5).[18, 38, 39] Alkene metathesis is an important C‐C bond
forming reaction, but until the late 1980s no well‐defined catalysts were
known. The emergence of Schrock’s molybdenum catalyst was a big
breakthrough, but the functional group tolerance of this early transition metal‐
based catalyst is fairly low.[40] In 1993 the group of Grubbs reported ruthenium‐
based catalyst 4,[41] which combined a high activity in several alkene
metathesis reactions with a high functional group compatibility.[42] Still the
activity of these catalysts was not as high as the Mo‐based catalysts, and the
search continued until 1999 when one of the phosphines in Grubbs I was
replaced by an N‐heterocyclic carbene ligand, in complex 5.[16, 18, 42, 43]

Figure 5. Olefin metathesis and several important metathesis catalysts

The rationale for this replacement was that the active catalyst is generated
from the pre‐catalyst by loss of one of the axial phosphines to generate a 14‐
electron monophosphine ruthenium complex.[44] NHCs are more pronounced
σ‐donors than phosphines and form strong bonds to the metal with little
tendency to dissociate from it. Incorporation of the NHC into the complex
increases the concentration and stability of the catalytically active 14‐electron
complex. This led to a marked increase in catalytic activity and an
accompanying broadening of the substrate scope of ring‐closing metathesis to
the more problematic tri‐ and tetrasubstituted alkenes.[45] By now olefin
8
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metathesis is a key reaction in many natural product syntheses but it also
applied in synthesis of polymers or functional materials.[39, 46]
PdII(NHC)‐complexes – catalysts for C‐C bond forming reactions
Before the application in Grubbs’ catalysts, carbene complexes were already
[47]

applied in Pd‐catalyzed C‐C bond forming reactions.

The first report of

catalytically active Pd(NHC)‐complexes was in 1995 from the group of
Herrmann and described the use of [PdX2(NHC)2] 6 in Heck olefination of aryl
halides (Scheme 2).[4] These new catalyst were able to fully convert aryl
chloride and arylboronic acids to the corresponding stilbenes using very low
catalyst loadings (down to 10‐3 mol%). Already in the first article it was claimed
that NHCs as ligands have very good ligand properties and a great potential for
development that would lead to “water‐soluble catalysts, immobilization, and
chiral modification, because of the constitution of the catalysts”; seven years
later these claims were already justified.[5] Apart from the increased activity
upon incorporation of NHCs, these catalysts are remarkably stable, especially
when the substituents on the carbene nitrogen are sterically demanding.

Scheme 2: Heck and Suzuki C‐C couplings with Pd(NHC)‐based catalysts

Other C‐C‐bond forming reactions in which Pd‐complexes of N‐heterocyclic
carbenes are successfully applied are Suzuki‐Miyaura coupling of aryl halides
with boronic acids ,[48] aryl amination,[49] α‐arylation of ketones,[50] esters and
amides[51] and butadiene telomerization.[52] The reason why [Pd(NHC)]‐
complexes are more active and more stable than the corresponding [Pd(PR3)n]‐
complexes is the same as seen for alkene metathesis catalysts: the strong
donor capacity and steric shielding of the metal center stabilize the
catalytically active 14‐electron palladium species.
9
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The nature of the selected catalysts depends slightly on the catalytic reaction
studied. For most cross‐coupling reactions PdII‐precatalysts are applied that are
in situ converted to the catalytically active Pd0‐species,[53] while for
telomerization and some cross‐coupling reactions, defined Pd0(NHC)‐
compounds are preferred. In general, bulky mesityl‐ or 2,6‐diisopropylphenyl‐
substituents are used with imidazol‐2‐ylidene or imidazolin‐2‐ylidene as the
carbene. In recent years, several improvements have been made on the
constitution of catalysts for standard reactions (Figure 6), and these have been
reviewed excellently.[20, 22, 25, 54] Development focus on improving their activity
and stability even further by including additional donor functionalities, as well
as enabling stereoselective transformations by introducing chiral moieties in
the ligand.[20, 25]

Figure 6. Recent developments in ligand design, applied in Pd‐catalyzed cross‐coupling

Pt0(NHC)‐complexes – Hydrosilylation catalysts
Another example of a reaction in which the introduction of N‐heterocyclic
carbene ligands has been highly beneficial is the Pt0‐catalyzed hydrosilylation
of C‐C multiple bonds.[55, 56] This reaction is traditionally performed with the
Karstedt catalyst 7, but this catalyst often gives rise to side‐reactions and
gradual catalyst decomposition (Scheme 3).

Scheme 3. Pt(0)‐catalyzed hydrosilylation of alkenes and alkynes and several catalysts
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Introducing an NHC ligand results in very stable [Pt0(NHC)(diene)]‐complexes.
Application of these complexes in hydrosilylation of alkenes leads to decreased
formation of platinum colloids,[57] less dehydrogenative silylation[58] and an
increased functional group tolerance. For hydrosilylation of alkynes, a
relationship was observed between the steric properties of the NHC ligand and
the regioselectivity of the reaction.[56].
1.3. Semihydrogenation of alkynes
1.3.1. Traditional systems for alkyne semihydrogenation
Selective hydrogenation of alkynes to alkenes, also known as semihydro‐
genation, is a well‐known chemical transformation and it is used in a variety of
fine and bulk chemical processes. In this reaction there are two important
issues regarding the selectivity: chemoselectivity for the alkyne versus the
alkene and stereoselectivity for either the cis‐ (Z) or the trans‐ (E) isomer of the
alkene. As the Z‐isomer is thermodynamically less stable than the E‐isomer, the
hydrogenation to the Z‐alkene is often desired. Especially in natural product
synthesis the effect of the Z‐alkene on the geometry is very important, and the
presence of several (conjugated) Z double bonds in conjunction is a recurring
motif in pheromones and other biological signalling molecules, such as
bombykol, prostaglandin A2, and (3Z,6Z,8E)‐ dodecatrienol (Figure 7).[59]

Figure 7. Double bonds with Z‐geometry often occur in biological signalling molecules

The first catalyst that was able to deliver the Z‐alkene as the main product of
hydrogenation was a heterogeneous Pd catalyst developed in 1952 by
Lindlar.[60] The high chemoselectivity is induced by addition of lead(II) salts to
poison the catalyst, thereby decreasing the reactivity towards alkenes while
maintaining hydrogenation activity towards alkynes. For many years this was
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the only (cheap) way to make Z‐alkenes from alkynes, and as such Lindlar’s
catalyst became the textbook catalyst for this transformation, applied readily
both on industrial scale and for small‐scale research purposes.[61]
Despite the success of Lindlar’s catalyst, several disadvantages of this catalyst
have been encountered and research continued towards alternatives that are
more reliable, selective and cheaper.[62, 63] There are several intrinsic
drawbacks of Lindlar’s catalyst system,[61] and –as it is still the benchmark
catalyst for semihydrogenation of alkynes– we will treat these here in detail.
The most important issue is the ill‐defined nature of the catalyst, which has
several reasons. Activity and selectivity are strongly dependent on the
preparation method of this multi‐component catalyst. Furthermore, the
catalytic performance may change during the reaction by formation of
hydrocarbon deposits, which is especially relevant for industrial processes that
run for extended periods of time. Due to the poorly defined nature of the
catalyst, the reaction often proceeds well but sometimes over‐reduction of
product alkene to alkane sets in after 80‐99% conversion. When used in batch
reactions, one should monitor the hydrogen uptake and stop the reaction after
one equivalent of hydrogen gas has been consumed, in order to maximize the
yield. As final arguments, the use of toxic lead salts is being phased out for
environmental reasons and it would be preferable to use a metal less precious
than palladium.
To circumvent these problems, several groups have prepared alternative
catalysts for this reaction. The most well‐known is called P2‐Ni or Ni‐boride,
which consists of sodium borohydride‐reduced nickel(0) colloids, developed by
Brown in 1973.[64] The catalyst is very sensitive to the steric environment of the
substrate, enabling hydrogenation of less substituted substrates over more
bulky ones; however, it is also a good alkene hydrogenation catalyst.[65] Recent
advances have improved the catalyst synthesis but still over‐reduction is seen
after full conversion.[63]
In the meantime, alkyne hydrogenation with heterogeneous palladium
catalysts is used in a variety of industrial processes, ranging from the
aforementioned small scale synthesis of pheromones to a 6000 ton per annum
production of linalool and the leaf alcohol (Z)‐3‐hexen‐1‐ol, important
substances for the fragrance and cosmetics industry (Scheme 4).[61]
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An application in the bulk chemical industry is the removal of alkyne and diene
impurities from alkene streams, which is essential because most
polymerization catalysts (e.g. Ziegler‐Natta catalyst, Figure 1) are very sensitive
towards unsaturated contaminants. Because of the substantial interest from
the chemical industry, the mechanism and methods to improve catalyst
properties have been thoroughly studied.

Scheme 4. Examples of large scale processes in which semi‐hydrogenation of alkynes is
performed with heterogeneous Pd‐catalysts [61, 66]

By the 1980s the basic features controlling the selectivity were understood and
the last two decades have led to a more in‐depth understanding of the
mechanistic details. Basically, alkynes are preferentially hydrogenated in the
presence of alkenes because the former have a stronger interaction with
supported palladium. This preference can be increased by the use of additives
such as quinoline, other nitrogen donors or sulphur compounds. Also,
promoters such as Pb, Sn, Ge and Bi have been employed to increase the
selectivity of the reaction. Their mode‐of‐action is still not fully understood, as
the electronic and geometric properties of the palladium atoms are modified
and the structure of the support also changes, to increase terrace formation.
Because on a heterogeneous surface several mechanisms may operate
simultaneously, these additional atoms can also block a selection of the sites
responsible for unselective hydrogenation. For a more detailed narrative on
catalyst modification and the mechanism of alkyne hydrogenation by
heterogeneous palladium catalysts, a review by Molnár is recommended.[61]
Despite these studies, the problems with poorly reproducible preparation of
these catalysts have been recognized for some time.[67] New procedures for
improvement have been developed that might improve this,[68] but details
thereof have not yet appeared in scientific literature.
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In practice, many triple bonds are easily reduced to Z‐alkenes with a
heterogeneous system, not in the least because the alkynes that often occur in
natural compounds synthesis only bear aliphatic substituents. However,
examples of naturally occurring substances are known in which this reaction is
problematic (Scheme 5);[69] in such instances a more sophisticated catalyst is
required. The search for such catalysts and the understanding of their
selectivity is therefore not a purely academic exercise, but also has relevance
in synthetic and process chemistry. Generally speaking, it is preferable to study
a catalyst that is well‐defined, so that a clear structure/activity‐relationship can
be made. Organometallic or coordination complexes are excellent candidates
for such an approach, as the electronic and steric properties of the complex
can be tuned in a well‐defined manner, with the aim of obtaining a selective
homogeneous catalyst for semihydrogenation of alkynes.

Scheme 5. Difficult semihydrogenation in synthesis of Lipoxin A.

1.3.2. Homogeneous catalysts for alkyne hydrogenation
From an academic point of view, the main drawback of both Lindlar’s catalyst
and the nickel boride system is the ill‐defined nature of the heterogeneous
systems. Therefore, many research groups have worked towards
homogeneous alkyne hydrogenation catalysts.[70] The mechanisms of
hydrogenation are similar to those observed for hydrogenation of alkenes; just
as for the heterogeneous catalysts the difficulty lies in maintaining activity
towards alkynes while avoiding hydrogenation of the product alkenes.
Palladium and ruthenium are the most often used transition metals for
semihydrogenation of alkynes, but examples with nickel, chromium, iron,
rhodium and osmium have been reported as well.[70, 71] One of the difficulties
in palladium catalyzed hydrogenations is the formation of metallic palladium
(nano)particles. If these particles are catalytically inactive the catalyst is simply
deactivated, but if these are still active the alkenes will also be hydrogenated.
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To prevent this process, palladium‐based catalysts generally use bulky,
multidentate nitrogen‐based ligands, such as in the complexes reported by
Pelagatti, Costa[72, 73] and Elsevier[74, 75] (Figure 8). An example of a multidentate
phosphorus‐ligand on a Pd(0)‐cluster has also appeared.[76] More recently the
use of NHCs herein has been reported as well, by Elsevier and Nolan.[58, 77]

Figure 8. Successful homogeneous Pd‐catalysts for alkyne semihydrogenation

The selectivities obtained are moderate to good, with over‐reduction to
alkenes delayed until after or near full conversion of the substrate. The
substrate scope is often limited to aliphatic alkynes, though some examples
show a wider functional group tolerance. Concerning the mechanism of Pd‐
catalyzed alkyne hydrogenation, some detailed studies have appeared that
describe the elementary steps for that particular reaction,[73, 75, 78] but the
insight in the steps that determine the chemoselectivity is limited.
A very interesting system for semihydrogenation of alkynes employs water‐
soluble [RuCl2(PR3)3]‐complexes as pre‐catalyst. Under acidic conditions the Z‐
alkene is selectively formed; at high pH the E‐isomer is favored, significant
over‐reduction is found and the reaction rate increases. Mechanistic[79] and
theoretical[80] studies have aided to explain this by the operation of different
catalytic species under different conditions: ruthenium monohydrides at low
pH and ruthenium dihydrides at high pH. Cationic ruthenium complexes such
as [RuH(PMe2Ph)5]PF6 can be quite selective catalysts for hydrogenation of
terminal and internal alkynes to the corresponding Z‐alkenes, but additional
phosphine ligand is needed to prevent the hydrogenation to alkane.[81]
[Ru(Cp*)(diene)][CF3SO3) is one of the few catalysts that selectively produces
the E‐alkene for a variety of alkynic substrates.[82] Spectroscopic studies have
shown that these complexes transfer the hydrogens in a pair‐wise manner to
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form the E‐product, and it is believed that alkyne‐bridged dinuclear ruthenium
clusters are involved.

Figure 9. Successful homogeneous Ru‐ and Cr‐catalysts for alkyne semihydrogenation

Chromium‐based complexes of general formula Cr(CO)3(arene) are good
catalysts for hydrogenation of functionalized alkenes, such as conjugated
dienes and α,β‐unsaturated ketones.[83, 84] These complexes are unreactive
towards isolated double bonds, and are therefore highly suitable for
semihydrogenation of alkynes. Selectivities of 100% Z‐alkene have been
obtained, which is essential for e.g. synthesis of pheromones.[83]
Notwithstanding that several excellent and detailed mechanistic studies on
homogeneous alkyne semihydrogenation have appeared,[75, 80, 85] the limited
number makes it difficult to establish general rules for the steps governing the
selectivity of alkyne semi‐hydrogenation.
1.4. Transfer hydrogenation of unsaturated carbon‐carbon bonds
1.4.1. Transfer hydrogenation reaction
The reduction of multiple bonds with the aid of a hydrogen donor instead of
molecular hydrogen is known as the hydrogen‐transfer reaction or transfer
hydrogenation.[86] In this process the catalyst mediates the transfer of an
equivalent of hydrogen from a reagent (hydrogen donor) to an unsaturated
functional group such as a ketone, imine, alkene or nitro group, the hydrogen
acceptor (Scheme 6). Hydrogen donors are simple organic molecules, such as
cyclohexene or formic acid, dehydrogenation of which leads to a gain in
enthalpy or entropy, respectively. Simple alcohols such as isopropanol or
methanol are frequently used as hydrogen donor, as these can be used as
solvent and thereby drive the reaction by shifting the equilibrium to the
product side. Advantages of hydrogen donors over molecular hydrogen are
16
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linked to the dangers associated with molecular hydrogen, as this is an
extremely flammable and highly diffusible gas that for swift reaction and
solubility needs to be used under increased pressures. But also from a
mechanistic point of view it can be advantageous to use hydrogen donors, e.g.
because for alcoholic donors the proton and the hydride equivalent are
separated so these are ‘pre‐activated’ relative to dihydrogen. For a hydrogen
transfer between an alcohol and a ketone Lewis acids such as Al(iPrO)3 are
used to mediate the reaction, which is then known as Ponndorf‐Meerwein‐
Verley (MPV) reduction (of ketones) or Oppenauer oxidation (of alcohols),
depending on which reactant is used in excess.[87]

Scheme 6. a) Meerwein‐Ponndorf‐Verley reduction of ketones vs. Oppenauer
oxidation of alcohols. b) Schematic transfer hydrogenation of ketones. c) Well‐known
transfer hydrogenation catalysts of Noyori & Shvo

Use of a non‐stoichiometric (thus catalytic) mediator has been investigated
since the 1960s when Henbest reported the first transition metal catalyzed
transfer hydrogenation[88] and several groups investigated the use of Rh‐, Ru‐
and Ir‐based transfer hydrogenation catalysts for transfer hydrogenation of
ketones and imines.[89‐91] In the last ten to fifteen years of the 20th century
asymmetric transfer hydrogenation of ketones and imines was developed by
the groups of Mestroni, Oro, Noyori and many others, and could compete with
asymmetric catalytic hydrogenation using H2.[86] In the last decade the reaction
and its mechanism have become fully understood and it is being applied to
more challenging substrates such as imines and alkenes. Several mechanisms
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are known to operate, based on the order in which the hydride and the proton
are transferred and the cooperativity of the ligand. [86, 89, 91, 92]
1.4.2. Transfer hydrogenation of carbon‐carbon multiple bonds
Although the progress in catalytic transfer hydrogenation of C=O and C=N
bonds is tremendous, the related transfer hydrogenation of alkenes, alkynes
and cumulated C=C bonds is relatively new and rarely studied.[93‐95] The reason
for this absence is that carbonyls are more reactive than alkenes or alkynes,
because of the high degree of polarization of the C=O bond. The only alkenes
that have been successfully hydrogenated using hydrogen‐transfer
methodology are also highly polarized. According to calculations by Lledós, the
activation barriers for non‐polarized substrates are approximately 10 kcal/mol
higher than those for polar substrates.[91]
Several examples are known of successful transfer hydrogenation of alkenes
and alkynes. The first example of this was presented by Heck in the late 1970s,
who reported the reduction of alkenes and alkynes using Pd/C and
trialkylammonium formate salts.[96] The cis‐monoenes are formed in
reasonable selectivity from the alkynes and for reduction of alkenes or
conjugated enynes increased catalyst loading was required. Ten years later this
was repeated by Cacchi using homogeneous Pd(OAc)2 as catalyst in a tandem
hydrogenation/cyclization reaction, leading to the desired product with
moderate to good selectivity (Scheme 7).[97]

Scheme 7. First homogeneous transfer hydrogenation of alkynes

In 1993 Sato reported and patented a method for selective hydrogenation of
alkynes to cis‐alkenes with formic acid as a hydrogen donor and
Pd(dba)2/P(nBu)3 as the catalyst.[98] For simple internal aliphatic alkynes the
reaction stops at the semihydrogenation stage, but aromatic or conjugated
alkynes lead to formation of alkanes or isomerization. The catalyst is active for
hydrogenolysis of allylethers, but alkyne semihydrogenation takes preference.
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Iridium(III)‐ and ruthenium(II)‐based catalysts for alkyne transfer semi‐
hydrogenation are also known, but the selectivity for the alkene varies from
10‐90%.[99] An interesting example of a Ni(0)‐catalyzed semihydrogenation of
diphenylacetylene was developed by Garcia, which enabled the use of water,
methanol, triethylsilane[100] or ammonia‐borane[101] as hydrogen donor.
Employing water/triethylsilane leads to E‐stilbene in a metal‐mediated
reaction while the use of methanol/triethylsilane gives the Z‐isomer in a
catalytic reaction.

Scheme 8. Recent examples of transfer hydrogenation of CC multiple bonds

Crabtree reported the use of [Ir(NHC)(L)(COD)]‐complexes in transfer
hydrogenations of imines, ketones and aldehydes in 2007. This catalyst also
proved to be active for the reduction of polarized and non‐polarized alkenes,
but very high reaction temperatures were required for full conversions
(Scheme 8).[95] This low reactivity compares to the results obtained with
Williams’ catalytic system of ‘borrowing hydrogen’. In his reactions a hydrogen
acceptor is used to oxidize an alcohol to a aldehyde. The aldehyde is then used
in a Wittig reaction of aldol condensation to form an alkene,[94, 102] or in a Schiff
base formation to the imine,[103] of which the product is hydrogenated. The
catalyst is an Ir(I)‐complex which acts a temporary storage for the hydrogens
from the alcohol and transfers these to the alkene/imine product.
Recently, several new Pd‐catalyzed alkyne transfer hydrogenation reactions
were reported that produce the alkene without over‐reduction, employing TiIII
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+ H2O,[104] DMF + KOH,[105] or NaBH4 [106] as hydrogen donor. Some mechanistic
data and limited scope studies are described is, but these are in the proof‐of‐
principle stage.
1.5. Outline
The aim of the research described in this thesis was to find a reliable
alternative for the traditional catalytic systems for partial hydrogenation of
alkynes to Z‐alkenes. Zerovalent palladium complexes with an N‐heterocyclic
carbene ligand and several weakly coordinating co‐ligands are promising
catalysts for the hydrogenation of aliphatic and aromatic alkynes using formic
acid as the hydrogen source. The initial catalytic studies and subsequent
optimization of this reaction will be described in Chapter 2. Elucidating the
mechanism of a reaction is very important, as it allows rational improvement
of the catalytic system. Furthermore, the key steps that determine the chemo‐
and stereoselectivity in alkyne hydrogenation are not fully understood.
Therefore, a detailed study of the mechanism is described in Chapter 3 that
treats the elementary steps and parameters that control the selectivity of the
reaction. With an in‐depth understanding of the mechanism, it is possible to
tailor the catalyst for certain difficult substrates. In Chapter 4 an approach will
be described for fine‐tuning the electronic properties of the catalyst, which
employs strongly donating and sterically demanding expanded‐ring carbenes.
Another aspects is the practical applicability of Pd(NHC)‐catalyzed transfer
hydrogenation. In order to improve this the catalyst is immobilized onto
mesoporous silica, as described in Chapter 5, which should allow for
recovering and recycling of the catalyst.
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Chapter 2
Transfer semihydrogenation of
simple & functionalized alkynes #
The reaction as a tool, from a synthetic point of view

Summary
Transfer hydrogenation of internal alkynes gives Z‐alkenes without reduction
to alkanes, by using a palladium(0) catalyst with an N‐heterocyclic carbene
ligand. Contrary to what has been reported in the greater part of literature on
transfer hydrogenation, ketones and nitro groups are not reduced. As such, it
is the first catalyst that shows excellent stereo‐ and chemoselectivity in
semihydrogenation of alkynes without the need for hydrogen gas.

#
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Angew. Chem. 2008, 120, 3267‐3270.
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2.1. Introduction
The selective hydrogenation of alkynes to Z‐alkenes is both a challenging
subject for the catalytic community as well as an industrially relevant
transformation, as shown in Chapter 1. The need for catalytic systems that are
able to reliably and selectively accomplish this transformation is evident, as
heterogeneous systems tend to suffer from low reproducibility due to poorly
defined catalysts, while homogeneous catalysts generally cope with a narrow
substrate scope or low catalyst stability. Previous studies in our group aimed at
achieving improved homogeneous catalysts for this reaction have culminated
in several low‐valent palladium‐complexes with one strong donor ligand and
one or two weakly coordinating ligands. Examples of these Pd(0)‐complexes
are Pd(Ar‐BIAN)(dmfu) 1 and Pd(IAr)(MA)2 2, shown in Figure 1. When applied
as catalysts for semi‐hydrogenation of alkynes these complexes are able to
produce alkenes with very high Z‐selectivities for substrates with aliphatic and
aromatic substituents, respectively. [1‐3]

Figure 1. [Pd0(Ar‐BIAN)(dmfu)] and [Pd0(IAr)(MA)2] complexes developed in our group

Theoretical studies on the mechanism of [Pd(Ar‐BIAN)(dmfu)]‐catalyzed alkyne
hydrogenation have indicated that 14 e‐ [Pd(diimine)]‐species are able to
activate dihydrogen by heterolytic cleavage of the H‐H bond over one of the
Pd‐imine bonds, giving intermediate I in Figure 2.[4] This pathway is
energetically more favorable than that along which dihydrogen oxidatively
adds to Pd0; the highest energy barriers are 21.2 kcal/mol for heterolytic
splitting of H2 versus 38.0 kcal/mol for homolytic splitting of H2 by a
[Pd0(diimine)] species.
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Figure 2. Heterolytic activation (I) of H2 by [Pd(Ar‐BIAN)]‐complexes versus homolytic
cleavage (II) of H2. Relative energies are in kcal/mol, calculated for Ar=R=H.[4]

In contrast to the bidentate diimine in 1, the N‐heterocyclic carbene ligand in
complex 2 is a monodentate ligand, rendering it unsuitable for heterolytic
cleavage of dihydrogen. However, the strong σ‐donor capacity and
pronounced steric demand of the NHC‐ligand in complex 2 make it a good
catalyst for selective hydrogenation of aromatic alkynes,[3] which generally
poses a bigger problem than hydrogenation of aliphatic alkynes. In an attempt
to combine the catalytic properties of 2 with the ionic ‘pre‐activated’ hydrogen
of complex 1 it was decided to try an ionic hydrogen donor.
At that time one report on transfer hydrogenation of alkynes had appeared
from the group of Sato, who employed the azeotropic mixture of formic acid
and triethylamine as a hydrogen donor.[5] In 1993 this was the first
homogeneous catalytic system that was able to convert simple aliphatic
alkynes to Z‐alkenes without subsequent over‐reduction or isomerization, and
as such it was patented. It was claimed that the use of [Pd2(dba)3∙CHCl3 +
P(nBu)3] as catalyst with HCO2H/NEt3 in a 5/2 ratio as the hydrogen donor gave
full selectivity in the transfer hydrogenation of aliphatic alkynes.[6] However, in
the hydrogenation of aromatic alkynes, the styrenes and stilbenes produced
suffer from over‐reduction after full conversion of alkyne.[5]
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Our system for semi‐hydrogenation of alkynes with complex 2b had already
shown good results with molecular hydrogen, and the initial attempts with
HCO2H/NEt3 were very promising. In Scheme 1 the transfer hydrogenation of
1‐phenyl‐1‐propyne with catalyst 2 is depicted, giving Z‐prop‐2‐en‐1‐ylbenzene
as the product with 95% Z‐selectivity without formation of propylbenzene.[7]

Scheme 1. Transfer hydrogenation of 1‐phenylpropyne with TEAF as hydrogen donor

2.2. Transfer hydrogenation of simple alkynes with Pd(IMes)(MA)(MeCN)
2.2.1. Initial studies
The reaction in Scheme 1 is very promising, as it presents the first catalytic
system able to convert alkynes with aromatic substituents into the
corresponding Z‐alkenes, without subsequent over‐reduction to alkanes.
Following‐up, this methodology was tested on other alkynes. In the
hydrogenation of alkynes with hydrogen it was found that the catalyst is more
selective when prepared in situ than when it was isolated as the bis(maleic
anhydride) complex; therefore, we employed Pd(IMes)(MA)(solvent)‐complex
4a generated in situ (Scheme 2). The mesityl‐substituted NHC was chosen
instead of the 2,6‐diethylphenyl‐substituted NHC because the former is easier
to synthesize and produced equally good results.

Scheme 2. Synthesis of catalysts for transfer hydrogenation: in situ vs. isolated
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As for the hydrogen donor, the HCO2H/NEt3‐ratio was adjusted from the
azeotrope 5/2‐ratio to equimolar amounts (1/1), effectively employing
triethylammonium formate (TEAF). One reason for this choice was to ensure
the compatibility with acid‐sensitive functional groups, but it also fitted better
with the ionic character of the hydrogen donor we had envisaged.
Triethylammonium formate is used in a 5‐fold excess, to ensure that there is
enough hydrogen donor to potentially reduce the alkyne to alkane. In this way
chemoselectivity for alkene can be attributed solely to properties of the
catalyst. The overall reaction is displayed in Scheme 3.

Scheme 3. Transfer hydrogenation of various substrates with catalyst 4a and TEAF

Table 1 shows the activity and product distribution of the [Pd0(IMes)]‐catalyzed
transfer hydrogenation for a number of substrates 5a‐h, in THF or acetonitrile
as solvent. Aromatic (entries 1‐7) as well as simple aliphatic (entry 9) internal
alkynes can be readily hydrogenated to the desired Z‐alkenes with good to
excellent stereoselectivity and, importantly, hardly any over‐reduction to
alkane takes place. Simple terminal alkynes (entries 10‐14) behave equally well
but tend to give minor amounts of by‐products (<5%) from double bond
isomerization and over‐reduction. The initial chemoselectivity towards alkynes
over alkenes is excellent. Only after 90% conversion minor over‐reduction
occurs in THF; in MeCN this is also seen for 1‐octyne, but no over‐reduction is
observed for styrene or p‐tolylstyrene. It is important to note that performing
the reaction in the more strongly coordinating solvent MeCN gives rise to a
higher selectivity towards the desired product, although reaction times
become somewhat longer.
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Table 1. Transfer hydrogenation of simple alkynes with in situ generated catalyst 4a
Substrate

Solvent

Conv.
(%)

Reaction
time (h) b

Product distribution (%) c
Z‐ ene E‐ene alkane

1
2
3
4
5

5a
5a
5b
5b
5c

THF
MeCN
THF
MeCN
MeCN

>99
>99
>99
>99
35

4
12
4
8
24

91
96
98
95
98 d

7
4
2
‐
1

2
1
‐
5
1

6
7
8
9
10
11
12

5d
5d
5e
5e
5f
5f
5g

THF
MeCN
THF
MeCN
THF
MeCN
MeCN

>99
>99
80
>99
>99
85
>99

7
<24 e
24 f
<24 e
<2
24
< 24

98 d
>99 d
‐
93
50 f
>99 f
>99 d,f

‐
‐
99
3

2
‐
‐
4
50
‐
‐

13
14

5h
5h

THF
MeCN

96 g
>99 g

2
7

88 f,h
95 f,h

12
5

a) Reaction conditions: 160 mM substrate, 1.6 mM catalyst and 800 mM HCO2H/NEt3
in specified solvent at reflux temperature. b) Time at full conversion determined from
extrapolation. c) Product distribution as determined by GC and 1H‐NMR; products (‐)
are not detectable. d) Product distribution as determined by 1H‐NMR. e) The exact
time at full conversion is not known, but after 24 h no more starting material was
present. f) Product distribution is depicted as alkene : alkane. g) Conversion ceases
after specified time, then alkenes slowly isomerize. h) After 7 h double‐bond shift
occurs. 2‐, 3‐ and 4‐ octenes were were identified by 1H‐NMR, but could not be
baseline separated in GC from n‐octane.

2.2.2. Chemoselectivity between alkynes
To explore the chemoselectivity, we subjected the catalyst to a mixture of 1‐
phenyl‐1‐propyne and phenylacetylene, in order to differentiate between the
catalyst activity towards internal and terminal alkynes. The reaction profile
(Figure 3) clearly shows the preference for the terminal alkyne, as after 30
minutes the conversion of phenylacetylene is 40% (TOF = 26 h‐1) while 1‐
phenyl‐1‐propyne is almost fully intact (TOF = 0.5 h‐1). This implies that the
relative rate for transfer hydrogenation of terminal alkynes is approximately 50
times higher than for transfer hydrogenation of internal alkynes. Once the bulk
of the phenylacetylene has been converted (after 1 h), the relative
concentration of 1‐phenyl‐1‐propyne is sufficiently high to compete with
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phenylacetylene and the transfer hydrogenation of the internal alkyne occurs
at a normal rate. As for the selectivity, the reaction profiles of the mixture look
very similar to the respective separate reactions: the reaction with
phenylacetylene in THF shows over‐reduction, and the products of 1‐phenyl‐1‐
propyne transfer hydrogenation still show no over‐reduction or double bond
isomerization. Note that the over‐reduction of styrene to ethylbenzene starts
near full conversion of phenylacetylene and only fully sets in after full
conversion of both alkynes (after 2 h). We conclude that the catalyst
preferentially reacts with terminal alkynes over internal alkynes, and
preferentially with alkynes over alkenes.

100%

80%

Mol %

60%

40%

20%

0%
0.00

0.50

1.00

1.50

2.00

2.50

time (h)

3.00

3.50

4.00

4.50

Figure 3. Reaction profile of the transfer hydrogenation of a mixture of 1‐phenyl‐1‐
propyne (triangles, solid lines) and phenylacetylene (squares, dashed lines). Lighter
data points and lines belong to more reduced species
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Despite the generally excellent chemoselectivity, some over‐reduced products
were observed in several cases, albeit generally only in trace amounts.
Experiments using lower catalyst loadings showed that alkane formation
decreases with decreasing catalyst loading. For 1‐phenyl‐1‐propyne, at a
catalyst loading of 0.2% of 4c in THF, no alkane was observed at all. Some
catalyst decomposition was observed at these low loadings, probably due to
minor impurities in the substrate, which of course has more influence at low
catalyst loadings. Lowering the catalyst loading causes the net reaction rates to
decrease, but the initial TOFs are still around 30‐40 mol mol‐1 h‐1.
From these experiments we infer that the limited amounts of E‐alkene and
alkane are formed in the first turnovers of the catalyst, after which their levels
remain constant. This would imply that the initially formed catalyst 4 is not the
active species, but merely a pre‐catalyst that generates a certain amount of
over‐reduced product prior to or during its conversion into the actual catalyst.
It is worth mentioning that the reported chemoselectivity is reached only when
a slight excess of carbene ligand to the Pd‐precursor is used for the
preparation of pre‐catalyst. When the Pd0‐precursor 3 is used in excess, some
of the formed alkenes are slowly reduced to the corresponding alkane (2‐10%
in 18 h). This is not surprising as it is known that complex 3 is not a selective
hydrogenation catalyst. This is the only case in which a visible formation of
palladium black accompanies an increase in alkane formation.
2.3. Exploring the catalytic system
2.3.1. Catalyst stability
In order to make sure that the observed selectivities can truly be credited to
the catalytic system, several control experiments were performed. When the
reaction is performed without catalyst or without triethylammonium formate,
the alkyne is not consumed. Double bond isomerization does not occur under
reaction conditions, either in presence or absence of catalyst. We have also
performed the transfer semi‐hydrogenation of 1‐phenyl‐1‐propyne using
DCO2D as the putative hydrogen donor. The dideuterated Z‐alkene having
deuteriums at the olefinic positions is formed exclusively, as was judged from
1
H‐ and 2H‐NMR of the crude product. This experiment proves that formic acid
is indeed the hydrogen donor.
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The most interesting feature of the catalytic system is the absence of over‐
reduction after full conversion. For aliphatic alkynes several catalysts are
known that show the same behavior,[1] but for alkynes with aromatic
substituents this selectivity is unprecedented. We believe that this exceptional
selectivity is property of our catalyst, but it might also, or at least partly, be
due to gradual deactivation and/or decomposition of the catalyst. In that case
the catalyst would merely be more active towards alkynes than towards
alkenes, and deactivation of the catalyst would have occurred before alkenes
were reduced to a considerable extent. In order to disprove this possibility,
additional portions of alkyne were added at 90% conversion, at one hour after
full conversion and at 24 h after full conversion.

Figure 4. a) Transfer hydrogenation of 1‐phenyl‐1‐propyne in THF catalyzed by 4a, with
additional equivalents of substrate: product distribution vs. time. b) Transfer
hydrogenation of 1‐phenyl‐1‐propyne in THF, adding one additional equivalent prior to
completion, with stirring overnight at 20 °C: product distribution vs. time

It is clearly shown in Figure 4a that the catalyst activity did not diminish after
full conversion: the reaction rate and selectivity for the three subsequent
batches of substrate are identical, without a significant increase in alkane
concentration. After 24 h in the absence of substrate, additional substrate was
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no longer converted (not shown in the graph). This experiment was also
performed the other way around using only 0.5 equivalent of TEAF relative to
alkyne. After stirring for 24h the conversion had proceeded up to 50%. The
reaction proceeded smoothly to completion upon addition of another 0.5
equivalent of TEAF. These findings were confirmed in a separate experiment, in
which an additional 100 equivalents of alkyne (relative to Pd) were added after
full conversion at 65 °C in THF (Figure 4b). The reaction was then stirred
overnight at 20 °C, so as to not fully consume the substrate. Upon increasing
the temperature to 65 °C the next day, the reaction again proceeded at a
comparable rate and selectivity. Clearly, the catalyst does not decompose after
full conversion, and is indeed fully chemoselective for alkynes over alkenes.
2.3.2. Solvent effect
As seen in Table 1 performing the reactions in MeCN gives better results than
in THF. To discriminate between polarity effects and coordinative properties,
we compared THF and MeCN with the polar but non‐coordinating solvent
CH2Cl2. The reaction in CH2Cl2 was faster than in THF at the same temperature,
but extensive formation of Pd black soon occurred and the conversion ceased
after 3 h (Table 2, entries 1 and 2). The selectivity is good under these
conditions, but in the absence of additional stabilizing ligands or solvent the
catalyst decomposes before the transfer semihydrogenation reaches full
conversion. Performing the reaction in MeCN at 65 °C led to a slower
conversion than in THF at the same temperature but a markedly higher chemo‐
and stereoselectivity was obtained (Table 2, entries 3 and 4). As MeCN has a
higher boiling point, the reaction was also performed at its reflux temperature,
where full conversion was reached in 8 h with equally good selectivity (Table 2,
entry 5). The reaction rate in the first hour is higher in refluxing MeCN than in
THF at its reflux temperature. After heating the resulting mixture under reflux
for an additional 14 h in MeCN there was still no sign of Pd black formation and
no substantial isomerization or over‐reduction had occurred. An additional
equivalent of 1‐phenyl‐1‐propyne was added at this point to check whether
the catalyst was still active. After 24 h, 28% of this additional batch had been
converted and the conversion amounted to 40% after 48 h with the same high
selectivity. The catalyst eventually deactivates even in the strongly
coordinating MeCN, but only after 70 h at 80 °C. These results reveal that the
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active species is indeed homogeneous and that using a strongly coordinating
solvent effectively competes with the alkene product, thus safeguarding the
high chemoselectivity of the catalyst.
Table 2. Transfer hydrogenation of 1‐phenylpropyne, solvent study with catalyst 4aa

Entry
1
2
3
4
5

Solvent T
(°C)

Reaction
time (h) b

Conversion
after 1h (%)

Product distribution (%) c
Z‐ene

E‐ene

Alkane

CH2Cl2
THF
THF
MeCN
MeCN

6 (21%)
24
8
28
8

7
4
30
21
44

95
79
86
97
97

5
13
7
2
2

<1
8
4
<1
<1

40
40
65
65
82

a) Reaction conditions: 160 mM 1‐phenyl‐1‐propyne, 1.6 mM catalyst 4a and 800 mM
HCO2H/NEt3 in given solvent at given temperature. b) Reactions were continued to full
conversion, after which the product distribution was constant. For reactions that did
not go to completion the yield is given in parentheses. c) Conversion and product
distribution as determined by GC.

2.4. Expanding the substrate scope
In paragraph 2.2 we had already seen that the chemo‐ and stereoselectivity is
high for internal and terminal alkynes, with both aliphatic and aromatic
substituents. In order to further explore the scope a variety of substrates was
tested in Pd0(NHC)‐catalyzed transfer hydrogenation. The scope studies are
divided in two parts: substrates in which the electron density of the triple bond
is varied by introducing electron donating or electron withdrawing functional
groups and alkyne substrates with an additional (reducible) functional group.
2.4.1. Transfer hydrogenation of electronically diversified substrates
The reason why, compared to aliphatic alkynes, aromatic alkynes are often
more prone to over‐reduction is the lower electron density of the C≡C‐bond.
This increases the strength of their coordinative bond to electron rich metals
such as Pd0 because of enhanced π‐back donation, which results in a larger
extent of coordination of substrate and product. As catalyst 4a has a broader
tolerance for relatively electron poor substrates such as 1‐phenyl‐1‐propyne
and diphenyl‐acetylene, we prepared a series of diarylacetylenes 6a‐h with
electron withdrawing (Cl, CO2Me, CF3, NO2) and electron donating (OCH3, NH2)
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substituents on the para‐positions. These substrates were tested in transfer
hydrogenation under standard conditions, the results of which are shown in
Table 3 ranked along their expected electron density. The electron density is
assigned by using Hammet’s electronic parameter σp, a measure for the
electron withdrawing or donating properties of the substituent.[8] Comparing
the reaction rates in Table 3, one clearly sees that the conversion after 24 h
decreased with increasing electron density. This is in accordance with the
expected weaker coordinating properties of the more electron rich
diarylacetylenes to the Pd0(NHC) moiety. The only exception in the series is
diphenylacetylene, which despite its moderate electron density is fully and
selectively converted to Z‐stilbene within 24 h.
Table 3. Transfer hydrogenation of electron rich and electron poor alkynes with in situ
generated catalyst 4a [a]
Entry

σp [b]

Substrate

Conversion

Product
(%)

distribution

(%) [c]

Z‐ene

E‐ene

ane

1

6a

2x0.66

>99

‐

‐

>99%

2

6b

0.78

82

10

‐

90

3

6c

2x0.45

80

99

‐

1

4

6d

0.54

12

99

‐

‐

5

6e

0.23

20

>99

‐

‐

6

6f

0

>99

>99

‐

‐

7

6g

‐0.27

19

>99

‐

‐

8

6h

‐0.66

2

1

‐

1

[a] Reaction conditions: 160 mM substrate, 1.6 mM catalyst 4a and 800 mM
HCO2H/NEt3 in refluxing MeCN for 24 h. [b] σp is Hammet’s electronic parameter, a
measure for the donating capacity, values taken from reference 8. [c] Product
distribution and conversion determined by GC, GC‐peaks assigned from 1H‐ and 13C‐
NMR of final product.

For groups that have a strong electron withdrawing capacity, such as nitriles
and nitro‐groups (Table 3, entry 1 and 2), considerable over‐reduction is
observed. Interestingly, when the electron density of the alkyne increases to a
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certain level, this influence on the selectivity is absent and the Z‐alkene is the
only product observed. This holds for electron withdrawing groups such as
trifluoromethyl up to a strongly electron donating methoxy group. The
presence of an amine, which is an even stronger electron donor, renders the
substrate unreactive as after 24h at 80°C only trace amounts of hydrogenation
products were observed and the starting material was recovered almost
quantitatively. As the reactions in entries 3‐8 have not attained full conversion,
we cannot be certain that they would not be over‐reduced after full
conversion. However, the very high selectivity obtained after 24 h renders this
somewhat unlikely. Apart from the effect of the functional group on the
electron density of the C≡C bond, it was seen that these (often reducible)
groups do not poison the catalyst, nor are the nitro or nitrile functionalities
reduced to the amine (vide infra).
From Table 2 and Table 3, it can be clearly seen be that the Pd(NHC)(MA)‐
catalyzed system for transfer hydrogenation is able to selectively hydrogenate
a broad range and variety of substrates. While the chemoselectivity of
previous alkyne hydrogenation catalysts is quite sensitive towards electronic
variation of the substrate, this is hardly the case for the present system. Where
normally only aliphatic or aromatic substrates are converted, the new
methodology makes it possible to obtain high selectivities for a variety of
substrates ranging from electron poor trifluoromethyl‐ or ester‐substituted
aromatic alkynes, through aliphatic alkynes, up to very electron rich methoxy‐
substituted aromatic alkynes. The more electron rich substrates are, due to
their weaker coordination to the Pd0(NHC) moiety, reduced at a lower rate.
From a practical point of view, the obvious remedy would be to increase the
catalyst loading.
2.4.2. Functional group tolerance
One of the pitfalls of classical alkyne hydrogenation catalysts is their relatively
small functional group tolerance, mainly due to inhibition or poisoning of the
catalyst. For heterogeneous systems this is exemplified by the intolerance of
Lindlar’s catalyst to pyridines and amines.[9] Homogeneous Pd‐based catalysts
are inhibited by coordinating functional groups in the substrate, and may
decompose to metallic Pd in the presence of acidic functionalities. As alkynes
are among the most difficult functional groups to reduce, other functional
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groups may preferentially react with hydrogen prior to alkyne reduction (e.g.
benzyl esters, nitro‐groups),[10] limiting the applicability of alkyne
hydrogenation in multi‐step reaction sequences. An additional potential
difficulty for our system is the transfer hydrogenation of ketones and imines,
although these reactions have mainly been reported for RuII and IrI catalysts.[10]
In order to explore the functional group tolerance of the present Pd0(NHC)‐
based system we tested a range of functionalized alkynes in transfer
hydrogenation, the results of which are shown in Table 4.
The presence of slightly acidic or basic groups, such as alcohols (Table 4, entry
1‐2) or amines (Table 3, entry 8) does not decrease the activity or selectivity.
This was already somewhat expected, as formic acid and triethylamine are
present in the reaction mixture. More striking is the high chemoselectivity
towards alkynes in the presence of ketones, where no alcohols were observed
in NMR or IR of the crude product (Table 2, entries 3‐5). For 4‐phenyl‐3‐
butyne‐2‐one 7c the initial product is the Z‐alkene, which isomerizes to the E‐
alkene, probably via the enolate. Once this isomerization mechanism is
prohibited, as in 4‐(phenylethynyl)‐benzophenone 7d, isomerization is absent,
and the only alkene formed has the Z‐configuration. However, a large
percentage of over‐reduction is observed, which is in part due to the electron
withdrawing nature of the acyl‐substituent (σp = 0.50). Also for electron poor
dimethyl butynedioate 7e, low selectivities are observed (Table 2, entry 6).
Nonetheless, full chemoselectivity for alkynes over ketones and esters is
observed.
Since we have not seen considerable double bond isomerization or reduction,
the hydrogenation of several enynes and diynes was attempted but proved
rather difficult (Table 3, entry 7‐9). The conjugated enyne 1‐
ethynylcyclohexene 7f initially behaves the same as 1‐octyne –the alkyne
moiety is semihydrogenated– and the alkene produced is slowly hydrogenated
only when most of the alkyne has been reduced. Then isomerization to the
more stable 3‐ethylidenecyclohexene, which in turn is partly hydrogenated, is
observed. This leads to a rather complex mixture of several C8H12/14 isomers of
which the exact distribution could not be determined.
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Table 4. Transfer hydrogenation of functionalized alkynes, with catalyst 4a a

Substrate

Time

Conv.

Product distribution (%) c

(h)b

(%) c

Z‐ene

E‐ene

Alkane

1

7a

24

>99%

>99

‐

‐

2

7b

24

>99%

>91

9

‐

3

7c

6

>99 (THF)

7

93

‐

4

7c

24

52 (MeCN)

75

5

7d

24

90

69

25
‐

‐
31

6

7e

1

29 (THF)

46

‐

24

88 (MeCN)

67

25

54
8

Several products d

7

7f

<3

>99

8

7g

24

n.d.

9

7h

24

No reaction

10

7i

95

14

99

‐

‐

11

7j

95

<1

‐

‐

‐

12

7k

<1

n.d.

Catalyst decomposition

13

7l

84

31

8

14

7m

84

82

Several products d

15

7n

23

55

Several products d

Z‐ and E‐ (di)enes

19

‐

73

a) Reaction conditions: 160 mM substrate, 1.6 mM catalyst 4a and 800 mM
HCO2H/NEt3 in specified solvent at reflux temperature for 24 h. b) Time at full
conversion determined from extrapolation. c) Product distribution and conversion
determined by GC, GC‐peaks assigned by 1H‐ and 13C‐ NMR of final product. d) Several
byproducts formed or product ratio unclear, product distribution explained in text.
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The tolerance of the catalyst towards steric crowding on the substrate was
investigated by introducing substituents at the ortho positions of the
neighboring phenyl rings (Table 4, entry 9‐10). The presence of just one ortho‐
methyl substituent in 7i drastically decreases the reaction rate, with only 14%
conversion after 95 h but maintaining full Z‐selectivity. In the transfer
hydrogenation of di(2‐tolyl)acetylene 7j the corresponding Z‐alkene was
formed as well, but only in trace amounts. Ortho substituents on the aryl group
are not tolerated by complex 4a. For these substrates it might be worthwhile
to introduce smaller (aryl‐)substituents on the nitrogen of the carbene ligand,
as the chemo‐ and stereoselectivity are still very good.
Apart from the attempts with functional groups that are attached at the
periphery of the substrate, transfer hydrogenation of several bromo‐ and
silylalkynes was also tried (Table 4, entry 11‐16). In the case of the 1,2‐
di(bromoethynyl)benzene 7k, upon addition mixing of substrate and catalyst
immediate blackening of the reaction mixture occurs, and no hydrogenation
products could be identified. As can be expected, alkynylhalides can oxidatively
add to low‐valent palladium complexes, generatinga catalytically inactive
palladium(II)‐complex. The (arylethynyl)trimethyl‐silanes 7l & 7n are smoothly
hydrogenated with in situ generated complex 4a, but after 23 h the Z‐
selectivity was very low. The reactions in entries 13 and 14 were monitored
with GC and this showed that Z‐alkenes are the initial products, but these are
quickly isomerized and hydrogenated further. The maximum Z‐selectivity does
not exceed 80% in these cases. 1,2‐bis((trimethylsilyl)ethynyl)benzene 7m
gives a mixture of E,E‐diene and over‐reduced product (entry 14). The
hydrogenation of a more electron poor silylalkyne 7n was also attempted, but
after 23 h a mixture of products was found, of which the E‐alkene and alkane
comprise 36% and 14%, approximately. Clearly, the present catalytic system is
not a suitable catalyst for hydrogenation of silylalkynes. It cannot be concluded
whether the poor results are caused by the lower electronegativity of silicon
compared to carbon or that they are caused by the bulkiness of the
trimethylsilyl‐groups.
Alkynes with other (reducible) functional groups were also subjected to
transfer hydrogenation. These have already been compiled in Table 3, but the
excellent chemoselectivity observed deserves some additional discussion.
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Nitro‐groups, esters and nitriles are not reduced and amines, ethers and aryl
chlorides do not affect the reaction (except by inductive effects on the alkyne).
This shows that the Pd(NHC)‐catalyzed system for transfer hydrogenation has
an exceptionally broad functional group tolerance, allowing for the presence of
alcohols, amines and ethers, as well as the potentially reducible esters, nitro
groups, nitriles and, most strikingly, ketones. The steric tolerance is smaller, as
– not unexpectedly – ortho‐substituents on the adjacent aromatic ring
dramatically decrease the reaction rate. Also, alkynes with a heteroatom
directly attached to one of the alkynic carbons have proven to be difficult
substrates for this reaction.
Substrates bearing pyridines or sulfur‐containing functional groups were not
tested. However, our group has found that zero‐valent palladium(NHC)‐
complexes in which the carbene ligand has an additional pyridine‐, pyrimidine‐
or thioether‐functionality tethered to the nitrogen gave active catalysts.[10] One
can imagine several other challenging substrates, with functional groups such
as Boc‐protected amines, non‐conjugated enynes and electronically isolated
diynes (such as 1,4‐ or 1,5‐diynes), but as yet these have not been tested.
Recently, a transfer hydrogenation system was reported with a comparable
broad substrate scope, by the group of Hua.[11] They use Pd(OAc)2 as catalyst
and DMF + KOH as hydrogen source, which under reaction conditions is
hydrolysed to formic acid. However, we believe that because of the harsh
conditions employed (KOH in DMF at 145 °C), the active species are Pd
(nano)particles instead of a well‐defined complex.
2.5. Catalyst variation
One of the reasons why phosphane ligands are so ubiquitous in transition
metal catalysis is the relative ease of modification of the steric and electronic
properties of these ligands.[12] Although advances in variation of the electronic
properties of carbene‐based ligands are quite recent,[13]. tuning of the steric
environment was already understood soon after their discovery.[14, 15] At the
time these studies were undertaken, the steric parameters of the ligand were
easily adjusted and well‐understood. Hence, it was decided to vary the N‐aryl
substituents of the ligand in order to investigate the effect of this on catalytic
behavior in transfer hydrogenation of alkynes. A series of substituents were
chosen ranging from the small p‐tol (a) to the very bulky DiPP (e) (Figure 5).
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Figure 5. The various N‐aryl‐substituents used in the catalyst variation studies

Scheme 4. Synthesis of imidazolium salts with different steric bulk

The imidazolium salts 10a‐c required for this were synthesized using a well‐
known procedure by Delaude, as depicted in Scheme 4. Compounds 10d‐e had
already been prepared in our group. The imidazolium chlorides were
converted to the [Pd(NHC)(MA)2] complexes following the procedure
developed in our group by Sprengers. This consists of deprotonation with
KOtBu, complexation with a suitable palladium(0) precursor and adding maleic
anhydride to obtain the coordinatively saturated complexes 12 (Scheme 5).
For isolation of complexes the highly labile complex [Pd(η4‐norbornadiene)(η2‐
maleic anhydride)] was used instead of Pd(tBuDAB)(MA) 3, as this produces
higher yields.[16] For ligands 10c and 10e the corresponding complexes 11c and
11e were isolated, while complexes of the sterically less demanding ligands
10a and 10b yielded crude products that decomposed upon isolation.

Scheme 5. Synthesis of Pd(NHC)(MA)2‐complexes with different steric properties
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In situ generated catalysts 11a‐e and isolated complexes 12c,e were submitted
to transfer hydrogenation of 1‐phenyl‐1‐propyne. During previous studies it
was observed that the solution of the in situ prepared catalyst 11c changes
color upon addition of alkyne, indicating that the alkyne coordinates to
palladium.[7] As the complexes have different steric surroundings, the
association constants of the alkyne with the complex will vary; in order to
ensure that the starting point in the catalytic reactions is equal for all
complexes, the catalyst‐alkyne mixtures were stirred overnight prior to
addition of hydrogen donor. Reactions were initiated by heating to reflux and
adding TEAF, after which the mixtures were stirred at reflux temperature and
monitored by GC for 24 h, the results of which are depicted in Table 5. As the
catalysts are generated in situ, it is should be verified that the reaction is not
catalyzed by the Pd‐precursor 3. Entry 1 shows that the reaction with 3 as
catalyst is very slow, so traces of unreacted palladium precursor cannot
influence the outcome of the reactions catalyzed by complexes 11a‐e.
Table 5. Transfer hydrogenation of 1‐phenyl‐1‐propyne with in situ generated catalyst
of ligands 10a‐e and complexes 11a and 11c. a
Time Conv. Product distribution (%) c
Stirred
Entry Catalyst Substituent
b
(h)
(%) Z‐ene E‐ene alkane Allyl
precursor
with alkyne
1

3

‐

‐

40

30

96

4

‐

‐

2

11a

4‐Tol

+

23

61

96

3

<1

‐

3

11b

2‐Tol

+

23

61

96

3

<1

‐

4

11c

Mes

+

23

82

97

2

<1

‐

5

11d

DEtP

+

2

>99

81

10

7

2

6

11e

DiPP

+

4.5

>99

35

24

30

11

7
8

12c
12c

Mes
Mes

+
‐

1.5
23

>99
62

83
97

6
2

10
‐

<1
1

9

12e

DiPP

‐

23

50

80

1

‐

19

a) Reaction conditions: 125 mM 1‐phenyl‐1‐propyne, 2.5 mM catalyst and 625 mM
HCO2H/NEt3 in MeCN at 82°C for 24h. b) Prior to addition of TEAF, the reaction was (+)
or was not (‐) stirred with alkyne overnight. c) Conversion and product distribution as
determined by GC; ane denotes propylbenzene, allyl denotes allylbenzene.
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Regarding the effect that bulky substituents have on the reaction rate,
introducing one methyl substituent on the ortho position of the aromatic ring
has no effect on rate or selectivity (Table 5, entries 2‐3). Going on to two
ortho‐methyl and then two ortho‐ethyl substituents the reaction rate increases
(Table 5, entries 4‐5). Increasing the steric bulk around the metal further with a
DiPP in catalyst 11e has a decelerating effect, but the absolute rate is still quite
good (Table 5, entry 6). This is visualized in Figure 6, which shows the
conversion of alkyne in the first two hours for the catalysts generated in situ.

Figure 6. Transfer hydrogenation of 1‐phenyl‐1‐propyne, catalyzed by in situ generated
Pd(NHC)(MA)(solvent) catalysts 11a‐e, stirred with alkyne overnight prior to reaction

A reverse trend is seen for the stereo‐ and chemoselectivity: as the steric bulk
increases the amounts of E‐alkene and alkane products also increases.
Note that by introducing the very bulky diisopropylphenyl substituent the
amount of isomerization from (Z/E)‐1‐phenyl‐1‐propene to allylbenzene
strongly increases. This implies that the catalyst is able to isomerize alkenes,
but that this only occurs in case of considerable steric congestion around the
metal center. For the standard mesityl‐substituent in 11c it is more favorable
to release the initial product Z‐alkene, which explains part of the high
stereoselectivity. We had already seen that complexes 12a‐b could not be
isolated and in reactions with these substituents Pd‐black formation was seen.
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Starting from the defined catalyst 11c and 11e, it is clearly seen that the
isolated complexes 11 have a lower reactivity than the catalysts 10 generated
in situ (Figure 7 and Table 5 entries 4,6 vs. 8,9). Seemingly, the presence of an
additional equivalent of maleic anhydride increases the chemo‐ and
stereoselectivity of the reaction. The inverse relationship between reaction
rate and selectivity observed for the in situ generated catalysts is also seen
here. This is confirmed in the reaction in entry 7: stirring the defined catalyst
11a with alkyne prior to the reaction leads to a higher reaction rate, but a
significantly decreased selectivity.

Figure 7. Transfer hydrogenation of 1‐phenyl‐1‐propyne, defined Pd(NHC)(MA)2
catalysts 12 vs. in situ generated catalysts 11

2.6. Conclusion
A new zerovalent [Pd0(NHC)(MA)] complex in MeCN is an excellent catalyst for
the semihydrogenation of alkynes under hydrogen transfer conditions. The
combination of a very high stereoselectivity in combination with an
unprecedented chemoselectivity, using mild reaction conditions in an
operationally simple procedure, provides a powerful addition to the synthetic
toolbox. The substrate scope studies show an interesting relationship between
the electron density of the alkyne triple bond and the activity &
chemoselectivity in catalysis, which may be exploited in further studies.
Variation of the steric properties of the ligand show that there is an optimum
ligand size, balancing selectivity on the one side, and activity on the other.
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2.7. Experimental section
General remarks
All experiments were carried out using Schlenk techniques under dry nitrogen.
Solvents were dried according to standard procedures and distilled prior to
use.[17]
[Pd(tBuDAB)(MA)]
3,[18]
imidazolium
chlorides
10a‐e,[15]
[Pd(nbd)(MA)],[16] Pd(NHC)(MA)2‐complexes 12c and 12e [3] and functionalized
alkynes[19, 20] were synthesized according to literature procedures. Maleic
anhydride was recrystallized from hot dichloromethane to remove maleic acid
and stored in a Schlenk flask under nitrogen. Potassium t‐butoxide was
evacuated overnight and stored in a Schlenk flask under nitrogen. Other
reagents were obtained from commercial sources and used without further
purification. Gas chromatography analyses were performed with a Carlo Erba
HRGC 8000 Top instrument using a VB‐1 or DB‐5 capillary column and p‐xylene
as internal standard. 1H‐NMR and 13C‐NMR spectra were recorded on a Varian
Mercury 300 and a Bruker DRX 300 spectrometers at 300.1 and 75.4 MHz
respectively. 1H and 13C chemical shifts are reported relative to TMS and were
determined by reference to residual 1H and 13C solvent resonances. IR spectra
were recorded on a Shimadzu 8400s FT‐IR spectrophotometer.
2.7.1. General procedure for the transfer hydrogenation of alkynes
The appropriate solvent (30 ml), 1,3‐bis(2,4,6‐trimethylphenyl)‐imidazolium
chloride (0.055 mmol), and KOtBu (0.22 mmol) were introduced into a two‐
necked Schlenk tube, equipped with a septum and a stirring bar. After stirring
for 1 h at 20°C, Pd(tBuDAB)(MA) 3 (0.05 mmol) was added. The reaction
mixture was stirred for 1 h at 20 °C before adding the appropriate alkyne (5
mmol), triethylamine (25 mmol), formic acid (25 mmol) and p‐xylene (5 mmol)
and then heated to the appropriate temperature until reaction was complete
(3 ‐ 24 h). Samples were recorded periodically for GC analyses. At the end of
the reaction, the mixture was allowed to cool to room temperature, filtered
over celite, diluted with pentane (30 ml), washed four times with water (4x 50
ml) and eventually dried over MgSO4. The solvent was removed under reduced
pressure and the crude reaction mixture was analyzed by 1H‐NMR
spectroscopy and GC.
Where possible, products were compared with commercial samples. For
compounds that are not commercially available, peaks in GC were assigned by
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comparing the ratio in GC with the ratio of integrals of peaks in 1H‐NMR.
Alkene peaks were assigned using the relative position of the alkene hydrogens
(Z‐alkenes between 5.9 and 6.8 ppm and E‐alkenes between 6.8 and 7.5 ppm)
and the 3J‐coupling of the alkene hydrogens (3JHH < 14 Hz Z‐alkene; 3JHH > 14Hz
E‐alkene). High resolution mass spectrometry was measured to verify the
composition of the main components.
2.7.2. Substrate synthesis
General procedure for the synthesis of functionalized diarylalkynes, method
A.[20]

A flame‐dried two‐neck Schlenk is charged with aryliodide (12 mmol; 1 equiv),
PdCl2(PPh3)4 (6 mol%) and CuI (10 mol%), after which it is with purged with
argon; the septum is parafilmed after solids have been added. While stirring,
dry MeCN (starting material 0.20 M in dry MeCN) sparged with dry argon is
added by syringe. Argon‐sparged DBU (6 equiv) is then added by syringe,
followed by a purge of the reaction flask with argon. Ice‐chilled
thrimethylsilylacetylene (50 mol%) is then added by syringe, followed
immediately by distilled water (40 mol%). The reaction flask is covered in
aluminum foil and stirred overnight, at the end of which the reaction mixture is
partitioned in ethyl ether and distilled water (500 ml each). The organic layer is
washed with 10% HCl (3x 200 ml), saturated aqueous NaCl (1x 100 ml), dried
over MgSO4, filtered and solvent evaporated. The crude product is purified by
silica gel column chromatography with ethyl acetate / hexane‐mixtures.
General procedure for the synthesis of functionalized diarylalkynes, method B
(adapted from Guan et al.[19]

A mixture of CuI (0.25 mmol), PPh3 (0.75 mmol), KOH (10.0 mmol) and
degassed water (10 ml) was stirred at room temperature for 15 minutes in a
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pressure tube under nitrogen. Then aryliodide (5.0 mmol) and phenylacetylene
(6.5 mmol) were added, the tube was sealed and stirred overnight at 140 °C.
The reaction mixture was allowed to cool and extracted with diethyl ether (4x
25 ml) or CH2Cl2 (4x 25 ml), and then washed with H2O (3x 25 ml) to remove
excess KOH and remaining phenylacetylene. The product was dried over
MgSO4, filtered and solvent was evaporated under reduced pressure to obtain
the crude product. If necessary, this was recrystallized from CH2Cl2.
2.7.2.1.
Electronically diversified alkynes,
Substrates from Table 3
[21]
4,4'‐(ethyne‐1,2‐diyl)dibenzonitrile
6a
was
synthesized using method A, yielding the product as
orange crystals in 56% yield after crystallization from hot acetone. 1H‐NMR:
7.60 (d, 4H, 3J = 8.4 Hz), 7.56 (d, 3J = 8.4 Hz). ESI‐MS, m/z observed: 228.0691
for C16H8N2 [M+]

1‐nitro‐4‐(phenylethynyl)benzene 6b [19] was synthesized
using method B .
The product was extracted with Et2O and evaporated, yielding a dark brown
solid (45%), which was recrystallized from CH2Cl2. 1H‐NMR (300 MHz, CDCl3): δ
8.23 (d, 2H, 3J = 9.3 Hz, ArH), 7.67 (d, 2H, 3J = 9 Hz, ArH), 7.58‐7.56 (m, 2H,
ArH), 7.41‐7.39 (m, 3H, ArH). ESI‐MS, m/z observed: 223.0626 for C14H9NO2
[M+]
Dimethyl 4,4'‐(ethyne‐1,2‐diyl)dibenzoate 6c [22] was
synthesized using method A, yielding the product as
white crystals in 67% isolated yield after crystallization from hot acetone. 1H‐
NMR: 8.03 (d, 4H, 3J = 8.4 Hz), 7.60 (d, 4H, 3J = 8.4 Hz), 3.93 (s, 6H). ESI‐MS,
m/z observed: 294.0896 for C18H14O4 [M+]
1‐(4‐trifluoromethyl)phenylacetylene 6d [23] was synthesized
using method B. The product was extracted with CH2Cl2 and
evaporated to yield the product as a white solid in 99% yield. 1H‐NMR (300
MHz, CDCl3): δ 7.70 (d, 2H, 3J = 5.1 Hz, ArH), 7.67 (d, 2H, 3J = 5.1 Hz, ArH), 7.61
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(m, 2H, ArH), 7.44 (m, 3H, ArH). ESI‐MS, m/z observed: 246.0654 for C15H9F3
[M+]
1‐(4‐chlorophenyl)‐phenylacetylene 6e [24] was synthesized
using method B. The product was extracted with Et2O and
evaporated to yield the product as a light orange‐brown solid in 99% yield. 1H‐
NMR (300 MHz, CDCl3): δ 7.55‐7.52 (m, 2H, ArH), 7.48‐7.45 (m, 2H ArH), 7.39‐
7.30 (m, 5H, ArH). ESI‐MS, m/z observed: 212.0391 for C14H9Cl [M+]
1‐(4‐methoxyphenyl)‐phenylacetylene 6g [19] was synthesized
using method B. The product was extracted with Et2O and
evaporated to yield the product as a brown solid in 75% yield. The product was
recrystallized in CH2Cl2. 1H‐NMR (300 MHz, CDCl3): δ 7.52‐7.46 (m, 4H, ArH),
7.34‐7.30 (m, 3H, ArH), 6.87 (d, 2H, 3J = 9.0 Hz, ArH), 3.83 (s, 3H, OCH3). ESI‐MS,
m/z observed: 208.0883 for C15H12O [M+]
4‐(phenylethynyl)‐aniline 6h [25] was synthesized using
method B. The product was extracted with Et2O and
evaporated to yield an orange‐brown solid in 68% yield. 1H‐NMR (300 MHz,
CDCl3): δ 7.50‐7.48 (m, 3H, ArH), 7.35‐7.28 (m, 4H, ArH), 6.64 (d, 2H, 3J = 8.4,
ArH), 3.82 (s, 2H, NH2). ESI‐MS, m/z observed: 193.0897 for C14H11N [M+]
Products from Table 3
As noted in the general procedure, product distributions were determined
using GC. 1H‐NMR was used to assign the characteristic product peaks, in
comparison with literature values. Products were not separated, so most NMR‐
spectra contain several highly similar aromatic compounds; hence, often only
the non‐aromatic hydrogens are depicted.
4,4'‐(ethane‐1,2‐diyl)dibenzonitrile [26]
1
H‐NMR: 7.58 (d, 4H, 3J = 8.1 Hz), 7.21 (d, 4H, 3J = 8.1 Hz),
3.00 (s, 4h). Exact mass could not be determined.
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1‐nitro‐4‐(phenylethynyl)benzene [27]
1
H‐NMR: δ 2.90‐3.05 (4H, m) ppm.
(Z)‐1‐nitro‐4‐styrylbenzene [28]
1
H‐NMR: δ 6.82 (d, 1H, 3J = 12.6 Hz), 6.66 (d, 1H, 3J = 12.6 Hz)
ppm.
(Z)‐dimethyl 4,4'‐(ethene‐1,2‐diyl)dibenzoate [29]
1
H‐NMR: 7.89 (d, 4H, 3J = 9.0 Hz), 7.25 (d, 4H, 3J = 9.0 Hz),
6.72 (s, 2H), 3.90 (s, 6H).
(Z)‐1‐styryl‐4‐(trifluoromethyl)benzene [30]
1
H‐NMR: δ 7.32 (d, 1H, 3J = 10.8 Hz), 6.67 (d, 1H, 3J = 10.8 Hz) ppm.
(Z)‐1‐styryl‐4‐chlorobenzene [31]
1
H‐NMR: δ 6.45 (d, 1H, 3 J = 12.2 Hz), 6.34 (d, 1H, 3J = 12.2 Hz) ppm.
ESI‐MS sees trace of alkyne with 37Cl, exact mass could not be
determined for the alkene.
(Z)‐1‐methoxy‐4‐styrylbenzene [30]
1
H‐NMR: δ 7.05 (d, 1H, 3J = 8.8 Hz), 6.61 (d, 1H, 3J = 8.8 Hz)
ppm. ESI‐MS, m/z observed: 210.1066 for C15H14O [M+]
(Z)‐4‐styrylaniline [25](Z), [32] (E) & [33] (alkane)
1
H‐NMR: δ 6.76 (d, 1H, 3J = 11.9 Hz), 6.64 (d, 1H, 3J = 11.9 Hz) ppm.
Substrates from Table 4
7a‐h (entry 1‐h) & 7l,n (entries 13, 15) are commercially available
7k & 7m (entries 12,14) were supplied by Volodymyr Lyaskovskyy (VU
University, Amsterdam).
1,4‐(bisphenylethynyl)benzene 7h [34] was synthesized
using method B.
The product was dissolved in CH2Cl2 and evaporated to yield the product as a
white solid in 78% yield, which was recrystallized from CH2Cl2. 1H‐NMR (300
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MHz, CD2Cl2): δ 7.58‐7.54 (m, 8H, ArH), 7.41‐7.38 (m, 6H, ArH). ESI‐MS, m/z
observed: 278.1096 for C22H14 [M+]
1‐(2‐tolyl)‐phenylacetylene 7i [19] was synthesized using method
B. The product was extracted with Et2O and evaporated to yield
a yellow oil. This was redissolved in CH2Cl2, washed with H2O to remove
remaining phenylacetylene and evaporated to yield a light‐yellow oil in 45%
yield. 1H‐NMR (300 MHz, CD2Cl2): δ 7.58‐7.55 (m, 2H, ArH), 7.51 (m, 2H, ArH),
7.40‐7.37 (m, 4H, ArH), 7.27 (m, 2H, ArH), 7.2 (m, 1H, ArH), 2.53 (s, 3H, CH3).
ESI‐MS, m/z observed: 192.0934 for C15H14 [M+]
1,2‐di‐(2‐tolyl)ethyne 7j [35] was synthesized using method B.
The product was extracted with Et2O and evaporated to yield a
dark red oil in 90% yield. 1H‐NMR (300 MHz, CDCl3): δ 7.51 (d, 4H), 7.26‐7.15
(m, 10H, ArH + CDCl3), 2.53 (s, 6H, CH3). ESI‐MS, m/z observed: 206.1091 for
C16H14 [M+]
Products from Table 4
(Z)‐hex‐3‐en‐1‐ol [36]
1
H‐NMR (400 MHz, CDCl3): δ 5.47 (dt, 1H, 3J=10.3, 7.3 Hz, C=C3H),
5.27 (dt, 1H, 3J = 10.3, 7.3 Hz, C=C4H), 3.58 (t, 2H, 3 J = 7.1 Hz, CH2OH), 2.27 (q,
2H, 3J = 7.2 Hz, CH2CH2OH), 2.05 (m, 2H, CH2CH3), 1.29 (br s, 1H, OH), 0.91 (t,
3H, 3J = 7.5 Hz, CH3) ppm.
(Z)‐4‐phenylbut‐3‐en‐1‐ol [36, 37]
1
H‐NMR (400 MHz, CDCl3): δ 7.49‐7.22 (m, 5H, CArH), 6.62 (d, 1H,
3
J = 11.5 Hz, C=CHPh), 5.91 (dq, 1H, 3J = 11.5 Hz, 6.0 Hz, C=CH(CH2OH)), 4.46 (d,
2H, 3J = 6.0 Hz, CH2OH), 1.65 (br s, 1H, OH) ppm. IR: νOH = 3346 cm‐1.
Trace of E‐alkene at 6.78 (d, 3J = 15 Hz) and 6.25 (m) ppm.
(Z)‐4‐phenylbut‐3‐en‐2‐one [38]
1
H‐NMR (300 MHz, CDCl3): 7.61‐7.37 (m, 5H, CArH), 6.92 (d, 1H, 3J =
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12.7 Hz, C=CHPh), 6.21 (d, 1H, 3J = 12.7 Hz, C=CHAc), 2.18 (s, 3H, CH3) ppm. IR:
νCO = 1608, 1672 cm‐1, no OH vibrations. Trace of E‐alkene at 6.74 (d, 3J= 16.2
Hz) and 7.52 (m in CArH).
(Z)‐1‐(4‐styrylphenyl)ethanone [39]
1
H‐NMR (400 MHz, CDCl3): δ 7.73 (d, 2H, 3J = 8.4 Hz, m‐CArH (α to
Ac)), 7.31 (d, 2H, 3J = 8.4 Hz, o‐CArH (β to Ac)), 7.20‐7.10 (m, 5H,
CArH), 6.65 (d, 1H, 3J = 12.2 Hz, C=CH(Ph)), 6.52 (d, 1H, 3J = 12.2 Hz,
C=CH(ArAc)), 2.49 (s, 3H, CH3) ppm. IR: νCO = 1602, 1678 cm‐1, no OH vibrations.
1‐(4‐phenethylphenyl)ethanone [40]
1
H‐NMR (300 MHz, CDCl3): δ 7.79 (d, 2H, 3J = 8.4 Hz, m‐CArH (α
to Ac)), 7.20‐7.10 (m, 5H, CArH), 7.07 (d, 2H, 3J = 8.4 Hz, o‐CArH (β to Ac)), 2.94‐
2.83 (m, 4H, CH2) 2.51 (s, 3H, CH3) ppm.
(Z)‐1‐methyl‐2‐styrylbenzene [30]
1
H‐NMR: δ 6.75 (1H, d, 3J = 12.0 Hz), 5.97 (1H, d, 3J = 12.0 Hz) ppm.
ESI‐MS, m/z observed: 208.0883 for C15H14 [M+]
For the hydrogenation of 1,4‐di(phenylethynyl)benzene, the 1H‐NMR was too
complicated to characterize specific Z‐ or E‐alkenes/dienes/enynes, but signals
of over‐reduction products (3.0‐2.8 ppm) were not observed. ESI‐MS shows
mostly starting material, plus m/z observed: 280.1251 for C22H16 [M+], the
singly hydrogenated product.
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Chapter 3

Mechanism of Pd(NHC)‐catalyzed
transfer hydrogenation of alkynes #
Opening the toolbox, from a mechanistic point of view

Summary
The transfer semihydrogenation of alkynes shows excellent chemo‐ and
stereoselectivity when using a [Pd0(NHC)(MA)(MeCN)]‐complex as pre‐catalyst
and TEAF as hydrogen donor. Kinetic studies showed a broken positive order in
substrate and first order in catalyst and hydrogen donor. Deuterium‐labeling of
the hydrogen donor indicated that proton and hydride transfers are separate
rate‐determining steps. From these findings and NMR experiments we propose
a mechanism in which hydrogen transfer from a coordinated formate anion to
zerovalent palladium(NHC)(MA)(alkyne)‐complex is followed by migratory
insertion of hydride, after which the product alkene is liberated by proton
transfer from the triethylammonium cation. The high selectivity observed is
explained by the competition between strongly coordinating solvent and
alkyne for a Pd(alkene)‐intermediate.
#
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2010, 132 (47), 16900‐16910
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3.1. Introduction
The partial hydrogenation of alkynes to cis‐alkenes is a very important
transformation in synthetic organic chemistry.[1] Despite the usefulness of this
reaction, it has been studied far less extensively than the similar
hydrogenation of carbon‐carbon double bonds.[1, 2] Some examples of chemo‐
and stereoselective alkyne semihydrogenation have been reported, but very
few studies have addressed the mechanism of the reaction or explained the
observed selectivity.[3‐5] In the development of better catalytic systems it is of
vital importance to understand the mechanism, enabling a directed search for
new catalysts. Using a homogeneous organometallic complex as catalyst
simplifies mechanistic studies and the rationalized improvement of the
catalyst.
In Chapter 2 a system was described for semihydrogenation of alkynes that
cleanly and reproducibly leads to Z‐alkenes, using Pd0(IMes)(MA) complex 1 as
pre‐catalyst. The pre‐catalyst is prepared in situ from Pd(tBuDAB)(MA) 2, 1,3‐
bis(mesityl)imidazolium chloride and potassium t‐butoxide (Scheme 1).
The over‐reduction to alkanes is fully inhibited when formic acid is used as
hydrogen donor in strongly coordinating solvents,[6, 7] whereas the use of
hydrogen gas still gives over‐reduction.[8] The difference in chemoselectivity
strongly hints at different modes of operation for the formic acid mediated
transfer hydrogenation versus hydrogenation with molecular hydrogen.

Scheme
1.
Transfer
semihydrogenation
of
1‐phenyl‐1‐propyne
triethylammonium formate and in situ generated complex 1

using

Mechanistic studies on transfer hydrogenation have focused on ketones and
imines as the abundant substrates, and several mechanisms are known to
operate depending on the catalyst, substrate and the hydrogen donor.[9, 10]
However, carbonyls are more reactive than alkenes or alkynes because of the
high degree of polarization of the C=O bond, and the only known alkenes
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subject to transfer hydrogenation are also highly polarized.[11, 12] According to
calculations by Comes‐Vives and Lledós, the activation barriers for
hydrogenation of non‐polar substrates are approximately 10 kcal/mol higher
than for polar substrates.[10] This difference is reflected in the observation that
transfer hydrogenation of acetophenone has become a standard reaction for
testing new catalytic systems, whereas relatively few examples are known of
hydrogen transfer to alkenes[11, 12] or alkynes.[6, 7, 13] Hence, the mechanism of
transfer hydrogenation of carbon‐carbon multiple bonds has been studied only
marginally.[10, 12]
This scarcity in profound mechanistic understanding for both alkene transfer
hydrogenation and partial alkyne hydrogenation prompted us to thoroughly
investigate the mechanism of the formic acid mediated partial alkyne transfer
hydrogenation. The main issues to be addressed are 1) what is the mechanism
of the Pd‐catalyzed hydrogen transfer and 2) why is over‐reduction inhibited in
our system? It was decided to study the kinetics of the transfer hydrogenation
of 1‐phenyl‐1‐propyne and the role of hydrogen donor and base on rate and
selectivity. Furthermore, several catalytically relevant metal complexes were
isolated and catalytic intermediates were investigated using NMR‐
spectroscopy and deuterium labeling of the catalyst and the hydrogen donor.
3.2. Kinetic studies
Knowledge about the kinetics of a reaction is essential for discussion of the
mechanism. Hence, the reaction was monitored by GC and the rate of reaction
and its dependence on the concentration of the reactants were obtained from
the reaction profiles, using the initial rates method. This method is
straightforward, reliable and especially suitable for reactions that are not very
fast. A five‐fold excess of HCO2H/NEt3 was used to ascertain that product
selectivity towards alkene is not due to a shortage of hydrogen donor.
It was initially investigated whether the acid/base‐ratio affects the rate and
what the influence of the base strength is. As can be seen from Table 1 the
presence of base is essential for an efficient reaction, as the rate is drastically
lower if HCO2H is in excess to NEt3, even if NEt3 is still in excess to alkyne (Table
1, entry 1‐3).
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The reaction was also performed with Na2CO3 as base or ammonium formate
as hydrogen donor (Table 1, entry 4‐5), but both give inferior results compared
to triethylammonium formate (TEAF). Using ammonium formate leads to a
much slower reaction than with in situ generated TEAF; this difference is
attributed to the relative pKb’s of ammonia and triethylamine. Na2CO3 is too
basic, the reaction was even slower than without added base. The active
hydrogen donor is probably an ammonium formate species, as the reaction
becomes very sluggish once the amount of NEt3 is decreased relative to HCO2H
(Table 1, entry 1‐3); therefore TEAF was used in the kinetic studies.
Isopropanol, the standard hydrogen donor for transfer hydrogenation of
ketones, is not an efficient hydrogen donor for the transfer hydrogenation of
alkynes (Table 1, entry 6).
Table 1. Effect of various hydrogen donors on the hydrogenation of 1‐phenyl‐1‐
propyne to Z‐β‐methylstyrene with pre‐catalyst 1 a
[donor]

Base

[base]

[alkyne]

[cat]
*10‐3
mol l‐

mol l‐1

mol l‐1

1

0.87
0.41
0.11
0.61
0.59
‐

0.16
0.18
0.18
0.10
0.13
0.25

0.90
1.6
1.6
1.2
1.3
2.5

donor
mol l‐1
1
2
3
4
5
6

HCO2H
HCO2H
HCO2H
HCO2H
HCO2H
iPrOH

0.87
0.96
0.94
0.61
0.82
13.06

NEt3
NEt3
NEt3
NH3
Na2CO3

‐

Rate
*10‐3
mol
h‐ 1
1.50
0.50
0.045
0.041
0.011
0.014

Selectivity b

(Z / E / alkane)
95.2 / 3.9 / 0.9
96.4 / 3.7 / 0.0
96.7 / 3.3 / 0.0
95.3 / 4.0 / 0.7
93.2 / 2.9 / 3.9
1/ ‐ / ‐

a) Conditions: Reactions are performed in refluxing MeCN, using in situ generated pre‐catalyst 1.
b) Selectivity reported after 24h.

3.2.1. Dependence of the reaction rate on the catalyst concentration
The concentration of pre‐catalyst 1 was varied between 0.1 mM and 8.3 mM,
keeping the initial concentration of hydrogen donor constant at 0.8 M and
substrate concentration at 0.18 M. The reaction rate shows a linear
dependency on the palladium concentration (see Figure 1a; rates are listed in
Table 2). Plotting ln(rate) versus ln[Pd], as presented in Figure 1b, yields a
straight line of slope 1.09, showing that the transfer semihydrogenation of 1‐
phenyl‐1‐propyne is first order in palladium. This implies that the active
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catalyst is a homogeneous species, and not a pre‐catalyst that is converted into
catalytically active Pd nanoparticles. A low catalyst loading improves the
product selectivity for alkenes (vide infra).
b)

12.0

3.0

y = 1.0867x + 0.3518
R2 = 0.9952

2.0
1.0

Ln (rate)

x 10‐3 rate (mol h‐1)

a) 16.0

8.0

0.0
‐1.0

4.0

‐2.0
‐3.0

0.0
0.0

2.0

4.0

6.0

8.0

‐3.0

10.0

‐2.0

‐1.0

0.0

1.0

2.0

3.0

Ln ([catalyst])

x 10‐3 [Pd] (mol l‐1)

Figure 1. a) Plot of rate of hydrogenation versus catalyst concentration. b) Plot of
ln(rate) versus ln[catalyst]
Table 2. Kinetic data for hydrogenation of 1‐phenyl‐1‐propyne to Z‐β‐methylstyrene by
in situ generated 1, varying [pre‐catalyst 1] a

Entry

[catalyst]
*10‐3 mol l‐1

Rate
*10‐3 mol h‐1

kobs
Selectivity b
l2.3 h‐1 mol‐2.3 (Z‐ene/ E‐ene / alkane)

1
2
3
4
5

0.13
0.48
0.90
3.67
8.26

0.15
0.64
1.5
4.9
15.0

2.1
2.6
3.1
2.4
3.4

98.8 / 1.2 / 0
98.3 / 1.7 / 0
95.2 / 3.9 / 0.9
77.2 / 13.2 / 9.6 c
68.6 / 16.3 / 15.1 d

a) Conditions: Reactions are performed in refluxing MeCN, using in situ generated pre‐
catalyst 1, [alkyne]=0.18 M, [TEAF] = 0.90 M. b) Selectivity is reported after 24h. c)
Product selectivity at 80% conversion (20 minutes): 97.2/ 2.2 / 0.6. d) Product
selectivity at 80% conversion (10 minutes): 95.3 / 3.3 / 1.4.

3.2.2. Dependence of the reaction rate on hydrogen donor concentration
The concentration of TEAF was varied between 0.1 M and 1.6 M, keeping the
concentrations of catalyst and substrate constant at 0.90 mM and 0.16 M,
respectively. The reaction rate shows a linear dependency on the TEAF
concentration, which levels off above 0.5 M (Figure 2a; rates are listed in Table
3). Plotting ln(rate) versus ln[TEAF], as presented in Figure 2b, yields a straight
line of slope 1.06, showing that the hydrogenation of 1‐phenyl‐1‐propyne is
first order in triethylammonium formate. It has been established that the
concentration of hydrogen donor has no effect on the selectivity.
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b)
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Figure 2. a) Plot of rate of hydrogenation versus hydrogen donor concentration. b)
Plot of ln(rate) versus ln[TEAF]
Table 3. Kinetic data for hydrogenation of 1‐phenyl‐1‐propyne to Z‐β‐methylstyrene by
in situ generated 1, varying [TEAF] a

Entry

[TEAF]
mol l‐1

Rate
*10‐3 mol h‐1

kobs
l2.3 h‐1 mol‐2.3

Selectivity b
(Z‐ene / E‐ene /alkane)

1
2
3
4
5

0.14
0.24
0.45
0.83
1.76

0.33
0.79
1.19
1.24
1.91

4.2
5.9
4.8
2.8
2.1

98.3 / 1.7 / 0
97.2 / 2.8 / 0
96.6 / 2.9 / 0.5
97.2 / 2.8 / 0
97.4 / 2.4 / 0.2

a) Conditions: Reactions are performed in refluxing MeCN, using in situ generated pre‐
catalyst 1, [substrate]= 0.18 M; [pre‐catalyst 1]= 0.92 mM. b) Selectivity after 24h.

3.2.3. Dependence of reaction rate on substrate concentration
The alkyne concentration was varied between 0.03 and 0.43 M, keeping the
concentrations of catalyst and TEAF constant at 0.9 mM and 0.8 M,
respectively. At alkyne concentrations below 0.15 M the reaction rate shows a
positive linear dependency with respect to the alkyne concentration, while
above 0.15 M an increase in alkyne concentration results in a decrease of the
rate (Figure 3a; rates are listed in Table 4). Plotting ln(rate) versus ln[alkyne],
as presented in Figure 3b, yields two straight lines, with slope +0.28 ([alkyne] <
0.15 M) and ‐0.75 ([alkyne] > 0.15 M). The broken orders in alkyne
concentration imply that the substrate coordinates to palladium before the
rate determining step and that an equilibrium is involved between the
Pd(solvent)‐complex + alkyne and the Pd(alkyne) complex. This is in
accordance with the strong solvent effect we had already observed in the
optimization of the catalytic system.[6]
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Figure 3. a) Plot of rate of hydrogenation versus substrate concentration. (b) Plot of
ln(rate) versus ln[1‐phenyl‐1‐propyne]; circles represent values at [alkyne] < 0.15 M,
triangles represent values at [alkyne] > 0.15 M
Table 4. Kinetic data for hydrogenation of 1‐phenyl‐1‐propyne to Z‐β‐methylstyrene
by in situ generated 1, varying [1‐phenyl‐1‐propyne] a

[alkyne]

1
2
3
4
5
6
7
8
9

kobs

mol l‐1

Rate
*10‐3
mol h‐1

0.03
0.06
0.09
0.11
0.14
0.16
0.23
0.32
0.44

1.6
2.0
2.2
2.3
2.4
2.0
1.7
1.3
1.0

6.2
6.5
6.2
5.9
5.8
4.7
3.6
2.4
1.9

Selectivity (Z‐ene /E‐ene /alkane) b

l2.3 h‐1 mol‐2.3 >90% conversion 24h
74.9 / 9.4 / 15.6
90.9 / 3.7 / 5.3
93.4 / 3.9 / 2.7
94.6 / 3.2 / 2.2
92.7 / 3.4 / 3.9
n.a.
n.a.
n.a.
n.a.

47.1 / 17.1 / 35.8
47.2 / 21.1 / 31.7
47.2 / 21.1 / 31.7
61.2 / 17.7 / 21.4
46.2 / 11.7 / 42.0
97.0 / 2.1 / 1.0
97.1 / 2.4 / 0.6
98.7 / 1.3 / 0.0
97.9 / 1.6 / 0.5

a) Conditions: Reactions are performed in refluxing MeCN, using in situ generated pre‐catalyst
1; [TEAF]= 0.77 M; [pre‐catalyst 1] = 0.95 mM. b) Selectivity is reported after 24h. For higher
concentrations this was only determined after 24h, even if full conversion was not attained
(n.a.). Selectivity at >90% conversion is at last point before full conversion (between 90 and 99%
conversion).

The association constant of 1‐phenyl‐1‐propyne for the catalyst was
investigated using 1H‐NMR, but no change in chemical shift was observed upon
addition of pre‐catalyst to a sample of 1‐phenyl‐1‐propyne in dmso‐d6.
Amatore & Jutand have already found that the affinity of internal alkynes for
coordinatively unsaturated Pd(PPh3)2 is very low, significantly lower than that
of terminal alkynes, so at low concentrations the equilibrium will be on the
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side of non‐coordinated alkyne.[14] Because of the observed substrate
inhibition the data were analyzed for Michaelis‐Menten kinetics. This gave a
good fit and Figure 4 shows the Lineweaver‐Burke plot of 1/[rate] as a function
of 1/[alkyne], which is linear at [alkyne] < 0.15 M. This shows that Vmax = 2.85
mmol/h (if there were no catalyst deactivation at high alkyne concentration)
and KM=25.5 mM (substrate concentration at which rate = ½ Vmax).[15]

Figure 4. Lineweaver‐Burke plot: 1/[alkyne] vs 1/rate. Circles represent values at
[alkyne]<0.15 M, triangles represent values at [alkyne] >0.15 M

From the leftmost part of Figure 3a, one sees that the slope slightly decreases
with increasing alkyne concentration. At sufficiently high concentrations
([alkyne] > 0.15 M) the order in alkyne changes from a positive to a negative
order. We believe this change in order occurs because the alkyne is involved in
two concurrent reactions: a productive reaction with a Pd(solvento)‐species to
form a Pd(alkyne)‐species that leads towards hydrogenation (with [alkyne]0.28),
and a side‐reaction with that Pd(alkyne)‐species to form a catalytically inactive
complex (with [alkyne]‐1). At [alkyne] > 0.15 M the second reaction effectively
competes with the catalytically productive reaction for the alkyne present; this
decreases the concentration of active catalyst, so the net reaction becomes
slower at higher substrate concentration. The observed order in alkyne is the
sum of the separate orders, rendering the order in alkyne ‐0.75. At [alkyne] <<
0.15 M the concentration of the Pd(alkyne)‐species is too low to significantly
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affect the reaction rate. The change in sign of the substrate order at higher
alkyne concentration may be explained by the formation of Pd(alkyne)2‐
complexes (substrate inhibition) or palladacylopentadiene species that act as a
sink for catalyst species (Scheme 2).
The occurrence of an inverse order in substrate at high substrate
concentrations has also been observed in the Pd(Ar‐BIAN)(alkene)‐catalyzed
semihydrogenation of 4‐octyne with molecular hydrogen.[3] In that system the
optimum concentration of alkyne was 0.32 M; more electron poor alkynes give
more stable metallacycles, so the concentration above which palladacycle
formation effectively competes with hydrogenation will be lower for aromatic
alkynes than for aliphatic alkynes.[16] Attempts to isolate these palladacyclic
species from the reaction mixture were not successful. (Triphenyl)mesitylenes
formed by reaction of palladacyclopentadiene‐species with an additional
equivalent of alkyne have not been observed by NMR, nor by GC.

Scheme 2. The equilibrium between pre‐catalyst 1 and alkyne to several potentially
active species

At high catalyst loading (Pd/alkyne‐ratio) the selectivity for Z‐alkene is
seriously affected (compare entries 1, 4 and 8 in Table 4). The effect of
concentration of alkyne on catalytic behavior had already been observed in the
solvent screening, where more strongly coordinating solvents gave rise to a
slower but more selective reaction.[6] When performing the reaction in THF,
even the addition of 1 mol% of MeCN induces a higher selectivity and lower
rate, and with one equivalent of MeCN near‐full selectivity is observed (Figure
5). It is well‐known that palladium(0) complexes show highly dynamic
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behaviour in solution and they can easily exchange weakly coordinating
ligands, the equilibrium conditions depending on the nature and relative
concentrations of all ligating species.[17] A lower ratio of alkyne‐to‐palladium
will on the whole lead to less‐protected palladium, which enhances the
reactivity for alkynes but also towards the product alkene, thus increasing
over‐reduction to alkane.

Figure 5. Transfer hydrogenation of 1‐phenyl‐1‐propyne in THF, with increasing
amounts of MeCN; MeCN/alkyne ratio vs. rate and alkene selectivity. Rate is depicted
in black triangles and relates to values on the primary y‐axis; alkene selectivity is
depicted in grey circles and relates to values on the secondary y‐axis. Conditions:
[alkyne]= 0.15 M, [catalyst] = 15 mM, [TEAF]= 0.75 M in refluxing THF

3.2.4. Rate equation
Combination of the observed rate dependencies allows us to set up an
experimental rate law for palladium‐catalyzed semihydrogenation of 1‐phenyl‐
1‐propyne with TEAF in acetonitrile:

Equation 1 is only valid at alkyne concentrations below 0.15 M, and shows that
the reaction rate depends on the concentrations of hydrogen donor, substrate
and catalyst in a positive manner. This means that alkyne and formate will
both coordinate to a Pd species before the rate‐determining step. When the
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alkyne concentration is increased to above 0.15 M, part of the catalyst reacts
with alkyne to form a catalytically inactive species. This makes the
concentrations of catalyst and alkyne interdependent, so setting up a rate law
in this concentration range would be meaningless.
3.2.5. Mechanism – competition
A first interpretation of the kinetic data leads to a simplified image of the
catalytic cycle, shown in Scheme 3, which focuses on the role of competition
between substrate and solvent for palladium. Starting from in situ generated
complex I, solvent is replaced by a substrate molecule to give a complex II,
after which the alkyne is hydrogenated by TEAF (vide infra), giving a complex of
type III. The alkene product can be displaced by the more strongly coordinating
solvent, closing the catalytic cycle to obtain the desired alkene product
(pathway A). For a more weakly coordinating solvent, complex III is longer
lived and could react with another molecule of TEAF to give the saturated
product, which is immediately displaced by solvent and thus regenerates
complex I (pathway B).

Scheme 3. Simplified catalytic cycle, focusing on the effect of competition between
solvent, alkynes and alkenes for the catalyst

This reasoning implies that the chemoselectivity of the reaction is dictated by
the lifetime of complex III, which is not only determined by the coordinative
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properties of the solvent but also by the strength of the Pd‐alkene bond. The
strength of the Pd‐alkene bond is dependent on the electron density on the
metal and the π‐accepting properties of the alkene. Substituents on the alkene
(and alkyne) that increase the π‐accepting capacity will then lead to decreased
chemoselectivity. This reasoning is in agreement with our previous finding that
alkynes with electron withdrawing substituents (e.g. dimethyl butynedioate)
give significant over‐reduction, while most simple aliphatic and aromatic
alkynes give the Z‐alkene in 90‐99% yield.[6] Also the observed solvent‐
competition fits very well with this explanation. As these are all equilibrium
reactions (except for the hydrogenation), part of the alkene will also be
displaced by alkyne, directly transforming III to II (pathway a’). So, at higher
catalyst/substrate ratios the lifetime of species III will increase and thus give a
higher tendency for over‐reduction, which is what was indeed observed in the
kinetics of substrate and catalyst.
Concerning the role of maleic anhydride, several possibilities can be envisaged
a priori; (i) it may remain coordinated to the metal, (ii) it might dissociate, or
(iii) it could be hydrogenated to succinic anhydride. The latter is seen in alkyne
hydrogenations with Pd(Ar‐Bian)(dmfu).[3] In the current case, neither maleic
anhydride nor succinic anhydride were observed in the GC of aliquots of the
reaction, nor in the NMR‐spectrum of the product, so we postulate that maleic
anhydride remains coordinated to the complex during reaction (vide infra).
3.3. Isotopic labeling of the hydrogen donor
3.3.1. Kinetic isotope effect
The role of the two different hydrogens in formic acid were investigated by
performing the reaction with the various deuterium‐labeled formic acids
(HCO2D, DCO2H and DCO2D). It appears that the reaction rate decreases with
increasing deuterium content; note that reactions of both mono‐deuterated
formic acids (HCO2D and DCO2H) proceed at the same rate (Table 5).
Comparing the rates of the reactions with labeled formic acids, a primary
kinetic isotope effect (KIE) of 2.4 is observed on both the formic (CH/CD) and
the acidic (OH/OD) position, while the kinetic isotope effect upon double
isotopic substitution is 3.6 (Table 6).
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Table 5. Effect of deuterated formic acids on the rate of transfer hydrogenation of 1‐
phenyl‐1‐propyne to Z‐β‐methylstyrene by in situ generated 1. a

Entry

Formic acid

[formic acid]
mol l‐1

Rate
*10‐3 mol h‐1

kcat
l2.3 mol‐2.3 h‐1

1
2
3
4

HCO2H
HCO2D
DCO2H
DCO2D

0.38
0.37
0.36
0.36

1.32 ± 0.12
0.54 ± 0.09
0.52 ± 0.10
0.34 ± 0.04

5.81 ± 1.38
2.39 ± 0.82
2.38 ± 0.88
1.61 ± 0.39

a) Conditions: Reactions are performed in refluxing MeCN, using in situ generated
catalyst 1; [1‐phenyl‐1‐propyne]= 0.11 M, [NEt3] = 0.50 M, [catalyst] = 1.05 mM. All
reactions were performed in triplicate, values are averaged.
Table 6. Kinetic isotope effects of transfer hydrogenation of 1‐phenyl‐1‐propyne to Z‐
β‐methylstyrene by in situ generated 1.

KH/KD
HCO2H / DCO2H
HCO2D / DCO2D
HCO2H / HCO2D
DCO2H / DCO2D
HCO2H / DCO2D

2.43 ±
1.48 ±
2.45 ±
1.47 ±
3.60 ±

0.33
0.33
0.35
0.35
0.27

The observation of a kinetic isotope effect due to single isotopic substitution –
on either the formic or the acidic position – means that both the bond to the
formic hydrogen and that to the acidic hydrogen are broken or formed in the
rate determining step. Casey et al, in their studies on transfer hydrogenation of
imines, have shown that the observation of a primary kinetic isotope effect
does not necessarily imply that the transfers of the acidic and formic
hydrogens occur in a single elementary step. They showed that the transfer of
hydrogens may take place in a concerted fashion or it may involve two
separate hydrogen transfer steps with approximately equal barriers, and that
these processes can be distinguished.[18] For a concerted reaction in which
both hydrogens are transferred in a single step, the kinetic isotope effect for
the doubly labeled material should be equal to the product of the two
individual isotope effects. For the present system, the product of kinetic
isotope effects KIECHOH/CHOD * KIECHOH/CDOH = 5.95, which is appreciably larger
than the experimentally observed KIECHOH/CDOD of 3.60. Hence, we conclude that
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the acidic hydrogen and the hydridic hydrogen from formic acid are
transferred in two distinct steps, and that these transfers have about equal
activation energies.
3.3.2. Deuterium distribution over the alkyne
Apart from the effect of isotopic labeling on the reaction rate, the reactions
with deuterated formic acid also allow us to observe whether the hydrogens
retain their identity during the reaction, and if so, whether a distinction is
made in the mechanism between the two carbons of the alkyne. The 1H NMR
(integral and multiplicity) and 2H‐NMR (integral) of the products contain the
required information. In the 1H NMR of the hydrogenation products the
distribution of protons between the two olefinic positions is roughly equal: for
both mono‐deuterated formic acids the integrals of both olefinic protons add
up to one hydrogen compared to the five aromatic hydrogen nuclei. For the
dideuterated formic acid a minor amount of not‐fully‐deuterated product is
observed in 1H‐NMR, the integral of the olefinic protons accounts for
approximately 0.12 hydrogens relative to five aromatic hydrogens. The
presence of unlabeled product is probably caused by the faster reaction with
non‐labeled formic acid. This partly protonated product shows a broad singlet
and a broadened quartet in 1H NMR, as would be expected when the vicinal
position is occupied by deuterium instead of hydrogen. In the product of
unlabeled formic acid a doublet and a doublet of quartets are seen for the
olefinic protons, whereas for mono‐deuterated formic acids these peaks are
broadened due to the presence of mono‐, as well as non‐deuterated products.
The 2H‐NMR of the products shows that the deuterium distribution depends
on the position of the 2H in the formic acid: for HCO2D the integral of the
deuteron at the α‐position was 15% larger than that of the deuteron at the β‐
position, whereas with DCO2H and with DCO2D the integral of the α‐deuteron
was 15% smaller than that of the β‐deuteron.[19] First of all, this means that the
hydrogens retain their identity during the reaction. Furthermore, the first
hydrogen is delivered to the more accessible β‐position of the alkyne and
originates from the formic position, assuming the sterically most accessible
position is attacked first. In case of the 1‐phenyl‐1‐propyne, the difference in
steric demand between the Ph‐C and C‐CH3 sites is not very large, which may
explain why a preference of ‘only’ 15% for the β‐position has been observed.
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For all labeled formic acids approximately 10% of the signal in 2H‐NMR is seen
at the γ‐position. Indeed, monitoring the deuteration experiments with GC
reveals a trace of allylbenzene as a transient species, which accounts for the
2
H‐scrambling.
3.4. Catalyst isolation
3.4.1. Isolation of solvent‐stabilized Pd(NHC)(alkene)‐species
In previous work it was found that in situ generated Pd0(NHC)(MA)‐complexes
are more selective catalysts for the hydrogenation of alkynes than isolated
Pd(NHC)(MA)2‐complexes.[8] Therefore, the transfer semihydrogenation of
alkynes was developed with in situ generated Pd0(IMes)(MA)‐complexes,[6]
where the open coordination site is occupied by solvent. As the reaction is
slower but more selective in MeCN than in THF, we postulated that in
acetonitrile a [Pd0(IMes)(MA)(MeCN)] species is the source of active catalyst.
To verify this we attempted the isolation of such a species. Indeed, by
concentration of a catalyst solution in MeCN an off‐white solid could be
precipitated, which appeared from NMR to be complex 3, a Pd(IMes)(MA)‐
complex with two coordinated acetonitrile molecules (Scheme 4).
In 1H NMR, we observe that the maleic anhydride hydrogens in 3 have become
inequivalent (2.91 and 3.45 ppm), while at elevated temperatures, these peaks
coalesce to a broad singlet at 3.0 ppm (60 °C, 300 MHz). This indicates that at
room temperature there is hindered rotation around the Pd‐alkene bond and
the alkene hydrogens experience inequivalent magnetic environments. This
effect has been seen in similar Pd0(NHC)(MA)‐complexes, and there the X‐ray
structure shows that one of the MA‐proton signals is near the shielding region
of the aromatic ring, explaining the lower chemical shift.[7] Also, the methyl
peaks on the ortho‐position of the IMes ligand experience different
environments (2.08 and 2.10 ppm), indicating a spatial orientation of the IMes
that differentiates between the two aromatic groups.
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Scheme 4. Synthesis of various Pd(IMes)(MA)‐complexes

We have optimized the geometry of this complex with density functional
theory, with which we observed dissociation of one of the acetonitrile ligands
(in the gas phase). In solution, the second molecule of acetonitrile may still be
weakly coordinated, in accordance with the relatively small shift upon
coordination and the integral of 6H of the MeCN protons. Additionally, the
inequivalence of both maleic anhydride protons and both aromatic rings is
clearly seen in the simulated structure of 3 (Figure 6). We have also tried to
obtain the solvent‐stabilized complex from a catalyst solution in THF, but this
only gave decomposition to palladium black. An additional equivalent of maleic
anhydride was needed, giving the previously reported complex Pd(IMes)(MA)2
4. (Scheme 4). [8]
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Figure 6. Simulated structure for compound 3

3.4.2. Palladoles as substrate‐inhibited catalyst
In Scheme 2 we postulated the formation of palladacyclopentadiene species as
a sink for active catalyst, to explain the inverse order in substrate at high
concentrations. Although it was not possible to isolate such palladoles from
the reaction mixture, the synthesis of palladacycle 5 with an IMes‐moiety was
possible under certain conditions (Scheme 5).

Scheme 5. Synthesis of palladacyclopentadiene(NHC)‐complexes
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For simple aromatic alkynes, the reaction of several Pd‐precursors with a
carbene and/or excess alkyne failed to produce the desired
palladacyclopentadiene(NHC)‐complexes. Substitution of alkene from solvent
complexes 1 or 3, or formation of a Pd(IMes)‐complex from Pd0‐precursors 2 or
6 followed by cycloaddition of alkyne proved unsuccessful. Cycloaddition for
Pd(tBuDAB)(alkyne)‐complex 7 does not occur, as already shown by tom
Dieck[20], but coordination of IMes to alleviate the steric demand of the diimine
ligand and subsequent cyclization with excess alkyne also did not yield the
desired product. We were able to isolate complex 5 when using the more
electron withdrawing dimethyl butynedioate (dmbd), but only if the
palladacyclopentadiene moiety had already been formed prior to coordination
of the NHC, from complex 10. This shows that the formation of these proposed
cyclopalladated species is possible, but not straightforward under catalytic
conditions, and may only occur in the presence of >150 equivalents of alkyne.
Reaction of in situ generated complex 1 with 160 equivalents of 1‐phenyl‐1‐
propyne gives a complex that spectroscopically resembles 5.
Complex 5 is the first example of a palladacyclopentadiene species with a
coordinated N‐heterocyclic carbene, while complex 7 is one of the few
examples of Pd‐alkyne complexes that have been crystallized.[21] Because of
the high electron density on the metal it shows very strong backbonding, with
an alkyne carbon‐carbon bond length of 1.287(2) Å (Figure 7).

Figure 7. X‐ray structure of PdtBuDAB)(dmad) 7. Thermal ellipsoids at 50% probability
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3.4.3. Catalytic studies with isolated catalysts
To confirm whether the isolated solvent‐complex 3 indeed resembles the
catalytically active species, its activity and selectivity are compared with the in
situ generated pre‐catalyst 1. Complex 3 exhibits the same excellent
chemoselectivity as the in situ prepared catalyst (Table 7, entry 1 vs 3). The Z‐
selectivity for complex 3 is somewhat lower, but the absence of over‐reduction
is seen for both pre‐catalysts. Employing the isolated complex 3 as pre‐catalyst
leads to a lower rate of transfer hydrogenation of 1‐phenyl‐1‐propyne
compared to the same reaction with the in situ generated pre‐catalyst 1; still
no induction period is observed. Although one would predict the same
solution‐phase structures when starting from 1 and 3, the reaction with in situ
generated species still contains the diimine ligand from 2. So in 1 additional
ligand is present that probably facilitates a dissociative step in the mechanism
to increase the rate of reaction, while at the same time aiding MeCN in the
competition for Pd(alkene) intermediate III to give higher alkyne selectivity.
Table 7. Catalysts tested in transfer hydrogenation of 1‐phenyl‐1‐propyne
Catalyst

[cat.]
*10‐3
mol l‐1

[alkyne]

[HCO2H]

[NEt3]

TOF

Selectivity a

mol l‐1

mol l‐1

mol l‐1

h‐1

(Z / E /alkane)

1
2
3
4
5

1
aged 1 b
3
4 c
5

0.90
1.25
1.71
1.71
1.55

0.16
0.14
0.15
0.15
0.16

0.87
0.83
1.02
1.02
2.43

0.78
0.66
0.68
0.68
2.40

101
74.6
18.0
25.6
109

95.2 / 3.9 / 0.9
87.3 / 9.2 / 3.5
92.3 / 6.1 / 1.6
80.1 / 10.0 / 9.9
91.6 / 5.4 / 3.0

6

5 + 1% ma

1.55

0.13

2.41

2.38

21.2

96.0 / 3.0 / 1.0

7

8

1.31

0.13

2.30

2.28

14.7

96.4 / 2.7 / 0.9

8

8, no base

1.86

0.13

0.84

‐

1.0

95.8 / 4.2 / 0.0

a) Selectivity determined by GC, after 24 h in refluxing MeCN. b) 2 months aged stock
solution. c) Selectivity after 90% conversion (3.5h) is 93.5 / 5.0 / 1.5, TOF = 15.9 mol
mol h‐1.
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Chart 1. Pre‐catalysts tested in transfer hydrogenation of 1‐phenyl‐1‐propyne

The reaction was also repeated with a catalyst stock solution in MeCN that had
been standing for 2 months and it shows only little decomposition: a decrease
of rate is observed and Z‐selectivity is slightly lower, but over‐reduction is still
marginal (Table 7, entry 2). This shows that the solvated catalyst species is very
stable and that after partial decomposition it is able to isomerize alkenes but
does not reduce them. In comparison, the palladium bis(maleic anhydride)
complex 4 as pre‐catalyst is neither as fast nor as selective as solvent‐stabilized
complexes 1 or 3.
Although palladacyclopentadiene‐complexes could not be isolated from the
catalysis reaction mixture, the reaction does proceed with a relatively high
reaction rate when employing palladole 5 as a catalyst precursor at [alkyne] <
0.15 M (Table 7, entry 5). The chemoselectivity is lower for 5, compared to in
situ generated 1 or isolated 3, but complex 5 is equally fast as pre‐catalyst 1.
We have previously seen that PdII‐complexes are not selective transfer
hydrogenation catalysts,[7] so it is reasonable to assume that the catalytic cycle
starts from a Pd0‐complex. For complex 5 this implies that the formation of the
palladacyclopentadiene from a Pd(IMes)(alkyne)2‐complex is reversible under
these conditions, even for the electron poor dimethyl butynedioate. After
retrocycloaddition from 5 the formed Pd(IMes)(dmbd)2 complex loses its
alkynes either by dissociation or hydrogenation and generates Pd0(IMes)‐
species with ligands that are only weakly coordinating compared to complex 3.
When the reaction is performed with 5 and one equivalent of maleic anhydride
to protect the ‘naked’ Pd0(IMes)‐species formed, the same excellent selectivity
is observed as for 3, along with a decrease in rate (Table 7, entry 6).
Surprisingly, the presence of maleic anhydride on the complexes moderates
the reactivity towards alkynes, and thus decreases the tendency towards over‐
reduction of product alkene to alkane.
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From the TEAF‐kinetics we found that an equimolar amount of base to acid is
required to obtain high reaction rates, but when using Pd(NHC‐amine) complex
8 the reaction also proceeds without additional base (Table 7, entry 7‐8).[7]
With this ligand the hemi‐labile amine functions as an internal base during
hydrogenation. After hydrogenation of alkyne the amine can re‐coordinate to
stabilize the complex and promote the dissociation of alkene, completely
suppressing the over‐reduction to obtain full chemoselectivity for alkynes.
3.5. NMR‐studies
3.5.1. Monitoring the reaction with 1H‐NMR
To gain more insight into the nature of the species present during catalysis, we
have monitored the reaction by 1H‐NMR, which had to be done in dmso‐d6 as
the solubility of complex 3 in acetonitrile is too low. Prior to the reaction a
control experiment was performed without alkyne but with one equivalent of
TEAF at 60°C. Signals that could belong to a metal hydride were not identified,
but an upfield shift was observed in the N‐ethyl‐signals while the formic proton
shifted downfield, indicating coordination of the formate anion to Pd and the
presence of a triethylammonium cation. In the absence of alkyne the complex
decomposed to the corresponding imidazolium salt and Pd black. Also, a signal
is seen at 5.97 ppm, of which the carbon resonates at 136.57 ppm (1JCH=158
Hz), indicative for maleic anhydride alkene carbons (vide infra). We then
performed the transfer hydrogenation reaction, adding two equivalents of 1‐
phenyl‐1‐propyne and then two equivalents of triethylammonium formate to
complex 3 in dmso‐d6 (Figure 8). Within 15 minutes after addition the
formation of Z‐β‐methylstyrene was observed (1H‐signals at 6.39 ppm, 5.76
ppm & 1.85 ppm); no formation of either the corresponding E‐isomer or
propylbenzene was observed. The formic hydrogen shifted the same as in the
control experiment (8.35 Æ 8.55 ppm), but now another very broad signal was
observed at 5.66 ppm which is attributed to the proton on the
triethylammonium cation. As the reaction proceeds this signal shifts to 3.36
ppm, indicating that the positive charge is distributed over more than one
amine as the reaction mixture becomes more basic. This shift is also seen in
the ethyl signals of NEt3, though less pronounced.
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Figure 8. 300 MHz 1H‐NMR spectra of 3 and 1‐phenyl‐1‐propyne in dmso‐d6 at 60°C,
after addition of TEAF in dmso‐d6 and during reaction. The different species are
marked above the spectra: squares (formic hydrogen), circles (aromatic hydrogens and
im
C4,5‐hydrogens of the catalyst), pentagons (alkene and methyl hydrogens of the
product), triangles (ammonium proton) and diamonds (methyl and methylene peaks of
triethylammonium cation)

The remainder of the complex proton signals behaved in a similar manner to
the control experiment, with an upfield shift of the triethylammonium peaks
and downfield shift of the formate anion (Figure 8, diamonds resp. square).
Notably, some decomposition of the catalyst is seen but remarkably less than
in the control experiment. As the ratio of alkyne/TEAF = 1, the over‐reduction
at high catalyst loading is not observed.
From this experiment we conclude that a palladium formate species is formed,
which in the presence of alkyne transfers a hydride to the coordinated alkyne,
probably via Pd. In the absence of alkyne the palladium formate
decarboxylates to form a Pd(II) hydride which decomposes upon reductive
elimination of imidazolium salt. In neither case signals were observed in the
hydride region. This could indicate that the hydride is rapidly transferred to the
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alkyne, making the decarboxylation the first rate determining step. However,
another reason for not observing a hydride signal is fast relaxation of the
hydride because of the quadrupole Pd; hence we cannot rule out that the
subsequent migratory insertion of alkyne into the Pd‐H bond is the first rate‐
determining step.
3.5.2. Labeled catalyst: monitoring the reaction with 2H‐NMR
In previous research we have shown that during alkyne hydrogenation with
Pd0(Ar‐BIAN)(alkene)‐complexes as catalysts, the alkene is hydrogenated off to
form the active catalyst.[3] We wondered whether this would also be the case
for our current NHC‐based pre‐catalysts 1 or 3. However, by 1H‐NMR this
cannot be verified, because the hydrogens of non‐coordinated maleic
anhydride would be obscured by the aromatic hydrogens of the mesityl‐
substituent on the carbene ligand. Therefore, we prepared complex 3‐d2 in
which the maleic anhydride is labeled with deuterium, and performed the
reaction in an NMR‐tube while monitoring by 2H‐NMR. The reaction was
carried out at 25 °C to decrease the reaction rate, because the low solubility of
the catalyst requires longer acquisition time, and spectra were recorded every
hour over a 72 h period. Figure 9 shows that during the reaction only part of
the catalyst is in the native state (diamonds, 2.4 ppm), while part of the
catalyst bears maleic anhydride with a more downfield shift (triangles) around
5.5 ppm. The π‐backdonation should be significantly diminished to shift the
maleic anhydride signal downfield to such an extent; either an additional very
strong π‐acceptor is coordinated, or the orbital overlap is decreased because
of steric congestion by incoming substrate, or a Pd(II) hydride is formed. To the
best of our knowledge there is no precedent of coordinated maleic anhydride
signals at such low field, and we are hesitant to claim this with such limited
evidence. Another possibility is that hydrolysis of (uncoordinated) maleic
anhydride to maleic acid occurs, which causes an upfield shift of the alkene 1H
signals to around 6.0 ppm. However, after the reaction this signal shifts to 6.8
ppm, and upon addition of an additional equivalent of MA‐d2 after the
reaction, the signal at 6.8 ppm increases and only after addition of more than 5
equivalents of MA‐d2 some uncoordinated MA‐d2 is observed at 7.4 ppm. This
observation shows that exchange of coordinated and uncoordinated maleic
anhydride is fast on the NMR timescale, implying that free maleic anhydride is
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already present during the reaction. By comparison with 2H‐NMR spectra of
authentic samples of succinic anhydride, we have ascertained that this is not
present in the reaction medium, so maleic anhydride is not hydrogenated off
to activate the complex. Although we cannot conclusively identify the nature
of the formed species, it is clear that part of the maleic anhydride remains
coordinated during the reaction.

Free MA-d2
t=60h
t=24h
t=22h

t=2h

t=0’
catalyst
8

7

6

5

4

3

2

δ (ppm)

Figure 9. a) 46 MHz 2H‐NMR spectra of 3‐d2 during reaction with 1‐phenyl‐1‐propyne
and triethylammonium formate in dmso at 25 °C; top spectrum is of pure, non‐
coordinated 2,3‐dideuterio maleic anhydride. The different species are marked above
the spectra: diamonds (starting catalyst 3‐d2), triangles (active catalyst), circles
(catalyst after reaction) and squares (uncoordinated maleic anhydride‐d2)

3.6. Proposed catalytic cycle
With the catalytic cycle of alkyne hydrogenation proposed for Pd(diimine)‐
complexes in mind,[22] we initially thought that the mechanism would consist of
oxidative addition of the formic acid O‐H‐bond, migratory insertion of the
hydride into the Pd‐alkyne bond, decarboxylation of the formyl anion to CO2
and reductive elimination from a Pd(alkenyl)(hydride). Based on our current
experimental results this hypothesis must clearly be revised. For the hydrogen
donor we found that 1) a Pd(formate) intermediate is involved, 2) the nature
and concentration of base is important, and 3) the kinetic isotope effects
dictate two rate‐determining steps with similar activation energies, involving
both hydrogens of formic acid. The studies of the catalyst and kinetics showed
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that 4) maleic anhydride is not hydrogenated off as expected previously, but is
partly coordinated during reaction and moderates the catalytic activity; also 5)
substrate and formate are coordinated to Pd before the rate‐determining
steps. Furthermore, 6) the coordination of solvent versus the alkyne is
competitive and strongly influences the chemoselectivity. We therefore
propose a mechanism that starts from species I, a Pd0‐complex containing an
N‐heterocyclic carbene ligand, maleic anhydride and acetonitrile (Scheme 6).

Scheme 6. Proposed catalytic cycle for transfer hydrogen of alkynes to Z‐alkenes,
catalyzed by complex 1 with triethylammonium formate as hydrogen donor

Displacement of solvent from I by alkyne, and subsequent coordination of
formate anion forms complex III, probably with dissociation of maleic
anhydride to retain a 16‐electron configuration. Jutand and Amatore have
shown that similar anionic Pd(0)‐species containing e.g. chloride or acetate as
anions are the active species in Heck and cross‐coupling reactions, much more
reactive than their neutral counterparts.[23] From species III the coordinated
formate decarboxylates to give palladium hydride species IV, which after
migratory insertion into the Pd‐alkyne bond gives species V; one of these is the
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first rate‐determining step. The alkene is obtained by protolytic cleavage,
which is the second rate‐determining step to give the Pd‐alkene species VI, and
the alkene is displaced by solvent or alkyne to close the catalystic cycle. The
lifetime of species VI determines the amount of over‐reduction, and thus the
chemoselectivity. The groups of Lledós & Joó have shown by calculations that
for alkyne hydrogenation with [(RuCl2(mtppms)2)2] in water the Z/E‐selectivity
is determined by the order in which the proton and hydride are added to the
alkyne, and this mechanism resembles our proposed catalytic cycle.[5] For a
mechanism in which the hydride is added first and the Pd‐alkenyl‐bond is
broken by protonolysis, the product is the Z‐alkene; while the E‐alkene is
formed if the proton is added to alkyne prior to hydride transfer. The reason
they give for the high Z‐selectivity is that the approach of the proton to the
Pd(alkenyl)‐species is hindered by the aryl‐group, disfavouring formation of E‐
alkene. This rationalizes two of our observations, namely that 1) bulky
diphenylacetylene is hydrogenated in higher (>99% Z) selectivity than 1‐
phenyl‐1‐propyne, and 2) Pd(NHC^amine)(MA) complex 8 is a more selective
catalyst toward Z‐alkene without the use of an external base.
3.7. Conclusion
The mechanism of Pd0(IMes)‐catalyzed transfer hydrogenation of alkynes has
been elucidated for the case of 1‐phenyl‐1‐propyne. Kinetics and several
observations allow us to propose a viable catalytic cycle for this
transformation. A number of similarities but also differences are seen when
comparing to transfer hydrogenation of carbonyls or to alkyne hydrogenation
using molecular hydrogen. We have found that the transfer of hydrogens from
the hydrogen donor to the substrate takes place in two separate rate
determining steps. These hydrogens keep their identity during the reaction, as
seen from the distribution of the 2H‐label across the alkene bond when formic
acid isotopomers were used. When these observations are compared with
transfer hydrogenation of ketones a resemblance with an inner‐sphere mono‐
hydride mechanism comes to mind, but a metal‐hydride species for such a
mechanism could not be observed. Concerning other known alkyne
semihydrogenations, a comparison of Pd0(NHC)(alkene) with Pd0(Ar‐
BIAN)(alkene) is obvious. However, in the present study we have a
monodentate NHC ligand instead of a bidentate BIAN‐ligand, hence in the
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current case the alkene need not be hydrogenated off to obtain a catalytically
active complex. This allows the maleic anhydride ligand to moderate the
electron density of the metal, a property we found of importance for the
chemoselectivity of the reaction. The main difference between the known
hydrogenation of alkynes with molecular hydrogen and the current catalytic
system involving transfer hydrogenation is a strong competition between
substrate and solvent for a Pd(alkene) intermediate occurring in the transfer
hydrogenation, which is not observed in the hydrogenation with molecular H2.
This competition ensures negligible concentration of unsaturated Pd(alkene)
species, decreasing the chance of reaction with a second equivalent of
hydrogen. As such this competition between substrate and solvent is
important for the selectivity of the transfer hydrogenation and in fact
determines the complete absence of over‐reduction, a selectivity that has
proven to be difficult to obtain for other systems for catalytic hydrogenation of
alkynes.
Prospectively, the stability of the Pd(product alkene) intermediate VI might be
tuned by adjusting the electronic properties of the catalyst precursor, which
may lead to higher selectivity for alkynes with electron withdrawing groups. In
this way our mechanistic investigation does not only explain the details of the
reaction itinerary, but it also provides new insights, upon which new catalysts
for transfer hydrogenation reactions may be designed.
3.8. Experimental section
General remarks
All syntheses of complexes and other air‐ and/or water‐sensitive compounds
were carried out in dried glasswork using standard Schlenk techniques under
an atmosphere of purified nitrogen. Solvents were dried according to standard
procedures.[24] Pd(tBuDAB)(MA) (2),[25] Pd(tBuDAB)(MA‐d2) (3‐d2),[25]
Pd(IMes)(MA)2 (4),[8] Pd(tBuDAB)(dmbd) (7),[26] Pd(nbd)(MA) (6),[27] Pd(1‐(2‐
(dimethylamino)ethyl)‐3‐(2,4,6‐trimethylphenyl)‐imidazol‐2‐ylidene)(maleic
anhydride) (8),[7] and IMes∙HCl[28] were prepared according to literature
procedures. Deuterium‐labeled formic acids (98% D‐content, <5% of H2O for
DCO2H and <5% D2O for HCO2D and DCO2D) were ordered from Cambridge
Isotope Laboratories and used without further purification. Maleic anhydride
was recrystallized from hot dichloromethane to remove maleic acid and stored
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in a Schlenk flask under nitrogen. Potassium t‐butoxide was evacuated
overnight and stored in a Schlenk flask under nitrogen. Other compounds were
ordered from commercial sources and used without further purification.
Gas chromatographic analyses were run on a Carlo Erba HRGC 8000 Top
instrument with a DB‐5 column and p‐xylene as internal standard. NMR
spectra were recorded on a Bruker DRX300 spectrometer (1H: 300.11 MHz; 13C:
75.47 MHz; 2H: 46.07 MHz, 15N: 30.42 MHz), a Bruker ARX400 spectrometer
(1H: 400.13 MHz; 13C: 100.61 MHz; 2H: 61.42 MHz), Varian Mercury 300
spectrometer (1H: 300.13 MHz; 13C: 75.48 MHz) or a Varian Inova 500
spectrometer (1H: 499.86 MHz; 13C: 125.70 MHz). Positive chemical shifts
(ppm) denoted in the 1H, 2H and 13C NMR are reported relative to TMS and
were determined by reference to residual 1H and 13C solvent resonances and in
the 15N NMR spectra to higher frequency from an external CH3NO2 reference.
2
H NMR spectra were recorded unlocked, and the chemical shifts are denoted
with respect to an external dichloromethane‐d2 reference. IR spectra were
recorded on a Shimadzu 8400s FT‐IR spectrophotometer. The calculations
were done using the CPMD program package[29], the BLYP density functional,[30]
and a plan‐wave basis set that included waves up to an energy of 90 Ry.
Hydrogenation reactions
In a typical reaction, IMes∙HCl (0.02 mmol), and KOtBu (0.04 mmol) were
suspended in 15 ml MeCN in a Schlenk tube, equipped with septum and
stirring bar. After stirring for 1 h at 20 °C, Pd(tBuDAB)(MA) 2 (0.02 mmol) was
added. The reaction mixture was stirred for 1 h at 20 °C before adding 1‐
phenyl‐1‐propyne (2 mmol), NEt3 (10 mmol), HCO2H (10 mmol) and p‐xylene (2
mmol) and then heated to reflux for 20 h. Samples were taken periodically for
GC analyses. At the end of the reaction, the mixture was allowed to cool to
room temperature, diluted with pentane (20 ml) and water (20 ml) and the
organic phase separated. The aqueous phase was extracted with pentane (2x
20 ml) and the combined organic phases were washed with slightly acidic
water (3x 20mL) and brine (20 ml), dried over MgSO4 and filtered. The solvent
was removed under reduced pressure and the crude reaction mixture was
analyzed by 1H‐NMR spectroscopy and GC.
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3.8.1. Kinetic studies
For kinetic studies separate stock solutions were made of the pre‐catalyst, 1‐
phenyl‐1‐propyne & p‐xylene and triethylammonium formate in acetonitile.
Reactions mixtures were heated to reflux before the pre‐catalyst in a small
amount of MeCN was added, to ensure that an induction period would not be
temperature‐induced. The pre‐catalyst 1 was synthesized as described above.
Immediately after addition of catalyst an aliquot (0.05 ml) of the reaction
mixture is taken and this is diluted in a GC vial with 1 ml EtOH to quench the
reaction in the sample. All reactions were monitored by GC and in most cases
reaction profiles did not show an induction period. The rates were determined
for the initial linear part of the reaction profiles, with R2 larger than 0.98 for at
least 4 points. The initial rate is defined as the consumption of alkyne divided
by the duration of this chosen initial linear part. The order of the reaction in
catalyst and each reactant has been obtained by plotting the natural logarithm
of the rate versus the natural logarithm of the concentration of the reactant,
the slope of which is equal to the order of the reaction in that compound.
Selectivities described reflect the percentagewise composition of the reaction
mixture, only counting products (Z)‐prop‐1‐en‐ylbenzene, (E)‐prop‐1‐en‐
ylbenzene and propyl‐benzene, as determined by GC. When allylbenzene was
present its concentration was added up to the concentration of the E‐product,
as it is not over‐reduced but also not the desired Z‐product.
All confidence intervals of the kinetic isotope effects are reported as 95% by
taking 1.96 x the standard deviation, assuming a normal distribution.
Propagation of errors is calculated using standard statistical methods, as in
equation (2), and corrected for a finite population of three rate measurements
per formic acid isotopomer.

For the error in the product of kinetic isotope effects equation (2) does not
hold, as the standard deviations of KIECHOH/CHOD and KIECHOH/CDOH are non‐
independent. Therefore we used the differential approach from equation (3)
on the simplified equation (4) to obtain equation (5) for the standard deviation
of the product, σw, which results in the larger standard deviation observed.
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3.8.2. Synthesis of organometallic complexes
Palladium(1,3‐di(2,4,6‐trimethylphenyl)imidazol‐2‐
ylidene) (η2‐maleic anhydride)bis(acetonitrile) (3)
IMes∙HCl (190 mg; 0.56 mmol), and KOtBu (130 mg;
1.16 mmol) were suspended in 40 ml MeCN in a
Schlenk tube, equipped with a septum and a stirring
bar. After stirring for 1 h, a solution of Pd(tBuDAB)(MA)
(200 mg, 0.54 mmol) in 40 ml MeCN is added and the
mixture stirred for 2 h, upon which the orange solution
becomes a dark orange suspension. The solvent is concentrated to 5 ml in
vacuo and 10 ml diethylether is added to obtain a dark orange solution with a
fine grey powder that settles upon addition of 30 ml pentane. The supernatant
is removed and the solid is washed with ether/pentane (1/3; 3x 20ml), and
dried in vacuo to obtain the product as a fine off‐white powder (257 mg; 0.43
mmol, 81%). 1H‐NMR (500 MHz, dmso‐d6): δ 7.63 (s, 2H, im‐C4,5), 7.08 (s, 4H,
CArH), 3.45 (d, 3J = 3.9 Hz, 1H, C=CH), 2.91 (d, 3J = 3.9 Hz, 1 H, C=CH), 2.31 (s, 6H,
p‐CH3), 2.10 (s , 6 H, o‐CH3), 2.08 (s, 6H, o‐CH3), 2.04 ppm (s, 6H, CH3CN). 13C‐
NMR (125 MHz, dmso‐d6): δ 187.4 (im‐C2), 171.8 (C=O), 171.1 (C=O), 138.8 (p‐
CAr), 137.0 (i‐CAr), 136.1 (o‐CAr), 129.4 (m‐CAr), 124.3 (im‐C4,5), 118.7 (CH3CN),
46.9 (C=C), 45.8 (C=C), 21.3 (4‐CH3), 18.4 (2‐CH3), 18.0(6‐CH3), 1.5 ppm
(CH3CN). 15N‐NMR (30.54 MHz; dmso‐d6): δ= ‐133.42 ppm (free MeCN at ‐
134.15 ppm). IR: 1707 cm‐1 (in dmso). FAB‐, FD‐ and ESI‐MS showed only
Pdn(IMes)m‐clusters. Elemental analysis was not satisfactory, possibly due to
minor impurities or thermal instability.
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tBu

O

Palladium(1,4‐bis(t‐butyl)‐1,4‐diazabutadiene)(η2‐2,3‐dideutero‐
Pd
O maleic anhydride) (2‐d2)
N
D
The complex was synthesized according to the procedure by
O
tBu
[25]
Vrieze et al, to give the title compound as a yellow powder in 77% yield. 1H‐
NMR (300 MHz, CD2Cl2): δ 8.08 (s, 2H, HC=N), 1.44 (s, 18H, tBu). 13C‐NMR (75
MHz, CD2Cl2): δ 173.0 (C=O), 156.7 (C=N), 62.9 (CMe3), 40.4 (t, 1JCD = 27 Hz,
C=C), 30.4 (CH3). 2H‐NMR (46 MHz; CD2Cl2): δ 3.84 ppm. IR: 1788, 1723 cm‐1.
MS(FAB+): m/z =374.0788 for C14H20D2N2O3Pd [M]+.
N

D

Palladium(1,3‐di(2,4,6‐trimethylphenyl)imidazol‐2‐ylidene)
(η2‐2,3‐dideutero‐maleic anhydride)bis(acetonitrile) (3‐d2)
The complex was prepared analogous to 3, from in situ
generated
1,3‐dimesitylimidazol‐2‐ylidene
and
1
(tBuDAB)(Pd(MA‐d2) 2‐d2. The H‐NMR‐spectrum was the
same as for 3, except for the absence of the protons of
maleic anhydride at 3.44 and 2.91 ppm. 2H‐NMR (46 MHz,
dmso‐d6): δ= 3.72 ppm. FAB‐, FD‐ and ESI‐MS showed only Pdn(IMes)m‐
clusters. Elemental analysis was not satisfactory, possibly due to minor
impurities or thermal instability.
Bis(acetonitrile)pallada‐2,3,4,5‐tetrakis(carbomethoxy)‐
2,4‐cyclo‐pentadiene (10)
N
Pd
N
The compound was synthesized according to a modified
H3 COOC
COOCH3
procedure by Canovese:[26] Pd(dba)2 (1.00 g, 1.74 mmol)
is suspended in 100 ml acetonitrile under stirring, and dmbd (0.60 ml, 4.9
mmol) is added dropwise in 2 minutes, after which the color of the solution
changes from purple to dark green. The reaction is stirred at room
temperature for 18 h and filtered over celite to remove traces of Pd black.
Volatiles are removed in vacuo and the residue is washed with Et2O (4x 20 ml)
to yield the product as a yellow powder (0.69 g, 1.64 mmol, 85 %). 1H NMR
(300 MHz, CDCl3): δ 3.74 (s, 6H, OCH3), 3.67 (s, 6H, OCH3), 2.07 ppm (s, 6H,
MeCN). 13C NMR (75 MHz, CD2Cl2): δ 163.64 (CαC=O), 161.94 (CβC=O), 144.51
(Cα) 118.42 (C≡N), 2.47 (CH3CN). IR: 2315, 1717 cm‐1. Analysis calculated for
C16H18N2O8Pd: C, 40.65; H 3.84; N, 5.93. Found: C, 40.52; H, 3.74; N, 5.20. FAB‐,
89
H3 COOC

COOCH3

Chapter 3

FD‐ and ESI‐MS showed clusters of one Pd with several dmbd‐moieties +
MeCN.
1,3‐di(2,4,6‐trimethylphenyl)imidazol‐2‐ylidene)(aceto‐
nitrile)pallada‐2,3,4,5‐tetrakis(carbomethoxy)‐2,4‐
cyclo‐pentadiene (5)
1,3‐dimesityl‐imidazol‐2‐ylidene is dissolved in 20 ml of
THF and a solution of TMPC(MeCN)2 in 5 ml THF is
added to the carbene solution. The color changes from
clear orange to clear dark green and the reaction is
stirred for 2 days. All volatiles are removed in vacuo
and a light green solid is achieved, which after washing with ether (5x 10 ml)
yields the product as a yellow powder (73%). 1H‐NMR (300 MHz, CD2Cl2): δ
7.09 (s, 2H, im‐C4,5), 7.05 (s, 4H, CArH), 3.52 (s, 9H, OCH3), 3.34 (s, 3H, OCH3),
2.38 (br s, 12H, 2‐CH3), 2.27 (br s, 6H, 4‐CH3), 2.02 (s, 3H, CH3CN). 13C NMR (75
MHz, CDCl3): δ 182.47 (im‐C2), 178.92 (C=O), 175.45 (2C, C=O), 172.42, (C=O)
166.99 (Cα’), 163.64 (Cα), 152.51 (Cβ’), 150.43 (Cβ), 139.21 (o‐CAr), 136.10 (p‐
CAr), 134,91 (i‐CAr) 130.28 (m‐CAr), 123.81 (im‐C4,5), 120.13 (C≡N), 51.49
(CO2CH3), 51.19 (CO2CH3) 21.31 (o‐CH3), 19.91 (o‐CH3), 17.78 (p‐CH3) 3.57
(CH3CN). IR (KBr): 1716, 1705 (C=O) cm‐1. MS (FAB+): m/z observed: 695.1598
for C33H37N2O8Pd [M ‐ MeCN + H]+
Palladium(1,4‐bis(tert‐butyl)‐1,4‐diazabutadiene)(dimethyl
η2‐butynedioate) (7)
Pd
N
The compound was synthesized according to a procedure by
COOCH3
tBu
tom Dieck.[20] The product is crystallized from DCM/Et2O at
‐20°C. 1H‐NMR (300 MHz, CDCl3): δ 8.12 (s, 2H, HC=N), 3.78 (s, 6H, OCH3), 1.49
(s, 18H, CCH3). 13C‐NMR (75 MHz, CDCl3): δ 162.85 (C=O), 153.36 (C=N), 109.78
(C≡C), 61.78 (C(CH3)3), 51.72 (OCH3), 29.59 (CCH3). IR: 1800, 1690 cm‐1 (free
dmbd: 1874, 1728 cm‐1). MS (FAB+): m/z = 417.1013 for C16H27N2O4Pd [M+H]+
A suitable single crystal of 7 was mounted in Paratone oil and transferred to
the cold N2 gas stream of a Bruker AXS APEX CCD diffractometer equipped with
a rotation anode at 153(2) K (graphite‐monochromated MoKα radiation with λ
= 0.71073 Å). The structure was solved and refined by full matrix least‐squares
on F2 using SHELXTL programme, with anisotropic displacement parameters
tBu

N
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assigned to all full occupancy atoms; Crystal data: 7, C16H26N2O4Pd, FW =
416.79, triclinic, space group Pbca, Z = 8, a = 15.6441(9), b = 12.03567(7), c =
19.918(1), V = 3750.4(4), F000 = 1712, T = 153(1), μ = 1.009, 38580 reflections
collected, 4852 reflections unique (Rint = 0.0407), 4005 reflections observed (F
> 2σ(F)). The final was R1 = 0.0253 and wR2 = 0.0650 (all data). CCDC 782681.
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Chapter 4
Pd(N‐heterocyclic carbene)(alkene)‐complexes
bearing expanded‐ring carbenes #
Improving the catalyst, from an organometallic point of view

Summary
In search of more active catalysts for transfer hydrogenation of alkynes, a
series of [Pd0(NHC)(MA)n]‐complexes were prepared, in which the carbene
ligand is an expanded‐ring carbene. These very bulky ligands impart a strict
geometry on the complexes and in some cases enable the isolation of
coordinatively and electronically unsaturated complexes. Their strongly
electron donating character is reflected in the decreased IR stretching
frequency of the C=O bond of maleic anhydride, and enhances the catalytic
activity in transfer hydrogenation of 1‐phenyl‐1‐propyne. However, the
positive influence of the strong donor capacity is prevailed upon by the strict
steric requirements of the expanded‐ring carbenes, leading to double bond
isomerization.
#

P. Hauwert, J.J. Dunsford, J.J. Weigand, D.S. Tromp, K.J. Cavell, C.J. Elsevier,
manuscript in preparation
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4.1. Introduction
According to the mechanism of Pd(NHC)‐catalyzed transfer hydrogenation of
alkynes, the electron density on the metal has a strong influence on the
activity and selectivity towards Z‐alkenes, as has been shown in Chapter 3. For
substrates with electron withdrawing groups the product alkene coordinates
strongly to the palladium center, increasing the lifetime of this
Pd(NHC)(alkene) intermediate and thereby the extent of over‐reduction to
alkanes.[1] A catalyst precursor in which the carbene has a less donating
character might give rise to more labile alkene complexes.
For alkynes with electron releasing substituents, such as 4‐methoxydiphenyl‐
acetylene, the chemoselectivity is high, but the reaction rate is decreased in
comparison to simple aliphatic or aromatic alkynes. We believe this is caused
by the lower affinity of electron rich alkynes for coordination to an electron
rich Pd0(NHC) complex.[2] In order to find a more active catalyst, we envisioned
the use of ligands that are more strongly donating than the standard 1,3‐
diarylimidazol‐2‐ylidenes A or related imidazolin‐2‐ylidenes B (Figure 1).
Examples of more donating carbenes are 1,3‐dialkylimidazolidin‐2‐ylidenes
such as C, so‐called abnormal NHCs such as 1,2,3‐triphenylimidazol‐4‐ylidenes
D [3] or acyclic diaminocarbenes (E). [4] Other strong donors are based on the
bioxazoline framework,[5] such as in F, or so‐called remote NHCs (G) in which
the carbene is not flanked by any heteroatoms.[6]

Figure 1. IMes carbene A and several more strongly donating carbenes

Many studies have appeared in which the donor strength of various subsets of
carbenes are compared.[6‐10] The most often used methods for this compare to
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Tolman’s electronic parameter (TEP: νCO in Ni(CO)3L);[7] however, it has been
shown that this is also influenced by steric factors and is therefore not suitable
for comparing donors of different types (e.g. PR3 vs NR3 vs NHC).[8] Other
properties used to compare the donor strength include bond‐dissociation
energies,[6‐10] basicity[9] and 13C‐NMR resonance of the carbene carbon.[10] One
of the points of discussion is whether unsaturated carbenes A or saturated
carbenes B are stronger donors, as the relationship between TEP and catalytic
results is not always straightforward.[11] A recent study by Gusev compares the
TEP for 76 carbenes with a variety of substituents and architectures,[11] but the
consensus on the exact order of donating capacity of carbene ligands has not
evolved as far as that of phosphorus ligands.
Another optional strongly donating type of carbenes are the so‐called
‘expanded ring carbenes’ H (erNHC), the 6‐, 7‐ or 8‐membered analogues of
carbenes B. These carbenes have increased donating capacity compared to
NHCs of type A‐C and their precursors can be made from simple starting
materials, just like imidazolium salts. The group of Stahl prepared the first
Pd(erNHC)Cl2‐complex, with erNHCs based on the 1,2‐diaminobiphenyl
backbone.[12] The appearance of a straightforward and high‐yielding
methodology for the synthesis of erNHCs with a saturated backbone[13, 14] has
made these ligands easily applicable and soon complexes with several other
late transition metals (Rh, Ir, Pt, Ag) were reported by the group of Cavell [14‐18].
By now, complexes of Ru,[19] Ni[20], Cu,[21] Ag,[21] and Au[19] with expanded‐ring
carbenes have also been reported, indicating that their increased donor
capacity and steric bulk are appreciated. No complexes of expanded‐ring
carbenes with zerovalent palladium had been published until recently, when
the group of Cavell presented several Pd(erNHC)‐complexes with
divinyltetramethyldisiloxane as ancillary ligand.[22]
The goal of the research described in this chapter is to prepare several
Pd0(erNHC)(MA)2‐complexes and apply these in the transfer hydrogenation of
alkynes with triethylammonium formate as hydrogen donor, with the aim of
obtaining catalysts with a higher activity towards alkynes with electron rich
aromatic substituents.
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4.2. Synthesis of Pd(erNHC)(MA)n‐complexes
4.2.1. Ligand Synthesis
N‐heterocyclic carbenes in a 6‐membered ring were first reported by Bertrand
and co‐workers.[13] They found that synthesis of expanded‐ring carbenes
required a different methodology compared to traditional imidazole‐type
precursors. Normally, the azolium rings are prepared by reacting a diimine (or
diamine) with a C1‐synthon such as triethylorthoformate,[23] but for the larger
ring‐sizes this leads to low yields or poor reproducibility.[24] Bertrand reversed
the synthetic approach by deprotonating a formamidine with butyl lithium and
reacting it with a dibromoalkane to close the ring. [26] However, the harsh and
strict moisture‐free conditions of this route make it unsuitable for exploring
various substituents and backbone structures. The group of Cavell has
optimized this synthetic route by using potassium carbonate in acetonitrile
instead of butyl lithium in THF, making it an easy and reliable method that
enables a straightforward synthesis of a variety of substituted expanded‐ring
carbenes.[14]
In order to explore the steric and electronic effects of changing IMes for
erNHCs, a series was made of both 6‐membered (1) and 7‐membered
amidinium salts (2) with 2‐tolyl‐ (Tol a), 2,4,6‐trimethylphenyl‐ (Mes b), or 2,6‐
diisopropylphenyl‐substituents (DiPP c) on the nitrogens (Scheme 1). All
products were obtained in moderate to good yields. Isolation of the
tetrahydropyridinium bromides and the tetrahydrodiazepinium iodides is
possible, but the one‐pot procedure to the corresponding tetrafluoroborates 1
and 2 is preferred.

Scheme 1. Synthesis of 6‐ and 7‐membered ring azolium salts

4.2.2. Complexation of erNHCs to Pd(0)
In view of the similarity of their structures it was anticipated that the
preparation of the Pd(erNHC)(MA)2‐complexes would be as straightforward as
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the synthesis of Pd(IMes)(MA)2. Hence, the procedure developed in our group
by Sprengers was used, which is essentially the reaction of the in situ
generated carbene with a [Pd(MA)]‐synthon.[25] However, when the in situ
generated 6‐membered ring carbenes were stirred with Pd(tBuDAB)(MA) no
reaction was observed, and after addition of extra MA the Pd‐precursor could
be recovered in more than 90% (Scheme 2). As the NCN‐angle in erNHCs is
notably larger than in standard NHCs (IMes 101°, ,6‐Mes 114°, 7‐Mes 116°)[14,
26]
the aromatic substituents on the nitrogens are bent toward the carbene
carbon, hindering the approach of the sterically encumbered Pd(tBuDAB)(MA).

Scheme 2: Attempted syntheses of Pd(erNHC)(MA)2‐complexes, from Pd(tBuDAB)(MA)
or Pd(nbd)(MA)

Therefore a more reactive Pd(0)‐precursor compound was employed, the more
labile and sterically less crowded Pd(nbd)(MA) developed in our group.[27, 28]
Indeed, a reaction is observed when adding in situ generated carbene to the
solution of Pd(nbd)(MA). For 1b‐c, 1H‐ and 13C‐NMR of the isolated product
shows that the desired product is formed. In the case of the product obtained
from 1c a peak was seen at 207 ppm in 13C‐NMR, pointing to the presence of a
Pd(erNHC)‐containing complex, which later proved to be Pd(6‐DiPP)(MA).
Unfortunately, these complexes contained substantial amounts of
unidentifiable byproducts and could not be purified, so this approach was
abandoned.
As the highly labile Pd(0)‐precursor complex Pd(nbd)(MA) did not yield the
desired compounds in pure form, we had to resort to bispalladiumtris(divinyl‐
tetramethyl‐disiloxane) ([Pd2(dvtms)3]) 3 which contains ligands that are even
more labile. This compound is an excellent precursor for low‐valent palladium
complexes, but it is difficult to isolate and very unstable; it can be handled
reasonably well as a solution in dvtms.[29] The use of such complexes for the
99

Chapter 4

synthesis of low‐valent Pd complexes has been developed by Pörschke and
applied in the synthesis of Pd(NHC)‐complexes by the group of Beller.[30, 31]
Recently the group of Cavell has extended it to the synthesis of low‐valent
palladium complexes with an expanded‐ring carbene.[22] These groups have
used it to synthesize Pd(NHC)(dvtms)‐complexes, incorporating a highly
electron rich palladium center and an easily dissociable co‐ligand, with the aim
of obtaining very active catalysts for butadiene telomerization[30, 32] or C‐C
coupling reactions.[22] To the best of our knowledge, these complexes have not
been submitted to exchange of the dvtms‐ligand for an additional ligand with
the aim of making new organometallic complexes.
For this synthesis the method of Cavell was adapted, who isolated the
Pd(erNHC)(dvtms)‐complexes from a suspension in toluene. When performing
the reaction at higher dilution, the complex remained in solution. Addition of
two equivalents of maleic anhydride resulted in the precipitation of Pd(6‐
Ar)(MA)1‐2‐complexes 4 (Scheme 3). Remaining dvtms and excess maleic
anhydride could be removed by washing with pentane. For Pd(7‐Ar)(MA)1‐2‐
complexes 5 the isolation was less straightforward. After concentration of the
reaction mixture the product is purified by precipitation with pentane or
diethyl ether from a solution in dichloromethane.

Scheme 3. Synthesis of Pd(erNHC)(MA)2‐complexes (4‐5) from Pd2(dvtms)3 (3)

Complexes 4 and 5 are stable in the solid state and can be handled in air.
Complexes 4a‐c with 6‐membered NHCs are quite stable in solution, while
complexes 5a‐c with 7‐membered NHCs slowly decompose in halogenated
solvents. The 7‐membered‐ring carbenes are more moisture‐sensitive than
their 5‐ or 6‐membered ring analogues, decomposing by a ring‐opening
mechanism to a formamidine (ArNH‐(CH2)4‐N(CHO)Ar) as also reported by
Iglesias.[33]Synthesis of complexes 5 requires an excess of base and a prolonged
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reaction time during the deprotonation of tetrahydrodiazepinium salts 2. For
related complexes this was not reported before, possibly because in the
present case reagents were not weighed in a glovebox but were handled using
standard Schlenk‐line techniques. Yields of complexes 4 and 5 are low to
moderate, so it should be noted that the reported yields of Pd(erNHC)(dvtms)‐
complexes do not exceed 50%.[22]
4.2.3. Solution‐phase analysis
The NMR‐spectra of the Pd(erNHC)(MA)2 compounds 4 and 5 show
disappearance of the corresponding amidinium proton and appearance of the
characteristic carbene signal around 207 ppm (6‐membered rings), 226 ppm
(7‐Mes) and 215 ppm (7‐DiPP) (Table 1). In the related Pd(6‐Ar)(dvtms)‐
complexes this signal is found at much lower field: 226‐230 ppm (6‐Ar) and 247
ppm (7‐Mes).[22] This shift to higher field for complexes 4 and 5 indicates that
there is increased pi back‐donation from the metal to the maleic anhydrides.
The 13C‐signal of the carbene carbon in Pd(7‐Tol)(MA)2 could not be observed,
but all other signals indicate the formation of complex 5a. For some of the
Pd(erNHC)(dvtms)‐complexes this signal has proven to be very difficult as well,
due to very slow relaxation of the carbene 13C nucleus.
Table 1. NMR and IR data of Pd(NHC)(MA)‐complexes
δ (CNHC) (ppm)

δ (alkene)
1
H / 13C (ppm)

νCO (cm‐1)

4a

207.2

1813/1753

5a

‐a

4.05 & 3.64 /
65.8 & 65.5
5.08 / 62.9

1773/1733

Pd(6‐Mes)(MA)2 4b
Pd(7‐Mes)(MA)2 5b

209.0
226.3

3.79 / 68.0
3.83 / 68.9

1847/1777
1779/1711

5
6

Pd(6‐DiPP)(MA) 4c
Pd(7‐DiPP)(MA) 5c

206.8
214.9

2.90 / 48.2
2.81 / 28.1

1798/ 1730
1794 / 1726

7b

Pd(IMes)(MA)2

193.1

3.53 & 4.13 /
64.7 & 68.2

1816, 1761

Entry

Complex

1

Pd(6‐Tol)(MA)2

2

Pd(7‐Tol)(MA)2

3
4

6b

a) not observed. b) measured at ‐50°C, values taken from reference 25.
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The maleic anhydride signals are seen in all compounds, but the position and
shape of the peak depend on the remainder of the complex, reflecting the
donor capacity of the carbene and the steric environment, respectively. In
compound 4a bearing the o‐tolyl substituent the maleic anhydride signals are
sharp doublets at 4.05 and 3.64 ppm, while in compound 5a only one sharp
singlet is seen at 5.05 ppm. Interestingly the methylene groups in the
backbone of the carbene are all inequivalent in this compound. For
compounds 4b and 5b bearing a mesityl substituent the maleic anhydride
hydrogen is seen as a broadened singlet, similar to that in Pd(IMes)(MA)2.[25]
Although for compounds 4a‐b and 5a‐b the carbene and maleic anhydride are
present in a 1:2‐ratio, the integrals of 4c and 5c indicate a 1:1‐ratio of carbene
and maleic anhydride. Seemingly the 2,6‐diisopropylphenyl‐substituent
requires so much space that only one coordinated maleic anhydride is allowed
in 4c and 5c. This is seen in the integrals of the peaks, but also in the
resonances of the alkene, as these are shifted downfield by 0.8 ppm and 20
ppm in 1H‐ and 13C‐NMR, respectively. An explanation for this downfield shift is
that coordination of only one maleic anhydride to palladium leads to more π‐
backdonation from the Pd to the alkene in these instances. In principle a
maleic anhydride‐bridged [(Pd(7‐DiPP)(MA))2] dimer complex may have
formed, similar to the benzoquinone‐bridged [(Pd(IMes)(BQ))2]‐complex
reported by Beller.[34] However, the structures of the current 14 electron Pd‐
complexes has been confirmed by single crystal X‐ray diffraction of 5c (vide
infra). The structures of compounds 4c and 5c are depicted in Figure 2, along
with those of 6b and 6c. As discussed in Chapter 2, the related o‐tolyl‐
substituted 6a could not be isolated.

Figure 2. Structures of the DiPP‐substituted Pd(erNHC)(MA)‐complexes 4c and 5c, and
the imidazol‐2‐ylidene‐based Pd(IAr)(MA)2‐complexes 6b and 6c
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The IR spectra also reflect the increased Lewis basicity of the expanded ring
carbenes relative to their 5‐membered counterparts: more backdonation into
the π*‐orbital of the alkene decreases the strength of the C=O‐bond. Indeed,
all C=O stretching frequencies of the maleic anhydride carbonyls are at lower
wavenumbers than those in Pd(IMes)(MA)2 (Table 1).[25]
For the tolyl‐ and mesityl‐ substituted complexes this trend is continued: the
C=O stretching frequencies of the maleic anhydride in 6‐membered ring
carbene complexes are at lower wavenumbers than those of the 7‐membered
ring derivatives; this is reflected in the solid‐state structure (vide infra).
Furthermore, the C=O stretching frequencies of maleic anhydride shift to
higher wavenumbers with increasing steric bulk of the aryl‐substituent (4,5a Æ
4,5b). As the steric bulk around the palladium centre increases the Pd‐alkene
distance will increase, resulting in less efficient π‐backdonation. For complexes
with a DiPP‐substituent 4c and 5c the wavenumbers are significantly lower
than expected in comparison to the other four complexes. As the mono‐maleic
anhydride complex receives more electron density per alkene from the
palladium centre the C=O stretching frequency will shift to lower
wavenumbers. Surprisingly, this effect is more pronounced for the 6‐
membered ring than for the sterically more demanding 7‐membered ring.
4.2.4. Solid state analysis
The solid state structures of complexes 4a, 4b and 5c were determined by
single crystal X‐ray diffraction, confirming the composition of these
compounds as Pd(6‐Tol)(MA)2, Pd(6‐Mes)(MA)2 and Pd(7‐DiPP)(MA),
respectively (Figures 3‐5). The solid state structures confirm the spectroscopic
evidence: 4a and 4b form 16 electron Pd(NHC)(MA)2 complexes while 5c forms
a coordinatively unsaturated 14 electron Pd(NHC)(MA) complex. Important
bond lengths, angles and dihedral angles have been compiled in Table 2
It is interesting to note that Cavell’s group was not able to isolate the diiso‐
propylphenyl‐ and diethylphenyl‐substituted analogs of the Pd(erNHC)(dvtms)‐
complexes. As dvtms is a very labile bidentate ligand, employing only one of its
alkene moieties does not provide sufficient electron withdrawing capacity to
stabilize the coordinatively unsaturated geometry dictated by these bulky
ligands. Instead, maleic anhydride is rather small and a better electron
accepter, providing sufficient stabilization of the [Pd(7‐Dipp)(MA)]‐fragment.
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Figure 3. X‐ray structure of Pd(6‐Tol)
(MA)2 (4a). Thermal ellipsoids are
drawn at 50% probability. Hydrogens
have been omitted for clarity

Figure 4. X‐ray structure of Pd(6‐Mes)
(MA)2 (4b). Thermal ellipsoids are
drawn at 50% probability. Hydrogens
and solvent have been omitted for

Figure 5. X‐ray structure of Pd(7‐DiPP)(MA) (5c).
Thermal ellipsoids are drawn at 50% probability.
Hydrogens have been omitted for clarity

Comparing the two 6‐membered ring carbene complexes 4a and 4b, one
would suppose that the mesityl substituent is significantly more sterically
demanding than the o‐tolyl substituent. Indeed, the Pd‐CNHC distance in 4b is
greater than in 4a. Also, the twist angle between the NCN‐plane and the aryl
plane increases with increasing substituents size. However, surprisingly the
NCN‐angle of 4b is 2.4(3)° smaller than that of 4a, and the sum of CAr‐N‐CNHC ‐
angles of 4b is 5.0(4)° larger than that of 4a. Furthermore, the torsion angle α
between the planes defined by the CAr‐N∙∙∙N‐CAr atoms differs 18.7(8)° for 6‐
Mes versus the 6‐oTol complexes. This means that the aryl‐groups are bent
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away and twisted out of the way of the Pd(alkene)2‐moeity. So, although the
mesityl is a bulkier group it enforces a less strict geometry upon the metal
centre, as the Tol‐substituents are able to fold themselves more closely around
the Pd because of the absence of the second ortho‐methyl group on the aryl.
Table 2. Bond distances (Å) and angles (°) for the Pd0(NHC)(MA)n‐complexes
Pd(6‐Tol)(MA)2 (4a)

Pd(6‐Mes)(MA)2 (4b)

Pd(7‐DiPP)(MA) (5c)

2.113(2)
0.015(2)
2.130(3) / 2.144(2)
2.124(3) / 2.146(2)
1.396(4)
1.398(4)
1.189(3) / 1.197(4)
1.191(4) / 1.195(4)
3.179(2)
3.174(2)

2.138(2)
0.007(2)
2.138(3) / 2.167(3)
2.135(2) / 2.174(3)
1.390(4)
1.392(4)
1.189(4) / 1.191(4)
1.197(4) / 1.194(4)
3.333(2)
3.266(3)

2.086(3)
0.013(2)
2.096(3) / 2.087(3)

118.2(2)
121.20(17)
120.64(18)
118.7(2)
119.11(19)

115.8(2)
121.60(16)
122.60(16)
121.4(2)
121.4(2)

120.7(2)
102.76(17)
136.5(2)
109.9(2)
116.8(2)

1.4(2)
63.2(3)
63.0(3)
15.3(6)
70.5(4)
69.7(4)
70.0(4)
22(2) / 28(2)
23(2) / 24(2)
78.3(2) / 78.6(2)

16.0(2)
55.0(3)
59.0(3)
34.0(6)
76.6(4)
71.5(4)
59.4(4)
29(3) / 35(2)
26(2) / 25(2)
75.5(2) / 76.7(2)

16.0(3)
2.1(3)

Distances (Å)
Pd‐CNHC
CNHC∙∙∙N1‐Pd‐N2
Pd – Calkene
C=C
C=O
Pd ∙∙∙ iCAr

1.398(4)
1.200(4) / 1.202(4)
2.379(3)
3.505(3)

Angles (°)
N‐CNHC‐N
N‐CNHC‐Pd
CAr‐N‐CNHC

Dihedral angles (°)
N‐Calk ∙∙∙ N‐Calk
Tilt angle θ
(NCNHCN∙∙∙Pd‐C=C)

α (CAr‐N∙∙∙N‐CAr)
Twist angle
(NCNHCN ∙∙∙aryl)
Ar ∙∙∙ Ar
MA ∙∙∙ C=C‐H
MA ∙∙∙ C=C‐Pd

7.5(5)
88.9(4)
87.5(3)
74.1(3)
27(2)
78.0(3)
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As the o‐tolyl groups fold more neatly around the metal centre, the Pd‐alkene
distances are shorter in 4a, which induces more effective backbonding to the
alkenes and as such the C=C distances are somewhat larger in 4a than in 4b.
Interestingly, the increased π‐backdonation to the alkene in 5c is not so much
reflected in the C=C bond distance as it is in the C=O distance and in the Pd‐
alkene distance. No crystal structures of Pd(NHC)(MA)2‐complexes have been
reported in literature, so these cannot be used in comparison. The similar
[Pd0(IMes)(dvtms)] and [Pt0(erNHC)(alkene)] complexes have somewhat
shorter Pd‐CNHC bonds than those in complexes 4‐5 ([Pd0(IMes)(dvtms)]: 2.076
Å,[30] [Pt0(erNHC)(dvtms)]: 2.070‐2.074 Å [13, 18], while the Pd‐Calkene distances
(2.14‐2.19 Å) are quite similar. Also the structural features of the carbene
moieties are similar to those reported in literature.
On going to 7‐membered rings, one expects stronger σ‐donation, a shorter Pd‐
C distance and a larger NCN‐angle, which are indeed observed. Furthermore,
the diisopropyl‐groups on the aromatic ring in 5c require so much space that
there is only room for coordination of one alkene, which renders it a
coordinatively and electronically unsaturated 14 electron Pd‐species. In the
solid state, the Pd‐center interacts with one of the aryl rings in order to
alleviate the electronic unsaturation, leading to a highly distorted geometry.
On closer inspection we see that it is coordinated perpendicular to the aryl
plane (angle Pd‐aryl plane = 85°), centered directly above the ipso‐carbon of
the aromatic ring. This interaction heavily affects the structure, as the tilt angle

θ is a very acute 2.2(3)° compared to those of 4a (63°) and 4b (55‐59°). This
means that the carbene ring is (almost) in the coordination plane, while for the
other complexes the carbene NCN plane is twisted away from the coordination
plane (defined by the Pd(alkene)2‐moeity) by 63.1(4)° (4a) and 57.0(4)° (4b),
respectively. For other TM(erNHC)‐complexes it has been seen that the
carbene carbon shows pyramidal distortion, measured by the distance of CNHC
to the N‐Pd‐N‐plane.[16] For the present complexes this is hardly the case,
aforementioned distance ranging from 0.015 Å in 4a down to 0.007 Å for 5c.
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4.2.5. Pd(NHC)(alkene)‐complexes
In the search for Pd(NHC)(MA)n‐complexes with increased electron density on
the metal, one of the options is the use of a more strongly donating carbene
ligand such as in the Pd(erNHC)(MA)‐complexes of the previous paragraphs.
Another possibility is incorporating alkenes with a less electron withdrawing
character than maleic anhydride. This has been attempted previously with
Pd(NHC)(alkene)‐complexes 8a‐c (Scheme 4),[35, 36] but synthesis of the
precursor proved to be feasible only for alkenes that have more electron
accepting character than maleic anhydride, notably dimethyl fumarate,
fumaronitrile and tetracyanoethylene. For more electron rich alkenes such as
stilbene and benzoquinone the required Pd(tBuDAB)(alkene)‐complexes 7d‐h
could not be isolated.

Scheme 4. Synthesis of Pd(IMes)(alkene)‐complexes from Pd(tBuDAB)(alkene)[36]

Scheme 5. Synthesis of benzoquinone‐bridged Pd2(6‐Mes)2(BQ)2 (9b) from Pd2(dvtms)3

In analogy to the synthesis of 4a, it was attempted to displace the dvtms‐ligand
with the more electron rich benzoquinone to obtain compound 9b (Scheme 5),
a bridged Pd2(6‐Mes)2(BQ)2‐species similar to the reported Pd2(IMes)2(BQ)2.[34]
The reaction has not yet been optimized nor expanded to other alkenes and
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NHCs; therefore 9b was not tested in catalysis. Still, the present method
starting from Pd2dvtms3 (3) gives new opportunities for the synthesis of
electron rich complexes of palladium with a strongly stabilizing carbene ligand
and less tightly bound alkenes. Pörschke has already shown that 3 and similar
Pdn(alkene)m‐complexes are excellent starting materials for a variety of Pd0‐
and Pt0‐ alkene complexes.[29] This has seen few applications, mainly because
for most reactions these moieties will dissociate.[30] However, for the transfer
hydrogenation of alkynes it was shown that the alkene influences the catalytic
performance and these Pd0(NHC)(alkene)‐complexes may be a good entry in
controlling the selectivity for problematic substrates.
4.3. Pd0(erNHC)(alkene) complexes as catalysts
4.3.1. Pd(NHC)(MA)2‐complexes in transfer hydrogenation of alkynes
The initial reason for the electronic variation of the complexes was to see
whether we would be able to tune the catalyst for specific substrates. This
should enable one to rationalize which catalyst would perform best for a
certain substrate, depending on the electronic properties of the substrate and
the desired activity or selectivity. In order to relate the steric and electronic
properties of complexes 4 and 5 to the related imidazol‐2‐ylidene‐based
complexes 6, these were tested in transfer hydrogenation of 1‐phenyl‐1‐
propyne (Scheme 6, Table 3). Of the tolyl‐substituted Pd(NHC)(MA)2‐
complexes only 4a was tested, as there was not enough available of compound
5a, and 6a cannot be isolated.
Comparing entries 2‐4 and 5‐7 in Table 3, increasing the ring size is
accompanied by a decrease in reaction rate. Seemingly the stronger electron
donating capacity of the 6‐and 7‐membered carbene ligands is outweighed by
the increasing steric demand of the aryl‐substituents. The chemoselectivity for
alkynes over alkenes is still excellent, but for most catalysts the amount of
allylbenzene also increases quite drastically. This effect has already been seen
in Chapter 2 for the Pd(IDiPP)(MA)‐complexes, but here is it shown to be more
general: once the steric bulk around the metal becomes sufficiently large, the
amount of allylbenzene increases. Whereas over‐reduction and Z‐to‐E‐
isomerization tend to increase with time, the reaction profiles show that
formation of allylbenzene already occurs at the start of the reaction, but does
not increase significantly relative to the amount of Z‐alkene.
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Scheme 6. Transfer hydrogenation of 1‐phenyl‐1‐propyne with Pd(NHC)(MA)n‐
complexes 4‐6 or Pd(erNHC)(dvtms)‐complexes 10‐12 as catalyst
Table 3. Transfer hydrogenation of 1‐phenyl‐1‐propyne with Pd(NHC)(MA)‐complexes a

Conversion
after 24 h

Selectivity at 24 h c
(Z / E / allyl / alkyl )

5.7

33%

97.7 / 1.9 / 0.2 / 0.2

Pd(IMes)(MA)2 6b
Pd(6‐Mes)(MA)2 4b
Pd(7‐Mes)(MA)2 5b

32.4
10.1
1.5

75 %
46%
7%

96.8 / 2.0 / 1.1 / 0.1
79.8 / 2.6 / 16.8 / 0.8
85.4 / 1.9 / 11.2 / 1.5

Pd(IDiPP)(MA)2
Pd(6‐DiPP)(MA)
Pd(7‐DiPP)(MA)

48.1
21.7
3.0

100% (6h)
73%
19%

74.0 / 8.7 /10.7 / 6.6
85.8 / 3.9 / 7.0 / 3.3
93.7 / 4.1 / 0.8 / 1.4

Entry

Catalyst

1

Pd(6‐Tol)(MA)2

2
3
4d
5
6
7

TOF
(h‐1)
4a

6c
4c
5c

b

a) Reaction conditions: 150 mM substrate, 1.5 mM catalyst and 440 mM HCO2H/NEt3
in MeCN at reflux for 24h. b) TOF determined after 1 h. c) Selectivity & conversion
determined by GC. d) The complex contained some amidinium salt, so the actual TOF is
slightly higher.

Although the expected relationship between reaction rate and donating
capacity is attenuated because of steric reasons, the effect on chemoselectivity
is clearly seen. Bearing in mind that the chemoselectivity is determined by the
lifetime of a [Pd(NHC)(product alkene)]‐species (see paragraph 3.6), more
strongly donating carbenes will destabilize this species. Hence, increasing the
ring‐size leads to lower amounts of alkane formed, which is exactly what is
seen in reactions of complexes with a DiPP‐substituent (Table 3, entries 5‐7).
Concerning the effect of the size of the N‐substituent on activity and
selectivity, a comparison of entries 1, 2 and 5 in Table 3 shows the same
outcome as seen in paragraph 2.5: the reaction rate increases with increasing
size of the N‐aryl substituent. At this point it is also observed that the
selectivity for Z‐alkene is higher for less sterically demanding ligands. The
effect is less pronounced because of the increased double bond shift observed
for these 6‐membered NHCs.
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4.3.2. Pd(NHC)(dvtms) complexes in transfer hydrogenation of alkynes
Apart from the new Pd(erNHC)(MA)1‐2 complexes (Table 3), we have tested
several more easily activated Pd(erNHC)(dvtms)‐complexes (Figure 6; Table 4).
Their reactivity in Mizoroki‐Heck coupling of 4‐bromoacetophenone with n‐
butylacrylate reactions was recently reported, focusing on the effect of the size
of the NHC‐ring on activity.[22] For this series it was seen that activity increased
with increasing ring size and with increasing size of the aryl substituent.
In the present studies these Pd(erNHC)(dvtms)‐complexes are favored as far as
rate is concerned, because the metal is more electron rich than in the related
bis(maleic anhydride) complexes. This is indeed observed in entries 1‐3 in
Table 4: the TOFinit is exceptionally high, in some cases even higher than that of
the in situ prepared [Pd(IMes)(MA)(MeCN)]‐complex. A drawback of this high
activity is that over‐reduction of the alkene product is also increased, as shortly
after full consumption of alkyne the hydrogenation to propylbenzene is
already nearly complete.
Table 4. Transfer hydrogenation of 1‐phenyl‐1‐propyne with Pd(erNHC)(dvtms)‐
complexes as catalyst a

Entry

1
2
3
4
5

TOFinit b
(h‐1)

Catalyst

Pd(6‐Tol)(dvtms)
Pd(6‐Mes)(dvtms)
Pd(7‐Mes)(dvtms)
Pd(6‐MesoAn)(dvtms)
Pd(6‐Mes)(dvtms) c

10a
10b
11b
12
10b

Selectivity
(Z / E / allyl / alkane) b
after 0.5 h

After 24h

142.3 (20’)

88 / 3 / 0 / 9

0 / 2 / 0 / 98

72.7 (30’)

81 / 10 / 6 / 3

2 / 8 / 0 / 91

94.6 (40’)

86 / 3 / 2 / 8

1 / 4 / 0/ 96

113.5 (10’)

87 / 3 / 0 / 10

<1 / 3 / 0 / 96

24.0 (1.5h)

75 / 3 / 8 / 14

0 / 5 / 0 / 95

a) Reaction conditions: 1‐phenyl‐1‐propyne (0.15 M), TEAF (0.60 M) & catalyst (1.5
mM) in refluxing MeCN for 24 h. Complexes 10‐12 were supplied by Jay Dunsford,
Cardiff University. b) Selectivity, conversion & TOFinit for determined by GC, reported
for the initial linear part of the reaction, time of linear part depicted in parentheses.
c) Entry 5 also contains maleic anhydride (2.1 mM).

Cavell et al. have introduced an interesting ligand in which one of the aryl‐
groups bears an ortho‐methoxy functionality, envisaged to stabilize catalytic
intermediates. For Ir‐catalyzed (transfer) hydrogenation of ketones this
functional group improves the activity and selectivity.[15, 37] The related
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Pd0(erNHC)(dvtms)‐complex 12 was highly active in the Heck reaction,[22] and
we reasoned that for transfer hydrogenation of alkynes this ortho‐methoxy‐
substituent could act in a similar fashion as the nitrogen‐functionalized NHC‐
ligands developed in our group.[36, 38] However, instead of stabilizing the
complex, leading to an anticipated slower but more selective reaction, the
more electron donating character of this ligand prevails: the reaction rate with
12 as catalyst is increased relative to the reaction with bis(mesityl)‐substituted
10b as catalyst, while the selectivity is virtually the same. Notably, the
sterically less encumbered surroundings of 12 lead to an absence of double
bond shift.

Figure 6. Pd(erNHC)(dvtms)‐complexes developed in the group of Cavell

The mechanistic studies in Chapter 3 have shown that the presence of maleic
anhydride has a positive influence on the chemoselectivity of the transfer
hydrogenation reaction. Therefore, one equivalent of maleic anhydride
(relative to Pd) was added to the reaction mixture (Table 5). As the dvtms‐
complexes cannot be isolated for erNHCs with aryl‐groups that bear more bulk
than mesityl, the 2,6‐dimethylphenyl‐substituent (Xyl d) was also used to
obtain more information (Figure 6). As expected, addition of maleic anhydride
decreases the activity and in some cases gives very high selectivities for the Z‐
alkene. After prolonged reaction time the alkenes are eventually over‐reduced
(Table 4, entry 5), in contrast to what was seen for the Pd(NHC)(MA)2‐
complexes 3, but still the effect of additional maleic anhydride on the
selectivity is remarkable.
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Table 5. Transfer hydrogenation of 1‐phenyl‐1‐propyne with Pd(erNHC)(dvtms)‐
complexes as catalyst in the presence of maleic anhydride a

TOFinit b
(mol mol ‐1 h‐1)

Selectivity after 8 h b,c
(Z / E / allyl / alkane)

10a
11a

12.2
4.3

98.6 / 1.3 / 0.0 / 0.1
98.6 / 1.4 / 0.0 / 0.0

Pd(6‐Mes)(dvtms)
Pd(7‐Mes)(dvtms)

10b
11b

24.3
3.4

79.2 / 2.2 / 17.8 / 0.2
90.1 / 2.6 / 5.9 / 1.3

5
6

Pd(6‐Xyl)(dvtms)
Pd(7‐Xyl)(dvtms)

10d
11d

9.4
9.6

82.0 / 2.2 / 15.6 / 0.3
85.8 / 3.4 / 8.8 / 2.0

7

Pd(IMes)(MA)(solv) 13b

7.4

91.9 / 2.0 / 0.0 / 5.5

Entry

Catalyst

1
2

Pd(6‐Tol)(dvtms)
Pd(7‐Tol)(dvtms)

3
4

a) Reaction conditions: 1‐phenyl‐1‐propyne (0.15 M), TEAF (0.60 M), catalyst (1.4 mM)
& maleic anhydride (1.44 mM) in MeCN. b) Selectivity & conversion determined by GC.
c) Reactions were stirred at reflux for 6 h, then stirred at rt for 40 h, then stirred at
reflux for 2 h to ascertain continued activity.

The double‐bond shift to allylbenzene occurs with the 2,6‐xylyl‐ and mesityl
substituted complexes 10/11c‐d but not for the o‐tolyl‐substituted complexes
10/11a, the same as was observed for the Pd(erNHC)(MA)2‐complexes 4 and 5.
Analogous to what was seen in the Heck reaction, the activity and selectivity of
the mesityl and 2,6‐xylyl‐substituted complexes are very similar, as would be
expected for these similar steric environments. Comparing the complexes with
the new expanded‐ring carbenes as ligand to the original
Pd(IMes)(MA)(MeCN)‐complex 13b, it is clear that the erNHC‐derived catalysts
are often more active, as was envisaged.
Unfortunately, the larger NCN‐angle that leads to their stronger donating
capacity is accompanied by an increased steric demand. Already for 1‐phenyl‐
1‐propyne this leads to a shift of the double bond in the product 1‐
phenylpropene to 3‐phenylpropene, indicating that the substrate and product
are too large to fit in the coordination space of the metal. Indeed, when using
complex 10b as catalyst for transfer hydrogenation of 4‐methoxydiphenyl‐
acetylene, no reaction was observed. The expanded‐ring carbenes with
aromatic substituents require too large a part of the coordination sphere
around palladium for efficient hydrogenation reactions.
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4.4. Conclusions
In the search for electron rich catalysts for transfer hydrogenation of alkynes,
we have synthesized a series of novel palladium(0)‐complexes with an
expanded‐ring N‐heterocyclic carbene and one or two maleic anhydride
ligands. These were characterized using IR‐ and NMR‐spectrometry and their
solid‐state structure was studied using single crystal X‐ray diffraction, which
showed very interesting geometries. Due to the increased N‐C‐N angle of the
carbene, the complexes with very bulky diisopropylphenyl‐substituents on the
carbene nitrogens are able to incorporate only one alkene moiety, leading to
electronically & coordinatively unsaturated 14 e‐ Pd0(erNHC)(MA)‐complexes.
Applying these complexes in transfer hydrogenation of 1‐phenylpropene with
triethylammonium formate as hydrogen donor shows that more electron rich
ligands lead to a higher activity. However, the increased steric bulk of the
erNHC‐ligands induces a double‐bond shift from the initial product 1‐
phenylpropene to 3‐phenylpropene. If smaller (alkyl‐)substituents were
applied this might be overcome and the intrinsically higher activity and
selectivity of Pd(erNHC)‐complexes might be used to advantage.
4.5. Experimental Section
General remarks
All syntheses of complexes were carried out in dried glasswork using standard
Schlenk techniques under an atmosphere of purified nitrogen. Solvents were
dried according to standard procedures.[22] All formamidines,[39] amidinium
tetrafluoroborates 1 and 2,[14, 33] Pd(tBuDAB)(MA),[35] Pd(nbd)(MA)[27] and
Pd(IAr)(MA)2 (6)[25] were prepared according to literature procedures.
Pd(erNHC)(dvtms)‐complexes 10‐12 were supplied by Jay Dunsford from
Cardiff University.[22] Maleic anhydride was recrystallized from hot
dichloromethane to remove maleic acid and stored in a Schlenk flask under
nitrogen. Benzoquinone was resublimed and stored in the dark in a Schlenk
flask under nitrogen. Potassium t‐butoxide was evacuated overnight and
stored in a Schlenk flask under nitrogen. Other compounds were ordered from
commercial sources and used without further purification.
Gas chromatographic analyses were run on a Carlo Erba HRGC 8000 Top
instrument with a DB‐5 column and p‐xylene as internal standard. NMR
spectra were recorded on a Bruker DRX300 spectrometer (1H: 300.11 MHz; 13C:
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75.47 MHz), a Bruker ARX400 spectrometer (1H: 400.13 MHz; 13C: 100.61 MHz),
Varian Mercury 300 spectrometer (1H: 300.13 MHz; 13C: 75.48 MHz) or a Varian
Inova 500 spectrometer (1H: 499.86 MHz; 13C: 125.70 MHz). Positive chemical
shifts (ppm) denoted in the 1H and 13C NMR are reported relative to TMS and
were determined by reference to residual 1H and 13C solvent resonances. IR
spectra were recorded on a Shimadzu 8400s FT‐IR spectrophotometer.
General procedure for the synthesis of Pd(erNHC)(alkene)‐complexes
The azolium tetrafluoroborate salts 1‐2 (1 mmol) and KOtBu (1.6 mmol) were
suspended in toluene (20 ml), and stirred at room temperature for 2 h (1a‐c) or
overnight (2a‐c) to generate the free carbene. This solution was either filtered
filtered via a cannula, or decanted over a bed of dried celite into a dried
Schlenk (the celite is flushed with 2x 10 ml toluene), to remove potassium
salts. The solution of Pd(dvtms) in dvtms (10.74 % Pd, 1 ml, 1 mmol) was
added dropwise to the free carbene solution, and this clear yellow solution
was stirred overnight at room temperature, resulting in a color change to
bright yellow/orange. The alkene (2 mmol) was added in one portion, resulting
in a color change to orange, red or brown, depending on the carbene
substituents. The reaction mixture was stirred for 1‐2 h at room temperature,
upon which a yellow to red solid precipitated. The supernatant was taken off
and the solid washed in n‐pentane, furnishing the desired complexes.
For the benzoquinone‐bridged complex 9b and the 7‐membered ring NHC
complexes 5a‐c, it was necessary to concentrate the toluene suspension
before adding pentane. The obtained crude product was then dissolved in
dichloromethane and isolated by precipitation with diethylether or pentane.
For 7‐membered ring NHC complexes it can be necessary to quickly filter the
dichloromethane‐solution over a bed of dried celite before precipitation, to
remove Pd‐black.
(1,3‐bis(2‐methylphenyl)tetrahydropyrimidin‐2‐(1H)‐
ylidene)bis(η2‐maleic anhydride)palladium (4a)
The product was obtained as a red‐brown powder in 63%
yield. Crystals were obtained by slow diffusion of diethyl
ether into a saturated dichloromethane‐solution. 1H‐NMR
(400 MHz, CD2Cl2): δ 7.32 (d, 2H, 3J = 7.5 Hz, m‐CArH), 7.24 (t, 2H, 3J = 7.5 Hz, p‐
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CArH), 7.13 (t, 2H, 3J = 7.2 Hz, m‐CArH), 6.79 (d, 2H, 3J = 7.7 Hz, o‐CArH), 4.05 (d,
2H, 3J = 4.6 Hz, HC=C), 3.79 (dt, 2H, 3J = 12.5 Hz, 6.0 Hz, NCH2), 3.64 (d, 2H, 3J =
4.6 Hz, HC=C), 3.59 (m, 2H, 3J = 6.0 Hz, NCH2), 2.65 (s, 6H, o‐CH3), 2.47 (p, 2H, 3J
= 6.0 Hz, NCH2CH2) ppm. 13C‐NMR (100 MHz, CD2Cl2): δ 207.17 (NCN), 169.44
& 167.93 (2 C=O), 146.80 (i‐CAr), 134.10 (o‐CArMe), 132.00 (o‐CArH), 129.31 &
129.06 (2 m‐CAr), 128.17 (p‐CAr), 65.84 & 65.45 (2 C=C), 48.20 (NCH2), 21.34 (o‐
CH3), 18.36 (NCH2CH2) ppm. IR: 1813, 1753 (C=O), 1505 (C=CÆM) cm‐1. MS
(FAB+): m/z observed: 469.0759 for C33H37N2O8Pd [M ‐ MA + H]+. Analysis
calculated for C26H24O6N2Pd: C, 55.09; H 4.27; N, 4.94. Found: C, 55.04; H, 4.27;
N, 4.95.
(1,3‐bis(2,4,6‐trimethylphenyl)tetrahydropyrimidin‐2‐
(1H)‐ylidene)bis(η2‐maleic anhydride)palladium (4b)
The product was obtained as a yellow powder in 47%
yield. Crystals were obtained by slow diffusion of
diethyl ether into a saturated dichloromethane‐
1
solution. H‐NMR (400 MHz, CD2Cl2): δ 6.92 (s, 4H, CArH), 3.79 (br s, 4H,
HC=CH), 3.49 (t, 4H, 3J = 6.0 Hz, NCH2), 2.41 (m, 2H, NCH2CH2), 2.30 (s, 12H, o‐
CH3), 2.25 (s, 6H, p‐CH3) ppm. 13C‐NMR (100 MHz, CD2Cl2): δ 208.97 (NCN),
168.33 (C=O), 143.54 (i‐CAr), 139.01 (p‐CAr), 135.58 (o‐CAr), 130.18 (m‐CAr), 68.04
(br s, C=C), 48.34 (NCH2), 21.82 (NCH2CH2), 21.19 (p‐CH3), 18.17 (o‐CH3) ppm. IR
: 1847, 1777 (C=O), 1713, 1556, 1528 (C=CÆM) cm‐1. MS (FAB+): m/z
observed: 426.1300 for C22H28N2Pd [M ‐ 2 MA]+ / 497.14 for C22H28N2Pd [M ‐
MA ‐ CO +H]+. Elemental analysis showed tan unidentified impurity was
present.
(1,3‐bis(2,6‐diisopropylphenyl)tetrahydropyrimidin‐2(1H)‐
ylidene)bis(η2‐maleic anhydride)palladium (4c)
The product was obtained as an orange powder in 29%
yield. 1H‐NMR (400 MHz, CD2Cl2): δ 7.26 (t, 2H 3J = 8.0 Hz,
p‐CArH), 7.16 (d, 4H 3J = 8.0 Hz, m‐CArH), 3.30 (t, 4H, 3J = 6.0
Hz, NCH2), 3.02 (septet, 4H, 3J = 6.9 Hz, CHMe2), 2.90 (s, 2H, HC=CH), 2.25 (p,
2H, 3J = 6.6 Hz, NCH2CH2), 1.31 (d, 12H, 3J = 6.9 Hz), 1.17 (d, 12H, 3J = 6.9 Hz)
ppm. 13C‐NMR (100 MHz, CD2Cl2): δ 206.83 (NCN), 169.70 (C=O), 146.06 (o‐
CAr), 134.52 (i‐CAr), 129.21 (p‐CAr), 124.99 (m‐CAr), 48.20 (C=C), 46.71 (NCH2),
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29.36 (CHMe2), 25.32 (CH3), 25.02 (CH3), 21.03 (NCH2CH2) ppm. IR : 1798, 1730
(CO), 1552, 1512 (C=CÆM) cm‐1. MS (FAB+): m/z observed: 510.2241 for
C28H40N2Pd [M ‐ MA]+ / 581.2372 for C31H43N2O2Pd [M + ‐CO + H]+. Elemental
analysis showed that an unidentified impurity was present.
(1,3‐bis(2‐methylphenyl)‐1,3‐diazepan‐2‐ylidene)bis(η2‐
maleic anhydride)palladium (5a)
The product was obtained as a dark purple powder in 11 %
yield. 1H‐NMR (400 MHz, CD2Cl2): δ 7.48 (d, 2H, 3J = 6.8 Hz,
o‐CArH), 7,33 (br s, 6H, m‐CArH & p‐CArH), 5.08 (br s, 2H,
HC=C), 4.26 (br s, 4H, NCH2), 2.42 (br s, 4H, NCH2CH2) 2.40 (br s, 6H, o‐CH3)
ppm. 13C‐NMR (100 MHz, CD2Cl2): δ 167.86 (C=O), 142.93 (i‐CAr), 133.58 (o‐
CArMe), 132.32 (o‐CArH), 130.54 & 128.55 (2 m‐CAr), 127.25 (p‐CAr), 62.90 (C=C),
55.48 (NCH2), 25.61 (NCH2CH2), 17.19 (o‐CH3) ppm. IR: 1773, 1733, 1654 (CO),
1490 (C=CÆ M) cm‐1. MS (FAB+): m/z observed: 385.15 but too poorly soluble
for exact mass measurement.
(1,3‐bis(2,4,6‐trimethylphenyl)‐1,3‐diazepan‐2‐ylidene)
bis(η2‐maleic anhydride)palladium (5b)
The product was obtained as a bright red powder in
45% yield. 1H‐NMR (400 MHz, CD2Cl2): δ 7.02 (s, 4H,
CArH), 4.18 (br s, 4H, NCH2), 3.83 (br s, 4H, HC=CH),
2.57 (br. s, 8H, p‐CH3), 2.47 (br s, 12H, NCH2CH2 + o‐CH3) ppm. 13C‐NMR (100
MHz, CD2Cl2): δ 226.32 (NCN), 168.22 (C=O), 145.39 (p‐CAr), 138.57 (o‐CAr),
135.37 (i‐CAr), 130.05 (m‐CAr), 68.90 (C=C), 57.79 (NCH2), 25.32 (NCH2CH2),
21.02 (p‐CH3), 18.59 (o‐CH3) ppm. IR: 1779, 1711 (CO), 1653, 1517, 1478 cm‐1
(C=CÆ M). MS (FAB+): m/z observed: 440.1443 for C23H30N2Pd [M ‐2 MA]+
(1,3‐bis(2,6‐diisopropylphenyl)‐1,3‐diazepan‐2‐ylidene)
bis(η2‐maleic anhydride)palladium (5c)
The product was obtained as a brown powder in 34 %
yield. Crystals were obtained by slow diffusion of diethyl
ether into a saturated dichloromethane solution. 1H‐NMR
(400 MHz, CD2Cl2): δ 7.38‐7.26 (m, 6H, CArH), 3.89 (br t, 4H, NCH2), 3.26 (septet,
4H, 3J = 6.9 Hz, CHMe2), 2.81 (s, 2H, HC=CH), 2.31 (br dt, 4H, NCH2CH2), 1.40 (d,
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12H, 3J = 6.9 Hz), 1.29 (d, 12H, 3J =6.9 Hz) ppm. 13C‐NMR (100 MHz, CD2Cl2): δ
214.86 (NCN), 170.01 (C=O), 144.75 (i‐CAr), 135.59 (o‐CAr), 128.57 (p‐CAr),
125.23 (m‐CAr), 55.00 (NCH2), 48.07 (C=C), 29.66 (CHMe2), 26.40 (NCH2CH2),
25.55 (CH3), 24.87 (CH3) ppm. IR: 1794, 1726 (C=O), 1509, 1458 (C=CÆM) cm‐1.
MS (FAB+): m/z observed: 595.2526 for C32H45N2O2Pd [M + MA ‐ CO + H]+.
(1,3‐bis(2,4,6‐trimethylphenyl)tetrahydropyrimidin‐
2‐ylidene)bis(η2‐benzoquinone)palladium dimer (9b)
The product is obtained as a dark‐brown solid in
18% yield. 1H‐NMR (400 MHz, CD2Cl2): δ 6.96 (s, 2H,
CArH), 6.93 (s, 2H, CArH), 4.68 (d, 2H, 3J = 8.0 Hz,
HC=CH) , 4.55 (d, 2H, 3J = 8.0 Hz, HC=CHÆPd), 3.27
(t, 4H, 3J = 5.6 Hz, NCH2), 2.38 (s, 6H, p‐CH3), 2.13
(br s, 8H, NCH2CH2 + o‐CH3), 2.06 (s, 6H, o‐CH3) ppm. 13C‐NMR (100 MHz,
CD2Cl2): δ 214.95 (NCN), 184.38 (C=O), 168.65 (C=OÆPd), 144.61 (i‐CAr), 137.57
(p‐CAr), 136.72 & 136.37 (2 o‐CAr), 129.59 & 129.56 (2 m‐CAr), 108.2 & 96.9
(C=C) 46.06 (NCH2), 21.72 (p‐CH3), 21.45 (NCH2CH2), 18.43 (o‐CH3), 18.17 (o‐
CH3) ppm. IR : 1629, 1579 (C=O), 1498 (C=CÆM) cm‐1. MS (FAB+): m/z
observed: 533.1450 for C28H31N2O2Pd [Pd(6‐Mes)(BQ) ‐ H]+.
Crystallographic Details
General Remarks: Suitable single crystals for all compounds were coated with
Paratone‐N oil, mounted using a glass fibre pin and frozen in the cold nitrogen
stream of the goniometer. X‐ray diffraction data for compound 4a, 4b, and 5c
were collected on a Bruker AXS APEX CCD diffractometer equipped with a
rotation anode at 153(2) K using graphite‐monochromated Mo Kα radiation
(λ = 0.71073 Å) with a scan width of 0.3° and the generator setting was 50 kV
and 180 mA. Exposure times were 20 s for 4a, 4 s for 4b, and 35 s for for 5c.
Diffraction data were collected over the full sphere and were corrected for
absorption. The data reduction was performed with the Bruker SMART
program package.[40] For further crystal and data collection details see Table 6.
Structure solutions were found with the SHELXS‐97 package using the direct
method and were refined with SHELXL‐97 [41] against F2 using first isotropic and
later anisotropic thermal parameters for all non‐hydrogen atoms. Hydrogen
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atoms were generated with idealized geometries and isotropically refined
using a riding model.
Table 6. Crystallographic Data of 4a, 4b, and 5c.

formula
−1

Mr [g mol ]
dimension [mm3]
color, habit
crystal system
Space group
a [Å]
b [Å]
c [Å]

α [°]
β [°]
γ [°]
3

V [Å ]
Z
T [K]
−3

ρc [g cm ]
F(000)
λ [Å]

μ [mm−1]
absorption
correction
Reflections
‐collected
‐ unique
Rint
reflection obs.
[F>3σ(F)]
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4a

4b

5c

C26H24N2O6Pd
566.87

C31H34Cl2N2O6Pd
707.90

C33H44N2O3Pd
623,10

0.13x0.05x0.02
yellow
plate
monoclinic
P2/c

0.08x0.04x0.02
yellow
plate
triclinic
P‐1

0.03x0.03x0.03
orange
block
monoclinic
P21/n

10.3030(5)
13.6864(6)
17.1090(8)
90

10.1725(4)
10.6860(4)
15.0723(5)
74.768(1)

10.7917(8)
14.651(1)
19.111(1)
90

90.143(1)

74.714(1)

93.862(1)

90

79.968(1)

2412.6(2)
4

1515.2(1)
2

90
3014.7(4)
4

153(1)
1.561

153(1)
1.552

153(1)
1.373

1152
0.71073 (MoKα)
0.814

184024
0.71073 (MoKα)
0.835

1304
0.71073 (MoKα)
0.651

SADABS

SADABS

SADABS

20503
5780
0.0383

15569
7214
0.0203

24917
7187
0.0436

4211

6467

5536
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residual density

0.555, –0.730

0.725, –0.917

1.215, –0.363

334
1.041
0.0325
0.0860

401
1.087
0.0335
0.0933

368
1.033
0.0391
0.1037

−3

[e Å ]
Parameters
GOOF
R1 [I>3 σ(I)]
wR2 (all data)

General procedure for transfer hydrogenation of 1‐phenyl‐1‐propyne
A stock solution was made of 1‐phenyl‐1‐propyne (150 mM), p‐xylene (150
mM) and triethylammonium formate (450 mM of HCO2H & NEt3) in dry MeCN,
which was divided over separate reaction vessels (13 ml/reaction) and heated
to 80°C. The catalysts (1.5 mM final concentration; ±12 mg) were weighed in
an alkaloid tube, and dissolved in 1 ml of MeCN before addition to the reaction
vessel; for reactions in which maleic anhydride was added, this was mixed with
the catalyst prior to addition of MeCN. Immediately after addition of catalyst
an aliquot (0.05 ml) of the reaction mixture is taken and this is diluted in a GC‐
vial with 1 ml EtOH to quench the reaction in the sample. Sampling is repeated
at regular time intervals, in order to monitor the reaction by GC. Rates were
determined for the initial linear part of the reaction profiles. The reaction rates
vary over an order of magnitude for the various catalysts so in order to
compare these TOFs after 1h are depicted in Tables 3‐5.
4.6. References
[1]
P. Hauwert, G. Maestri, J. W. Sprengers, M. Catellani, C. J. Elsevier,
Angew. Chem. Int. Ed. 2008, 47, 3223.
[2]
F. Schager, W. Bonrath, K.‐R. Pörschke, M. Kessler, C. Krüger, K.
Seevogel, Organometallics 1997, 16, 4276.
[3]
D. Enders, K. Breuer, G. Raabe, J. Runsink, J. H. Teles, J. P. Melder, K.
Ebel, S. Brode, Angew. Chem. Int. Ed. 1995, 34, 1021.
[4]
R. W. Alder, P. R. Allen, M. Murray, A. G. Orpen, Angew. Chem. Int. Ed.
1996, 35, 1121; D. M. Khramov, E. L. Rosen, J. A. Er, P. D. Vu, V. M.
Lynch, C. W. Bielawski, Tetrahedron 2008, 64, 6853.
[5]
D. Bourissou, O. Guerret, F. P. Gabbai, G. Bertrand, Chem. Rev. 2000,
100, 39.
119

Chapter 4

[6]
[7]
[8]
[9]
[10]

[11]
[12]

[13]

[14]

[15]
[16]
[17]
[18]
[19]
[20]
[21]
120

O. Schuster, L. R. Yang, H. G. Raubenheimer, M. Albrecht, Chem. Rev.
2009, 109, 3445.
C. A. Tolman, Chem. Rev. 1977, 77, 313.
D. G. Gusev, Organometallics 2009, 28, 763.
A. M. Magill, K. J. Cavell, B. F. Yates, J. Am. Chem. Soc. 2004, 126, 8717.
W. A. Herrmann, J. Schütz, G. D. Frey, E. Herdtweck, Organometallics
2006, 25, 2437; S. Diéz‐González, S. P. Nolan, Coord. Chem. Rev. 2007,
251, 874.
D. G. Gusev, Organometallics 2009, 28, 6458.
C. C. Scarborough, M. J. W. Grady, I. A. Guzei, B. A. Gandhi, E. E. Bunel,
S. S. Stahl, Angew. Chem. Int. Ed. 2005, 44, 5269; C. C. Scarborough, B.
V. Popp, I. A. Guzei, S. S. Stahl, J. Organomet. Chem 2005, 690, 6143; C.
C. Scarborough, A. Bergant, G. T. Sazama, I. A. Guzei, L. C. Spencer, S. S.
Stahl, Tetrahedron 2009, 65, 5084; C. C. Scarborough, I. A. Guzei, S. S.
Stahl, Dalton Trans. 2009, 2284.
M. Iglesias, D. J. Beetstra, A. Stasch, P. N. Horton, M. B. Hursthouse, S.
J. Coles, K. J. Cavell, A. Dervisi, I. A. Fallis, Organometallics 2007, 26,
4800.
M. Iglesias, D. J. Beetstra, J. C. Knight, L. L. Ooi, A. Stasch, S. Coles, L.
Male, M. B. Hursthouse, K. J. Cavell, A. Dervisi, I. A. Fallis,
Organometallics 2008, 27, 3279.
A. Binobaid, M. Iglesias, D. J. Beetstra, B. Kariuki, A. Dervisi, I. A. Fallis,
K. J. Cavell, Dalton Trans. 2009, 7099.
M. Iglesias, D. J. Beetstra, B. Kariuki, K. J. Cavell, A. Dervisi, I. A. Fallis,
Eur. J. Inorg. Chem. 2009, 1913.
P. D. Newman, K. J. Cavell, B. M. Kariuki, Organometallics 2010, 29,
2724.
J. J. Dunsford, K. J. Cavell, B. Kariuki, J. Organomet. Chem 2011, 696,
188.
T. W. Hudnall, A. G. Tennyson, C. W. Bielawski, Organometallics 2010,
29, 4569.
C. J. E. Davies, M. J. Page, C. E. Ellul, M. F. Mahon, M. K. Whittlesey,
Chem. Commun. 2010, 46, 5151.
E. L. Kolychev, I. A. Portnyagin, V. V. Shuntikov, V. N. Khrustalev, M. S.
Nechaev, J. Organomet. Chem 2009, 694, 2454.

Pd(NHC)(alkene)‐complexes bearing expanded‐ring carbenes

[22]
[23]
[24]
[25]
[26]
[27]
[28]
[29]

[30]

[31]

[32]
[33]
[34]
[35]
[36]
[37]
[38]

J. J. Dunsford, K. J. Cavell, submitted.
A. J. Arduengo III, R. Krafczyk, R. Schmutzler, Tetrahedron 1999, 55,
14523.
R. Jazzar, H. Z. Liang, B. Donnadieu, G. Bertrand, J. Organomet. Chem
2006, 691, 3201.
J. W. Sprengers, J. Wassenaar, N. D. Clement, K. J. Cavell, C. J. Elsevier,
Angew. Chem. Int. Ed. 2005, 44, 2026.
A. J. Arduengo III, F. Davidson, H. V. R. Dias, J. R. Goerlich, D. Khasnis,
W. J. Marshall, T. K. Prakasha, J. Am. Chem. Soc. 1997, 119, 12742.
A. M. Kluwer, C. J. Elsevier, M. Bühl, M. Lutz, A. L. Spek, Angew. Chem.
Int. Ed. 2003, 42, 3501.
K. Itoh, F. Ueda, K. Hirai, Y. Ishii, Chem. Lett. 1977, 877.
J. Krause, G. Cestaric, K.‐J. Haack, K. Seevogel, W. Storm, K.‐R.
Pörschke, J. Am. Chem. Soc. 1999, 121, 9807; J. Krause, K.‐J. Haack, G.
Cestaric, R. Goddard, K.‐R. Pörschke, Chem. Commun. 1998, 1291.
R. Jackstell, M. G. Andreu, A. Frisch, K. Selvakumar, A. Zapf, H. Klein, A.
Spannenberg, D. Röttger, O. Briel, R. Karch, M. Beller, Angew. Chem.
Int. Ed. 2002, 41, 986.
R. Jackstell, S. Harkal, H. J. Jiao, A. Spannenberg, C. Borgmann, D.
Röttger, F. Nierlich, M. Elliot, S. Niven, K. J. Cavell, O. Navarro, M. S.
Viciu, S. P. Nolan, M. Beller, Chem. Eur. J. 2004, 10, 3891.
R. Jackstell, A. Frisch, M. Beller, D. Röttger, M. Malaun, B. Bildstein, J.
Mol. Catal. A: Chemical 2002, 185, 105.
M. Iglesias, Ph.D. thesis, Cardiff University (Cardiff), 2008.
K. Selvakumar, A. Zapf, A. Spannenberg, M. Beller, Chem. Eur. J. 2002,
8, 3901.
K. J. Cavell, D. J. Stufkens, K. Vrieze, Inorg. Chem. Acta 1980, 47, 67.
S. Warsink, P. Hauwert, M. A. Siegler, A. L. Spek, C. J. Elsevier, Appl.
Organometal. Chem. 2009, 23, 225.
A. Binobaid, M. Iglesias, D. Beetstra, A. Dervisi, I. Fallis, K. J. Cavell, Eur.
J. Inorg. Chem. 2010, 2010, 5426.
S. Warsink, S. Y. de Boer, L. M. Jongens, C. F. Fu, S. T. Liu, J. T. Chen, M.
Lutz, A. L. Spek, C. J. Elsevier, Dalton Trans. 2009, 7080; S. Warsink, I.
H. Chang, J. J. Weigand, P. Hauwert, J. T. Chen, C. J. Elsevier,
Organometallics 2010, 29, 4555; S. Warsink, C. M. S. van Aubel, J. J.
121

Chapter 4

[39]
[40]
[41]

122

Weigand, S. T. Liu, C. J. Elsevier, Eur. J. Inorg. Chem. 2010, 35, 5556; S.
Warsink, S. Bosman, J. J. Weigand, C. J. Elsevier, Appl. Organometal.
Chem. 2010, accepted.
E. C. Taylor, W. A. Ehrhart, J. Org. Chem. 1963, 28, 1108.
SAINT 7.23A; Bruker AXS, Inc: Madison, Wisconsin, 2006; G. M.
Sheldrick, SADABS; Bruker AXS, Inc.: Madison, Wisconsin, 2004.
G. M. Sheldrick, SHELXL‐97, Program for crystal structure
determination; University of Göttingen: Germany, 1997.

Chapter 5
Immobilization of Pd0(NHC)‐complexes #
The catalyst as a means, from an industrial point of view

Summary
Immobilization of imidazolium salts onto a mesoporous silica support is used
as a means to prepare heterogenized Pd0(NHC)(MA)2 complexes. The
immobilized complexes are characterized using diffuse reflectance IR & solid‐
state NMR spectroscopy, BET surface measurements and elemental analysis.
Application of these immobilized catalysts in transfer hydrogenation of alkynes
shows that they are promising leads and that the immobilized complex is
indeed the active catalyst. Recycling studies showed that the present catalysts
are not durable enough for application under process conditions.

#
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5.1.
Introduction
In previous Chapters we have developed a new and reliable methodology for
transforming a variety of alkynes to the corresponding Z‐alkenes and
investigated the mechanism of this reaction. This culminated in a set of
guidelines for catalyst improvement and a series of novel complexes that
embody some of these improvements. Notwithstanding the academic virtues
of these results, it is unlikely that this catalytic system will be applied for alkyne
semihydrogenation in an industrial setting. One of the reasons for this is that –
despite the high chemo‐ and stereoselectivity observed, the reliability and
simplicity of the system and the well‐understood mechanism – the catalyst in
question is still a rather expensive transition metal complex. Moreover, these
Pd(NHC)(MA)2‐complexes should be used at relatively high catalyst loadings
(0.1‐1% mol catalyst / mol substrate) and cannot be recovered and recycled
after the reaction is completed. In order to provide a realistic alternative for
e.g. Lindlar’s catalyst, the catalyst should attain turnover numbers of 104‐105.
For the activities reported in previous Chapters, this requires that the catalyst
can be recycled for >100 cycles without deactivation.[1]
Therefore, we decided to investigate the possibility of immobilizing the
[Pd(NHC)(MA)2] complexes on a solid support. This should improve the
recyclability and thermal stability of the catalyst, which in turn will strengthen
the applicability of [Pd(NHC)(MA)] catalyzed transfer hydrogenation of alkynes.
5.1.1. Immobilization strategies
Homogeneous catalysts are known for their high selectivity and activity in a
wide variety of chemical transformations, but their implementation in
industrial processes is still marginal.[2] One of the main reasons for this is the
difficulty of separating the catalyst from the products. Especially for transition
metal‐based catalysts, this separation is essential because these catalysts are
much more expensive than the starting materials and need to be recovered in
order to render the process economically viable. Even apart from health &
safety regulation, trace amounts of remaining catalyst may lead to problems in
subsequent reactions or processing steps. In addition to the commercial
benefits, the recovery and recycling of catalysts is environmentally benign,
which is becoming increasingly important in the concept of sustainable or
‘green’ chemistry.[3] Methods commonly used for separation on a large scale
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are either not amenable for homogeneous catalysts (filtration) or lead to
deactivation of the catalyst (distillation, extraction).[4] Considerable effort has
been put in to find solutions for these problems. The most broadly applied
methods rely on immobilization of the homogeneous catalyst on a solid
support (to enable filtration), or adaptation of the catalyst towards solubility in
a solvent that is under certain conditions immiscible with the reaction product
(to enable extraction).[5, 6],[7]
In previous chapters it was found that the nature of the solvent is important
for catalyst stability and performance, Therefore, heterogenization of the
catalyst seems more suitable for our aims than adaptation of the catalyst for a
biphasic system. Immobilization of homogeneous catalysts on solid supports is
an approach that has received much attention in academic and applied
research, examples of which are shown in Figure 1.

Figure 1. Examples of immobilized catalysts[8, 9]

Supported catalysts can be divided into several classes, based on the solubility
of the support and the nature of interaction with which the catalyst is attached
to the support.[5, 6] Soluble supports that are regularly used are polymers, such
as polyethylene glycol, an d dendrimers, while insoluble supports are often
based on silicates or polystyrene resins. For attaching the catalyst to the
support linker moieties are used, in order to separate the catalyst from the
support so as to not disturb the properties of the metal complex. The linkers
are often attached to the support via covalent bonds, but ionic and hydrogen
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bond interactions have also been used.[8, 10, 11] Table 1 summarizes the
advantages and disadvantages of two often used support types.[5, 6] Difficulties
that are often encountered include leaching of the metal from the support and
decreased catalytic performance upon immobilization. It should be noted that
the type of support or immobilization strategy influences these features,[12] and
the choice for a certain method should take into account the reaction
conditions, as well as the ligands and the metal to be used.[13]
Table 1. Advantages and disadvantages silica and polymeric supports

Silica supports

Insoluble polymeric
supports

Advantages

‐ high thermal & chemical
resistance
‐ variety of pore sizes
‐ facile functionalization
‐ no swelling

‐high versatility
‐ease of
functionalization

Disadvantages

‐difficult characterization

‐swelling of the support
‐difficult
characterization

5.1.2. Synthetic approach
Whereas the aim in previous chapters was to optimize a reaction on small
scale and provide a proof‐of‐principle, here it will be attempted to produce a
catalyst that is potentially applicable for large scale reactions. Therefore,
financial and practical aspects should be taken into account as well. For this
reason methods and supports are chosen that are well‐documented and have
proven to give reliable results in immobilization. Silica will be used as the
support, because it is readily available, inexpensive and it has high thermal and
chemical stability. Mesoporous silica (SBA‐15) is the material of choice, as it
has a ordered structure, high surface area and well‐dispersed anchoring
sites.[14] Attachment of the metal complex to the support will be brought about
using a linker that is attached to the periphery of the NHC ligand, in order to
avoid changing the environment of the metal in the homogeneous catalyst as
much as possible (Figure 2). Sufficient length and flexibility of the linker are
important for maintaining the catalytic performance of immobilized
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homogeneous catalysts: increased accessibility of reagents and minimized
interactions between the metal and the support improve the resemblance
between the immobilized catalyst and the truly homogeneous species.[15] Also
the linkage between the ligand and the support should be stable under
reaction conditions, and the linker should be commercially available and
inexpensive. A convergent approach is preferred, which means that the
complex will be assembled in solution and immobilized at the latest feasible
stage. This facilitates characterization of the intermediate products, ensuring
that the final immobilized catalyst resembles the homogeneous catalyst as
much as possible. Taking these considerations into account, a retrosynthetic
approach was developed towards immobilization of Pd(IMes)(MA)2 (Scheme
1). In order to anchor the imidazolium ligand precursor to the silica, the ligand
synthesis started from 2,6‐dimethyl‐4‐hydroxyaniline instead of 2,4,6‐
trimethylaniline.

Figure 2. Mesoporous silica SBA‐15 as a solid support for catalyst immobilization

Scheme 1. Retrosynthesis of the immobilized Pd(NHC)(MA)2‐complex
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After converting this into the corresponding imidazolium chloride the tether
would be introduced from commercially available (3‐isocyanatopropyl)‐
triethoxysilane. The isocyanate group reacts with the hydroxyl, attaching the
imidazolium moiety to the linker via a carbamate functionality. On the other
end of the linker the triethoxysilane group reacts with the silanol groups of the
support to render a silylether linkage. Introduction of the metal may be carried
out directly prior to the immobilization step in order to simplify
characterization of the adapted complex. However, this can also be performed
after immobilization, if the complex should decompose during immobilization.
5.2. Synthesis of immobilized Pd(NHC)(MA) complexes on solid supports
5.2.1. Ligand synthesis & complexation
A reliable preparation of imidazolium salts follows the methodology developed
by Delaude et al.,[16] which converts an substituted aniline into the
corresponding diimine. Reacting this with a formyl equivalent forms the
imidazolium ring (Scheme 2). In this case, this procedure leads to 1,3‐bis(2,6‐
dimethyl‐4‐hydroxyphenyl)‐imidazolium chloride 3, which is reacted with the
linker (3‐isocyanatopropyl)‐triethoxysilane 4 to give imidazolium chloride 5 in
81% yield over 3 steps. This compound should be stored and handled under
moisture‐free conditions to prevent hydrolysis of the silylether groups to
alcohols and concomitant polycondensation of the ligand.

Scheme 2. Synthesis of imidazolium chloride 5 adapted for immobilization

Whereas the reaction of the standard IMes ligand with Pd(tBuDAB)(MA) is easy
and reliable,[17, 18] the reactions with neither of the new imidazolium salts 3 or
5 yielded the desired products (Scheme 3). As the alcohol function in 3
hampers the deprotonation of the imidazolium chloride, more base was used
but the resulting dianion was not soluble in THF. When the phenols in 3 were
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protected with a trimethylsilyl‐group, the desired product 6 was obtained,
albeit in lower yield than when the IMes ligand was used. When 5b was
treated with base the color change to pink indicates that a reaction had
occurred, but after addition of Pd(tBuDAB)(MA) no product could be isolated.
Probably the presence of the triethylsilyl group disturbs the reaction.
Therefore, it was decided to first immobilize the ligands and perform the
complexation reaction on the immobilized ligands.

Scheme 3. Attempted complexation of functionalized imidazolium chlorides

5.2.2. Immobilization onto mesoporous silica
Before proceeding, several experimental issues that are important for
successful immobilization of ligands onto mesoporous silica need to be
addressed. First of all, silica is a very hygroscopic material and the adsorbed
water should be removed prior to use. Furthermore, as a magnetic stirrer
might damage the ordered mesoporous support, a setup was constructed
consisting of a rotary device connected to a nitrogen and vacuum line (Figure
3). Reactions are performed in a two‐neck flask, so as to dry the silica and
afterwards add the reagents and mix under inert atmosphere without the
need for a magnetic stirring bar.
In order to remove the water that is chemisorbed on the silica, the materials
were pretreated in vacuum at 180°C overnight before use. As depicted in
Scheme 4, the silica was then functionalized by reacting it with a
triethoxysilane compound; usually two or three silanol groups react per
linker.[6] The remaining silanol groups, that could have dentrimental effects on
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catalysis after anchoring, are capped with 1,1,1,3,3,3,‐hexamethyldisilazane
(HMDS). HMDS is an inexpensive and commercially available reagent that
produces ammonia as the only byproduct.[19]

Figure 3. Experimental setup for the immobilization onto silica

Scheme 4. Immobilization of triethoxysilane linkers and capping with HMDS

As it proved to be very difficult to attach the palladium precursor to the
adapted ligands, it was decided to attach the ligand to the solid support in a
more sequential fashion. Two routes were chosen, which are depicted in
Scheme 5. Route A utilizes a direct immobilization of triethoxysilyl‐
functionalized imidazolium chloride 5 onto SBA‐15 to yield material 7, whereas
in route B the support is first functionalized with the linker (towards 8) and
subsequently reacted with the hydroxyl‐functionalized imidazolium chloride 3
to yield material 9. In both routes the silanol‐groups are capped with HMDS,
but in route B also any unreacted phenol‐groups are capped. This possibly
results in a slightly modified ligand, with one of the phenol‐groups attached to
the linker as a carbamate and the other transformed into a silylether. This may
circumvent cross‐linking of the ligand across the pores and will also give a
more electron rich carbene.
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These immobilized materials cannot be characterized with solution‐phase
NMR, so the attachment of the linker (in 8) and of the imidazolium salts (in 7
and 9) was determined by IR‐spectroscopy. As only a percentage of the
material is functionalized, Diffuse Reflectance Infrared Fourier Transform
(DRIFT)‐spectroscopy was used; this is a highly sensitive technique that collects
and analyses scattered IR energy reflected from the surface. A spectrum of the
non‐functionalized SBA‐15 was taken as a background and the various
functionalized materials were measured to obtain DRIFT difference spectra.

Scheme 5. Two routes for immobilization of imidazolium chlorides onto SBA‐15

All immobilized linkers show a strong negative peak at 3740 cm‐1, indicating
that the silanol‐groups have reacted with the triethoxysilyl‐moiety or the
capping reagent HMDS. The presence of a peak at 2275 cm‐1 or at 1550 cm‐1
and 1650 cm‐1 shows the presence of an isocyanate (for 8) or a carbamate (for
7 and 9), respectively (Figure 4). Immobilization of ligand 5 could in principle
lead to two possible immobilized imidazolium salts, with one (7) or two (7’) of
the silyl‐groups tethered to the support; for clarity only 7 will be depicted
throughout the remainder of the chapter. The ligand‐functionalized materials
were also investigated using other techniques (vide infra).

131

Chapter 5

37 40

1649

1542

3740

1550

1675

Figure 4. DRIFT‐spectra of functionalized silicas 7 and 9, difference spectra with SBA‐15

5.2.3. Complexation of immobilized ligands
The obtained immobilized ligands were deprotonated with KOtBu to generate
the carbene and were subsequently reacted with Pd(tBuDAB)(MA) according
to standard procedures for the homogeneous counterpart (Scheme 6).[18] The
reactants were used in excess (calculated for maximm loading) and all
unreacted compounds could be washed away.
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Scheme 6. Complexation of immobilized ligands

Compounds 7 and 9 were successfully metallated in this fashion to give the
palladium compounds 10 and 11. Upon immobilization and complexation, the
weight of all silica materials increased and some materials changed color upon
complexation, as depicted in Table 2.
Table 2. Mass increase and color changes silica material upon immobilization a
Entry

Compound

Mass increase (mg, %)

Color

1
2
3
4
5

8
7
9
10
11

82 (16%)
53 (17%)
58 (29%)
12 (10%)
17 (19%)

White
Salmon pink
Off‐white
Pale brown
Slightly grey

Isocyanate
IAr∙HCl via route A
IAr∙HCl via route B
Pd0(NHC) complex of 7
Pd0(NHC) complex of 9

a) Immobilization start with 200‐300 mg if SBA‐15 as a white powder

5.3. Characterization of immobilized complexes
Several analytical techniques have been used to assess whether the
immobilization process was successful, and the results will be combined to
elucidate the structure of our supported complexes. DRIFT‐spectroscopy shows
whether the ligand is attached to the silica by assessing the disappearance of
free silanol‐groups (on the silica) and isocyanate‐groups (on the linker) and
presence of urea‐groups in the immobilized ligand, as already discussed above.
N2 physisorption (BET‐method) shows whether the surface area and average
pore size undergo changes upon incorporation of organic and organometallic
moieties into the silica support (paragraph 5.3.1). This method can also be
used to investigate the stability of the catalyst and the support after catalysis.
Solid State Cross Polarization Magic Angle Spinning 13C‐NMR was used for the
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analysis of the supported complexes 10 and 11 to verify the structure of the
linker, as well as the presence of the carbene moiety and the maleic anhydride
ligand after complexation (paragraph 5.3.3). The extent of incorporation of the
linker on the support was determined with C H N elemental analysis, while the
Pd‐loading of the supported catalyst is quantified with ICP‐AES (paragraph
5.3.2). This technique is also used to determine the extent of metal leaching
from the support. Together these methods give a comprehensive view of the
composition and structure of the complexes after immobilization.
5.3.1. N2‐physisorption of modified silicas
The mass of the silica increased upon immobilization and complexation,
indicating that the support is indeed modified. Surface measurements using
the BET‐method give a more detailed picture of the modification. The
isotherms of SBA‐15 with ligand 7 show a shift down (indicating a smaller total
volume) and towards the left (indicating smaller pores) compared to that of
unfunctionalized SBA‐15 (Figure 5). Furthermore, the shape of the isotherms,
which is typical for mesoporous materials, is maintained upon immobilization
in all cases. All other silica materials also show the decrease in surface area,
pore volume and diameter upon functionalization with the ligands, as becomes
apparent from Table 3.
Table 3. Surface area, pore volume and pore diameter of immobilized compounds

Entry

Surface Pore
Pore
area volume diameter
(m2 g‐1) (cm3 g‐1) (nm)
Route A

1
2
3

SBA‐15
7: SBA‐15 + carbamate‐linked ligand 5
10: immobilized ligand 7 +Pd

678.1
215.8
276.1

0.963
0.293
0.476

5.88
4.32
4.75

678.1
404.5
381.9
465.7

0.963
0.678
0.627
1.075

5.88
5.04
4.96
5.09

Route B
4
5
6
7
134

SBA‐15
8: SBA‐15 + linker 4
9: immobilized linker 8 + ligand 3
11: immobilized ligand 9 + Pd
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1200
SBA‐15
1000
800

complex 10 @ SBA‐15

3

Vads (cm /g)

ligand 7 @ SBA‐15

600
400
200
0
0.00

0.20

0.40

p/p0

0.60

0.80

1.00

Figure 5. Isotherms of BET surface measurements of SBA‐15 (black isotherm), 7 (dark
grey isotherm) and 10 (grey isotherm)

5.3.2.Elemental analysis of modified silicas
The composition of the immobilization building blocks 6‐8 was determined
with C H N elemental analysis. As nitrogen is present in the linker but not in the
solid support the TMS capping groups, nor in the unreacted ethoxysilanes, the
nitrogen content can be used to determine the loading of the ligand. The
calculated C:H:N molar ratio of the ligand is deducted from the observed C:H:N
molar ratio and the difference can be attributed to TMS capping groups and
unreacted ethoxysilane. For compound 9 unreacted isocyanate might be
present, which disrupts the calculations. Table 4 shows the results of
elemental analysis measurements of the immobilized ligands, and for both
routes the calculated ligand loadings are around 0.40 mmol ligand per gram of
silica.
For the immobilized complex 10 and 11 the palladium content is quantified by
Inductive Coupled Plasma Atomic Emmision Spectroscopy (ICP‐AES).
Compound 10 has a palladium loading of 0.21 mmol/g, which means that 55%
of the immobilized ligand has reacted with palladium precursor. The palladium
loading of 11 is 0.36 mmol/g, which relates to an 88% yield of complexation. A
possible explanation for this difference can be found in the outcome of the
BET‐measurements of complex 10: if part of the ligand has cross‐linked across
a pore, the pore would be closed for a bulky molecule such as
135

Chapter 5

Pd(tBuDAB)(MA), so the carbene ligand is not as accessible for the transition
metal reagent in compound 7, compared to compound 9. In N2‐physisorption
this need not be seen, as the much smaller N2‐molecules can penetrate more
easily. Nonetheless, elemental analysis and ICP‐AES show that both silica
materials contain the immobilized ligand and palladium.
Table 4. Elemental CHN‐analysis of immobilized ligands
Calculated
composition a
wt % (top)
molar ratio
(bottom)

Difference c

Observed
composition b
wt % (top)
molar ratio
(bottom)

Calculated
loading d
mmol/g

wt % (top)
molar ratio
(bottom)

C

H

N

C

H

N

C

H

N

7

63.09
5.79

6.67
8.50

10.9
1

12.94
1.08

2.15
2.13

2.14
0.15

1.28
1

5.49
4.29

‐
‐

0.38

8

57.13
3.99

7.19
0.43

16.66
1

9.74
16.22

1.89
37.42

0.7
1

12.21
1

36.99
3.03

‐
‐

0.40

62.19

7.23

8.37

8.98

1.625

1.505

‐1.71

3.00

‐

8.66

12.00

1

6.96

15.00

1

1

‐1.76

‐

9

0.40e

a) The calculated weight percentages for the ligands only without the support. b) The
elemental analyses were performed in duplo, depicted values are the averages. c) The
difference between the calculated composition of the ligand and the experimentally
determined composition of the supported ligand. d) The loadings are calculated from
the amount of nitrogen. e) These values are less reliable, as the duplo measurement
differed a significantly (8.44 and 9.52 for C).

5.3.3. Solid state CP‐MAS 13C NMR of modified silicas
In order to further determine the nature of the formed complex, solid state
13
C‐NMR spectra were recorded for compounds 7, 10 and 11. These were
compared with the spectral data of imidazolium chloride 3 and the
corresponding soluble [Pd(NHC)(MA)2] complexes, respectively, which
confirmed the presence of Pd(NHC)(MA) species on the support. Due to low
signal‐to‐noise ratio and slow relaxation of carbene carbons, the signal for the
carbene carbon was not observed. However, the formation of complex could
be inferred from the disappearance of the imidazolium C‐2 carbon signal and
from the change in chemical shifts of coordinated maleic anhydride and the
carbene backbone carbons.
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Summarizing, several ligands were immobilized onto silica and subsequently
reacted with suitable zerovalent palladium precursors. The supported ligands
and complexes were characterized with C H N and ICP‐AES elemental analysis,
N2‐physisorption, DRIFT and solid‐state 13C NMR spectrometry. These methods
show that the mesoporous silica support was functionalized with the
imidazolium ligand in the interior of the pores, and transformed into a
palladium(NHC)()MA)2 complex. The palladium loadings are 0.21 mmol/g and
0.36 mmol/g for compounds 10 and 11, respectively.
5.4. Transfer hydrogenation using immobilized Pd(NHC)(MA) complexes
5.4.1. Catalyst testing
In relatively few immobilization studies a direct comparison is made between
the heterogenized catalysts and the related homogeneous catalyst.[6] For
immobilized palladium(N‐heterocyclic carbene) complexes, it has been
reported that the immobilized catalysts have a similar or slightly lower activity,
but values have not been reported explicitly. [10, 21] However, if one wants to
have a clear impression of catalyst performance after immobilization, these
experiments are essential. Therefore, the immobilized [Pd(NHC)(MA)2]‐
complexes 10 and 11 were tested as catalysts for the transfer hydrogenation of
1‐phenyl‐1‐propyne, along with their homogeneous counterparts
[Pd(IMes)(MA)2] (12) and in situ generated [Pd(IMes)(MA)(MeCN)] (13)
(Scheme 7). The same experimental setup as for the immobilization reactions
was used and the results of the first catalytic runs are depicted in Table 5.

Scheme 7. Transfer hydrogenation of 1‐phenyl‐1‐propyne with Pd(NHC)(MA)2‐
complexes 10‐13
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The immobilized complexes 10 and 11 indeed catalyze the transfer
hydrogenation of 1‐phenyl‐1‐propyne, in selectivities comparable to the
homogeneous counterparts 12 and 13. This strengthens the belief that the
immobilized catalysts have the same ligand environment as their parent
complexes. The reference complex 13 is most selective and active; however,
this is not a fair comparison for the immobilized catalysts, as 13 is generated in
situ as the solvent‐complex while the immobilized catalysts are bis(maleic
anhydride) complexes.
Table 5: Catalytic activity and selectivity of immobilized complexes 10 and 11 in
transfer hydrogenation of 1‐phenyl‐1‐propyne a

Entry

Compound

Time
(h)

Conv.
(%)

TOF (h ‐1)

Product distribution c

b

Z‐ene / E‐ene / alkane

1

10

6
24

36
61

12.1

94 / 4 / 2
95 / 4 / 1

2

11

24
30

40
52

12.1

95 / 5 / <1
92 / 4 / 4

3d

12

2
24

64
>99

27.5

94 / 5 / 1
81 / 9 / 10

4e

13

2
12

63
>99

54.4

96 / 3 / 1
95 / 4 / 1

a) Reaction conditions of immobilized catalysts: 150 mM substrate, 15 mmol Pd‐
catalyst (1.5 mM) and 750 mM TEAF in 10 ml MeCN at reflux. b) Turnover frequency
(TOF) is defined as mol (substrate) / mol (catalyst) / h, determined after 2 h. c) Product
distributions as determined by GC d) Reaction conditions: 147 mM substrate, 1.71 mM
catalyst, 685 mM TEAF in MeCN at reflux. e) Reaction conditions: 163 mM substrate,
0.90 mM catalyst, 892 mM TEAF in MeCN at reflux.

In comparison to Pd(IMes)(MA)2 12, the initial selectivities of 10 and 11 are
quite similar (>95% Z‐alkene, <2% alkane), and although the activity of the
immobilized catalysts is somewhat lower than that of the soluble
[Pd(IMes)(MA)2], this decrease is rather small. The reduced activity upon
immobilization can be attributed to the confinement effect: the slower
diffusion of the reactants and products inside the pores makes the active
centre less accessible.[22] Even though this is a problem often encountered with
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heterogenized catalysts,[6] the comparison with a homogeneous analogue is
not reported in literature on Pd(NHC) complexes immobilized onto silica.[10, 21]
It is interesting to note that complex 10 is more active after 24 h and has a
higher chemoselectivity than complex 11. Complex 11 shows increased
amount of alkane (4%) after 30 h (Table 5, entry 2) and to investigate the
chemoselectivity further the reaction was allowed to go to completion (Figure
6). It was found that the TMS‐capped catalyst is highly selective at first, but
after ± 90% conversion of the alkyne, isomerization and to a lesser extent
hydrogenation of the product alkene sets in. This experiment was not
performed with catalyst 10, as its chemoselectivity was already notably better
at higher conversions.
100%

Phenyl propyne

90%

Z-phenyl propene

80%

E-phenyl propene
propylbenzene

Mol %

70%
60%
50%
40%
30%
20%
10%
0%
0.00

8.00

16.00

24.00

32.00

40.00

time (h)

Figure 6. Reaction profile of the transfer hydrogenation of 1‐phenyl‐1‐propyne,
catalyzed by 11, showing over‐reduction and isomerization to E‐alkene after full
conversion

The difference in reactivity between catalysts 10 and 11 may be rationalized by
electronic effects. In Chapters 2 and 3 it was shown that there is a relationship
between the strength of the Pd‐alkene bond and the chemoselectivity of the
reaction. For ligands with a higher donor capacity the Pd‐alkene bond is
stronger, leading to lower chemoselectivity. The presence of the electron
donating trimethylsilylether group (σp = ‐0.27) in 11 versus the slightly electron
withdrawing carbamate (σp = +0.31) of complex 10 may influence the donor
capacity of the carbene ligand.[23][24] This will change the electron density on
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palladium and thereby increase the extent of π‐backdonation to the alkene. In
Chapter 3 this was shown to be the determining factor for high
chemoselectivity.
An additional note should be made on the behavior of complex 11 at high
conversions, which is only relevant now that a heterogeneous catalyst has
been obtained. For lab‐scale experiments virtually all transformations are
batch reactions, but in an industrial process continuous processes are often
more viable. In that case over‐reduction near full conversion is not a problem
as long as the initial chemo‐ and stereoselectivity are good, because these
processes need not be operated at full conversion. By adjusting the conditions,
the maximum conversion can be reached at which selectivity is still excellent.
For this reason 10 and 11 are both still potentially applicable catalysts, and
both will be investigated further.
5.4.2. Catalyst recycling
The immobilized catalysts 10 and 11 give results in transfer hydrogenation
comparable to homogeneous catalysts 12 and 13 and an important point of
the research concerns the recyclability of the catalysts. In order to do so, the
complexes were used as catalysts for transfer hydrogenation in refluxing MeCN
for 24 h, after which the solids were filtered off from the reaction mixture and
washed with MeCN to remove all reactants. The remainder was dried in vacuo,
after which fresh reactants and solvent were added for the next reaction.
Furthermore, the filtrate was also refluxed for another 48 h, in order to see
whether the active catalyst had leached into solution. Aliquots of all reaction
mixtures are taken at the start of the reaction, after 1 h, after 6 h and after
stirring overnight; this procedure was repeated for five runs of the recycling
experiment.
A control experiment was performed to exclude a deleterious effect of the
filtering and drying procedure. In this case the reaction mixture was not
filtered, but after 24 h of reaction an additional batch of substrate was added
to see whether the catalyst had lost activity. Unfortunately, some activity is
lost after 24 h but the catalyst is still quite active and equally selective (Table 6,
entries 7‐8).
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During the next runs the activity of both catalysts decreased, which is
visualized in Figure 7. Whereas for catalyst 10 the alkyne consumption over
time becomes less in every consecutive run, the performance of catalyst 11 is
somewhat surprising. Complex 11 performed better in the second and third
run than in the first run, and afterwards the performance deteriorated. The
turnover numbers are 217 mol/mol for complex 10 and 334 mol/mol for
complex 11, over six cycles in a total of 145 and 186 h, respectively. Compared
to homogeneous catalyst 13 (inactive after 48 h, TON = 140 mol/mol) this is
already an improvement but clearly not sufficient.
Table 6. Recyclability of immobilized complexes 10 and 11 in transfer hydrogenation of
1‐phenyl‐1‐proyne a
entry

Catalyst

Cycle

Time (h)

Conversion (%)

Z‐ene/ E‐ene/ alkane b

1
2
3
4
5
6

10
10
10
10
10
10

1
2
3
4
5
6

24
24
24
24
24
24

61%
21%
39%
36%
41%
19%

95/4/1
91/4/7
79/3/16
77/3/17
81/3/14
62/2/31

7
8
9
10
11
12
13

11
11
11
11
11
11
11

1a c
1b c
2
3
4
5
6

24
18
24
24
12
24
24

40%
11%
76%
94%
21%
31%
21%

95/5/<1
94/5/1
92/4/4
80/0/20
88/4/18
85/4/11
93/3/4

a) Reaction conditions: 1.5 mmol 1‐phenyl‐1‐propyne, 1 mol% catalyst based on Pd
and 7,5 mmol TEAF in 10 ml MeCN at reflux. b) Product distributions as determined by
GC. c) Cycle 1a is the first run, cycle 1b is after addition of 0.2 mmol of additional
substrate but without filtering.

The decreasing activity can be explained by leaching of the active catalyst into
solution, but this is not the only possibility. Other explanations are sintering or
decomposition of the support, inaccessibility caused by blocking of the pores,
decomposition or deactivation of the palladium complex.
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a)

b)

Figure 7. Alkyne consumption in the recycling studies of catalysts 10 (a) and 11 (b)

Leaching of the active catalyst into solution can be excluded, as for both
complexes the filtrate of the reactions was no longer catalytically active (Figure
8). The Pd‐content of the filtrate was measured by ICP‐AES and this indeed
contained most of the palladium originally present on the support. Still, the
absence of activity in the filtrate shows that the catalytic reaction takes place
inside the pores of the support.
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Figure 8. Leaching studies: catalytic activity of the filtrate

However, as the activity of the catalyst decreases during subsequent cycles, we
also determined the palladium loading after six catalytic cycles. This had
significantly decreased to only 1.5‐3.1 % of the original loading (Table 7).
Hence, we conclude that a catalytically inactive form of palladium leaches from
the support during consecutive reactions. This observation is supported by
BET‐measurements performed on the supports after recycling for five times:
the surface area and pore diameter have increased (Table 7). Both effects are
more strongly pronounced in 10 than in 11. The pore volume strongly
increases for 10, while it slightly decreases for 11. This suggests that not only
palladium leaches into solution, but also that (part of) the ligand/linker is
detached.
Table 7. Leaching studies, composition of catalysts before and after six reaction cycles
Palladium
loading
(mmol g‐1)

Surface
Area
(m2 g‐1)

Pore
Volume
(cm3 g‐1)

Pore
Diameter
(nm)

Compound 10 before catalysis
Compound 10 after catalysis

0.212
0.0065

276.1
725.9

0.476
1.472

4.75
4.82

Compound 11 before catalysis
Compound 11 after catalysis

0.361
0.0046

465.7
490.4

1.075
0.958

4.87
5.18
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5.5. Conclusions
Mesoporous silica has been used as a solid support for immobilization of (N‐
heterocyclic carbene)palladium(0)‐complexes through a mostly convergent
approach. All soluble intermediates and silica‐supported compounds have
been fully characterized, using a variety of solution‐phase and solid‐state
analytical techniques. The immobilized [Pd(NHC)(MA)2] complexes 10 and 11
have been utilized as catalysts for the transfer hydrogenation of 1‐phenyl‐1‐
propyne and showed activity and selectivity comparable to their homogeneous
analogues.
It was attempted to filter and recycle the immobilized catalysts and this was in
part successful: the catalyst is still active after 180 h, amounting to a TON of
213 (for 10) and 340 (for 11) mol substrate / mol catalyst. Unfortunately, the
activity and selectivity decreased in subsequent cycles. Although the palladium
leaches out of the support, we have shown that the catalytic reaction takes
place inside the pores of the support. The homogeneous analogue is known to
decompose after 48 h under reaction conditions (TON = 140 mol/mol),[25] so
the immobilization is effective but not yet sufficient for application.
As the activity of the catalyst does not decrease tremendously upon
immobilization, it might be worthwhile to perform the catalytic studies at
lower temperatures to decrease catalyst leaching. To improve the stability of
such immobilized Pd0 complexes, incorporation of an additional donor
functionality in the ligand might help. Previous research has shown that an
additional NHC moiety leads to complexes that are more stable and
recyclable.[15, 26] Another option is the use of a hemilabile amine donor on the
NHC‐ligand framework.[27],[28]
5.6. Experimental Section
General remarks
All syntheses of complexes were carried out in dried glasswork using standard
Schlenk techniques under an atmosphere of purified nitrogen. Toluene, THF,
pentane and diethyl ether were distilled from sodium benzophenone ketyl,
DCM and MeCN from CaH2,[29, 30] while DMF was purchased as dry solvent
(99.8% anhydrous) and used without further treatment. Maleic anhydride was
recrystallized from hot dichloromethane to remove maleic acid and stored in a
Schlenk flask under nitrogen. Potassium t‐butoxide was evacuated overnight
144

Immobilization of Pd0(NHC)‐complexes

and stored in a Schlenk flask under nitrogen. Pd(tBuDAB)(MA) was prepared
according to literature procedures.[30] SBA‐15 (surface area: 680 m2/g, max.
rpore: 2.9 nm) was obtained from Claytec, Inc. Other reagents were obtained
from commercial sources and used without further purification.
Analytical Techniques
GC analyses were performed with a Carlo Erba HRGC 8000 Top instrument
using a DB‐5 capillary column and p‐xylene as internal standard. Solution‐
phase NMR spectra were recorded either on a Varian Mercury 300 MHz,
Bruker DRX 300, Bruker AMX 400 or Varian INOVA 500 MHz spectrometer, as
indicated. Solid‐state NMR was performed on a DMX‐400 at 100.44 MHz for
13
C in a solid state 13C cross‐polarisation experiment with magic‐angle spinning
(CP‐MAS NMR) at a spin frequency of 12 kHz, contact time= 2 ms, pulse delay=
2 s. Data for NMR are reported as follows: chemical shift in parts per million (δ,
ppm) relative to TMS, determined by reference to residual 1H and 13C solvent
resonances, and where applicable integration and coupling constant (Hz). IR
spectra were recorded on a Shimadzu FTIR‐8400s, Bruker Vertex 70 FT‐IR and
Perkin‐Elmer SpectrumOne FT‐IR Spectrometer at the University of Utrecht for
solid, liquid‐phase and DRIFT, respectively. C H N elemental analyses were
performed on a Perkin‐Elmer 2400 Series II analyzer. Loading of the palladium
complexes was quantified by determination of the Pd‐content with a Varian‐
MPX CCD simultaneous ICP‐AES. The palladium complexes needed
pretreatment prior to ICP‐AES analysis: a solution [Pd]= 1 mg/l) was prepared
by stirring the supported catalysts with sulfuric acid for 24 h and nitric acid for
6 h at 170°C, after which the solution was diluted with demineralized water to
1 mg/ml. Adsorption/desorption isotherms of N2 have been determined on a
CE‐Instrument Sorptomatic 1990. All materials were pretreated by evacuation
below 10‐4 mbar at 473 K. Surface areas were determined by the Dubinin
method, modified by Kaganer.[31] Mass spectra were recorded on a JEOL JMS
SX/SX102A four‐sector mass spectrometer; for the Fast Atom Bombardment
(FAB) measurements mass samples were loaded in a matrix solution onto a
stainless steel probe and bombarded with xenon atoms with energy of 3 KeV.
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5.6.1. Solution‐phase syntheses of ligands and complexes
1,4‐bis(4‐hydroxy‐2,6‐dimethylphenyl)‐1,4‐diaza‐
1,3‐butadiene (2) was synthesized according to
the procedure by Delaude et al. [16]
1‐amino‐2,6‐xylenol (2.74 g, 20 mmol) is dissolved in 2‐propanol (12ml) and a
mixture of glyoxal (1.94 g of a 30% aqueous solution, 10 mmol), 2‐propanol (4
ml) and water (2 ml) added slowly. The reaction mixture is stirred for two days
at room temperature and the obtained yellow suspension was filtered, washed
with water and dried in vacuo to obtain the product as a yellow solid in 95%
(2.55 g, 9.46 mmol). 1H‐NMR (300 MHz, dmso‐d6): δ= 9.14 (s, 2H, OH), 8.03 (s,
2H N=CH), 6.49 (s, 4H,CArH), 2.06 (s, 12H, CH3) ppm.
1,3‐Bis(4‐hydroxy‐2,6‐dimethylaryl)imidazolium
chloride (3) was synthesized according to the
procedure by Delaude et al. [16]
Paraformaldehyde (252 mg, 8.4 mmol) was dissolved in a 4M solution of HCl in
dioxane at 80°C. Then diiimine 2 (2 g, 6.7 mmol) was dissolved in THF (10 min.,
50°C), cooled to 0°C. The formaldehyde solution was added dropwise to the
diimine, upon which the color changed immediately from yellow to auburn,
and stirred for 16 h at room temperature. The resulting light brown suspension
was filtered, washed with ethyl acetate (3 x 10 ml) and dried in vacuo to yield
the product as an ochre powder in 98% yield (2.28 g, 6.6 mmol). 1H‐NMR (300
MHz, dmso‐d6): δ 10.04 (2H, s, OH), 9.52 (s, 1H, im‐C2H), 8.17 (s, 2H, im‐C4,5H),
6.71 (s, 4H, CArH), 2.04 (s, 12H, CH3) ppm. FT‐IR: νOH = 3022 cm‐1.
1,3‐Bis(2,6‐dimethyl‐4‐(((3‐triethoxysilyl)propyl)carbamoyl)oxy)phenyl)‐
imidazol‐3‐ium chloride (5) was synthesized according to a procedure by
Sprengers. [18]
Imidazolium chloride 3
(170 mg, 0.5 mmol) and
(3‐isocyanatopropyl)‐triethoxysilane 4 (247 mg, 1.0 mmol) in DMF (3 ml) are
stirred at 120°C for 2 days. The consumption of isocyanide was confirmed by
the disappearance of its characteristic IR absorption of it at 2271 cm‐1. The
solution was concentrated to yield the product as a bright orange solid in 98%
yield (410 mg, 0.49 mmol), which is stored under nitrogen. 1H‐NMR (300 MHz,
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dmso‐d6): δ 9.54 (s, 1H, im‐C2H), 8.17 (s, 2H, im‐C4,5H), 7,01 (s, 2H, NH), 6.72 (s,
4H, CArH), 3.94 (m, 4H, NCH2), 3.70 (q, 12H, 3J = 6.9 Hz, SiOCH2), 2.03 (s, 12H,
CAr‐CH3), 1.41 (m, 4H, CCH2C), 1.12 (t, 18H, 3J = 6.9 Hz, SiOCCH3), 0.51 (m, 4H,
SiCH2) ppm. 13C‐NMR (400 MHz, dmso‐d6): δ 159.45 (C=O), 156.69 (p‐CAr),
139.47 (im‐C2), 136.28 (i‐CAr), 125.53 (im‐C4,5) 125.24 (m‐CAr), 115.69 (o‐CAr),
59.82 (OCH2), 58.13 (NHCH2), 23.92 (CCH2C) 19.01 (CAr‐CH3), 17.52 (SiOCH2),
7.81 (SiCH2) ppm.
1,3‐bis(2,6‐dimethyl‐4‐((trimethylsilyl)oxy)phenyl) imidazolium chloride (3‐TMS)
To a suspension of imidazolium chloride 3
(172 mg, 0.5 mmol) in toluene (10 ml), HMDS
(242 mg, 1.5 mmol) was added and the
resulting orange suspension was stirred for 16 h. The solid was filtered off,
washed with DCM and toluene, co‐evaporated with toluene (4x 15 ml) to
remove traces of HMDS and dried in vacuo to obtain the product as a pale
yellow powder in 62% yield (152 mg, 0.31 mmol). 1H‐NMR (300 MHz,CDCl3): δ
9.66 (s, 1H, im‐C2H), 8.26 (s, 2H im‐C4,5H), 6.88 (s, 4H, CArH), 2.15 (s, 12H, CH3),
0.28 (s, 18H, SiCH3) ppm. 13C‐NMR (300 MHz, CDCl3): δ 157.0 (p‐CAr), 139.8 (im‐
C2), 135.8 (i‐CAr), 126.5 (im‐C4,5), 124.8 (m‐CAr), 120.3 (o‐CAr), 18.1 (CArCH3), 0.3
(SiCH3) ppm. FT‐IR (difference spectrum to compound 3): νOH: 3022 cm‐1
(negative). MS(FAB+): m/z = 453.23 for C25H37N2O2Si2 [M‐Cl]+.
Palladium(1,3‐bis(2,6‐dimethyl‐4‐((trimethylsilyl)‐oxy)phenyl)‐imidazol‐2‐
ylidene)(maleic anhydride)2 (6) was synthesized according to the procedure by
Sprengers [32]
To a solution of trimethylsilane‐protected
imidazolium chloride 3‐TMS (50 mg, 0.1
mmol) in THF (5 ml), KOtBu (17 mg, 0.15
mmol) was added upon which the color
changed immediately to raspberry pink. The pink suspension was stirred for 1
h, Pd(tBuDAB)(MA) (39 mg, 0.1 mmol) was added in one portion and the
mixture was stirred for an additional hour. Maleic anhydride was added and
the resulting orange solution was stirred for 16 h, after which the orange‐
brown suspension was filtered over celite and concentrated. The product was
extracted with Et2O and the solvent was evaporated to yield 33 mg of the
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impure product (16% 6 + 84% 3‐TMS). 1H‐NMR (400 MHz, CD2Cl2, ‐40°C): δ 7.31
(s, 2H, CH), 6.68 (s, 4H, CArH), 4.0 (d, C=CMA), 2.29 (s, 12H, aryl‐CH3), 0.07 (s,
18H, SiCH3). 13C‐NMR (400 MHz, CD2Cl2, ‐40°C): δ 213.4 (N‐C‐N), 166.7 (C=O),
156.5 (p‐CAr), 137.0 (i‐CAr), 128.6 (im‐C4,5), 127.3 (m‐CAr), 125.6 (i‐CArH), 62.5
(C=CMA), 20.1 (CH3), 17.6 (CH3), 2.0 (SiCH3).
5.6.2. Immobilization of the ligands & complexation
General procedure for immobilization onto silica, route A
The linker‐functionalized imidazolium chloride 5 was prepared in situ according
to the procedures described above in ligand synthesis, in order to avoid
hydrolysis of triethylsilane groups. After cooling, completion of the reaction
was checked by IR, indicated by disappearance of the characteristic isocyanate
peak in IR at 2271 cm‐1.
SBA‐15 was pretreated by heating to 180°C under vacuum and rotating for 16
h in the immobilization setup. Dried SBA‐15 was suspended in toluene (10 ml)
and a solution of triethoxysilyl‐funtionalized ligand 5 (3.5 mmol/g silica) in N‐
methylpyrrolidine was added. The resulting mixture was rotated at 100°C for
16 h. Then HMDS (3.5 mmol/g silica) was added to cap the remaining silanol
groups. The mixture was rotated for another 16 h at 100°C after which the
silica was washed with DMF (2 x 5 ml), toluene (2 x 5 ml) and DCM (2 x 5 ml)
and dried under vacuum to obtain compound 7.
Ligand 5 on SBA‐15, (7)

was synthesized according to the procedure by
McDonald. [32]
SBA‐15 (300 mg) was used
to yield 353 mg of the
product as a salmon pink powder. IR (DRIFT, difference to plain SBA‐15): νCO:
1550 & 1650 cm‐1, νSiOH: 3740 cm‐1 (negative). Elemental analysis found: C
12.94, H 2.15, N 2.14. Ligand loading: 0.38 mmol/g. CP‐MAS 13C‐NMR: δ 158.95
(NC(O)O), 139‐115 (4x CAr + im‐C4,5 + im‐C2), 115.36 (m‐CAr), 58.63 (SiO‐CH2Me),
42.91 (N‐CH2), 35.36, 23.42 (2‐CH3 & NCH2‐CH2), 17.53 (SiOCH2‐CH3), 9.12 (Si‐
CH2‐CH2), 0.61 (Si(CH3)3) ppm.
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General procedure for immobilization on silica, route B
SBA‐15 was pretreated by heating to 180°C under vacuum (10‐2 mbar) and
rotating for 16 h in the immobilization setup. After cooling, the (3‐
isocyanatopropyl)‐triethoxysilane 4 (3.5 mmol/g silica) and dry toluene (30 ml)
were added and the mixture was rotated at 100°C for 16 h. Then HMDS (3.5
mmol/g silica) was added to cap the remaining silanol groups. The mixture was
rotated for 16 h at 100°C after which the silica was washed with toluene (2x 5
ml) and DCM (2x 5 ml) and dried under vacuum to obtain material 8.
Ligand 3 (3.5 mmol/g silica) was dissolved in DMF and added to linker‐
functionalized silica 8. The mixture was rotated for 16 h at 100°C after which
the silica was washed with DMF (2x 10 ml), toluene (2x 10 ml) and DCM (2x 5
ml) and dried under vacuum to obtain compound 9.
n‐Propylisocyanate on SBA‐15 (8) was synthesized according
to the procedure by McDonald.[32]
SBA‐15 (500 mg) was used to yield 582 mg of the product as a white powder
via route B. IR (DRIFT, difference plain SBA‐15): 2275 (CNO), 3740 (SiOH) cm‐1.
Elemental analysis found: C 9.74, H 1.89, N 0.70. Ligand loading: 0.40 mmol/g.
Ligand 3 on linker‐functionalized SBA‐15 (9) was synthesized according to the
procedure by McDonald.[32]
Imidazolium chloride 3 (138 mg, 0.4
mmol) was dissolved in DMF (10 ml)
and added to a suspension of the immobilized n‐propylisocyanate 8 (198
mg) in toluene (15 ml). The mixture was rotated at 100°C for 16 h after which
the silica was filtered, washed with PhMe and DCM and dried under vacuum.
The product (196 mg) was obtained as an off‐white powder. DRIFT (difference
spectrum compared to SBA‐15): νCO: 1550 & 1675 cm‐1, νSiOH: 3740 cm‐1
(negative). Elemental analysis found: C 8.98, H 1.63, N 1.51. Ligand loading:
0.41 mmol/g.
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Pd(MA)2 complex of compound 7, (10)
To a peach‐colored solution of
compound 7 (125 mg) in THF
(10 ml), KOtBu (24 mg, 0.22
mmol) was added upon which
the color changed immediately
to pink. The suspension was rotated for 1 h, Pd(tBuDAB)(MA) (58 mg, 0.15
mmol) was added and it was rotated for an additional hour. Maleic anhydride
was added and after 16 h of stirring, the orange/brown suspension was
filtered, washed with THF (3x 5 ml) and Et2O (3x 5 ml), and dried under
vacuum. The product (137 mg) was obtained as a pale light‐brown solid. DRIFT
(difference spectrum compared to 7): νma: 1570 cm‐1. ICP‐AES (Pd loading): 0.21
mmol/g. CP‐MAS 13C‐NMR: δ 172.19 (COMA), 159.44 (NC(O)O), 136.79 (p‐CAr),
131.57 (i‐CAr), 129.98 (o‐CAr), 125.39 (m‐CAr), 118.29 (im‐C4,5), 58.79 (SiO‐
CH2Me), 52.62 (C=CMA), 43.28 (N‐CH2), 35.91, 29.92, 23.61 (2‐CH3 & NCH2‐CH2),
17.29 (SiOCH2‐CH3), 8.98 (Si‐CH2‐CH2‐), 0.91 (Si(CH3)3) ppm.
Pd(MA)2 complex of compound 9, (11)
To an orange suspension of compound 8
(90 mg) in THF (10 ml), sodium hydride
(11 mg, 0.27 mmol) and a catalytic
amount of KOtBu was added. The
mixture turned orange and was rotated
for two days at room temperature. Pd(t‐BuDAB)(MA) (70 mg, 0.18 mmol) was
added and the resulting pale orange suspension was rotated for 1 h. Maleic
anhydride (18 mg, 0.18 mmol) was added and after 2 h of stirring the brownish
suspension was filtered, washed with THF (3 x 5 ml) and Et2O (3 x 5 ml), and
dried in vacuo. The product (107 mg) was obtained as a pale grey‐brownish
solid. DRIFT (difference spectrum compared to 9): νMA: 1570 cm‐1. ICP‐AES (Pd
loading): 0.36 mmol/g. CP‐MAS 13C‐NMR: δ 176.3 (COMA), 160.3 (NC(O)O),
147.0 (p‐CAr‐OTMS), 141.9 (p‐CAr‐OCON), 139.1, 136.7, 131.6, 129‐122, 120‐116
(CAr), 115.3 (im‐C4,5), 58.6 (SiO‐CH2Me), 53.3 (C=CMA), 45. 6 (N‐CH2), 22.4 (2‐CH3
& NCH2‐CH2), 17.0 (SiOCH2‐CH3), 7.7 (Si‐CH2‐CH2‐), ‐0.76 (Si(CH3)3) ppm.
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5.6.3. General Procedure Transfer Hydrogenation

To the silica setup with the appropiate amount of functionalized silica (1 mol%
Pd) 10 ml of a stock solution of 1‐phenyl‐1‐propyne (0.15 M) in MeCN was
added. Subsequently triethylamine (final concentration 0.75 M) and formic
acid (final concentration 0.75 M) were added. The mixture was rotated under
nitrogen at reflux and monitored by GC.
Recycling experiments
After the initial reaction, catalyst material was filtered off, washed with MeCN
(4x 5ml) and dried. The catalyst material was reused under the same
conditions without further purification, in a following run with fresh reactants.
The slightly yellow filtrate was rotated at reflux after formic acid and
triethylamine (5 eq) were added and monitored by GC as well. This procedure
was repeated for all following runs for the recycling experiments.
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Summary
Zerovalent palladium (N‐heterocyclic carbene) complexes
for transfer hydrogenation of alkynes
The role of catalytic transformations in industrial chemistry is large and still
expanding. Although heterogeneous catalysts play the major role, the use of
homogeneous catalysts is increasing, because of their high reactivity and
selectivity in many reactions. One of these reactions is the selective
semihydrogenation of alkynes to cis‐alkenes, often catalyzed by a
heterogeneous palladium catalyst that has been modified with lead and
quinoline (Scheme 1). This catalyst was developed by Lindlar in 1952 and it is
used in the synthesis of natural products, for the production of fragrance
chemicals and for removing impurities from olefin streams to avoid poisoning
of polymerization catalysts. The difficulty in this reaction lies in the
hydrogenation of a carbon‐carbon triple bond (alkyne) to the corresponding
double bond (alkene), while avoiding the subsequent hydrogenation reaction
to the undesired alkane.

Scheme 1. Industrial processes in which hydrogenation of alkynes is a key‐step

The reproducibility of Lindlar’s catalyst and other heterogeneous alkyne
hydrogenation catalysts is known to be troublesome, due to the poorly defined
catalyst structure and changes occur during the catalytic process. For this
reason it might be advantageous to use a well‐defined homogeneous catalyst
for this reaction. Palladium‐based catalysts are among the best for a variety of
fine chemical reactions, as has been emphasized by the 2010 Nobel Prize in
Chemistry to professors Heck, Negishi and Suzuki for palladium‐catalyzed
cross‐coupling reactions. Also in the hydrogenation of alkynes, homogeneous
palladium‐based catalysts rank among the best. However, there is still no
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catalyst known that is able to selectively hydrogenate alkynes with aromatic
substituents without subsequent over‐reduction after full conversion.
This thesis concerns the synthesis and catalytic application of homogeneous
palladium complexes containing an N‐heterocyclic carbene ligand in transfer
semihydrogenation of alkynes (Scheme 2). Chapter 1 explains the properties of
N‐heterocyclic carbenes as ligands for late transition metals, and their
application in homogeneous catalysis. The progress in semihydrogenation of
alkynes using heterogeneous and homogeneous catalysts is summarized.
Emphasis is placed on mechanistic understanding of the chemo‐ and
stereoselectivity of this reaction. In transfer hydrogenation a hydrogen donor
molecule is used instead of hydrogen gas. This reaction has been widely used
for reduction of polarized double bonds (aldehydes, ketones, imines), but very
few examples are known of hydrogen transfer to carbon‐carbon multiple
bonds.

Scheme 2. Palladium‐catalyzed transfer hydrogenation of alkynes with formic acid as
hydrogen donor

In Chapter 2 the transfer hydrogenation reaction of alkynes to cis‐alkenes is
developed, using [Pd(N‐heterocyclic carbene)(maleic anhydride)]‐complexes A
or B as catalyst and formic acid as hydrogen donor (Scheme 2). The use of
strongly coordinating solvents (e.g. acetonitrile) leads to highly stereoselective
formation of cis‐alkenes as the product, without subsequent over‐reduction to
alkanes. Traditionally, alkynes with aromatic substituents are problematic in
alkyne semihydrogenation, but investigation of the substrate scope shows that
for the present system aliphatic and aromatic alkynes are hydrogenated
equally easy. The functional group tolerance is high, allowing for the presence
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of other reducible functionalities such as nitro groups, ketones and esters.
Conjugated double bonds are somewhat more difficult, but no over‐reduction
was observed. Catalyst [Pd(IMes)(MA)(MeCN)] A generated in situ, was
modified in order to study the effect of steric tuning of the ligand and also
compared to the reaction with isolated [Pd(IMes)(MA)2] B. These variations
show that catalysts of type A are more active in transfer hydrogenation of
alkynes than catalysts of type B and that there is an optimum ligand size,
balancing selectivity on the one side, and activity on the other. Mechanistic
studies on transfer semihydrogenation of alkynes were performed using
various experimental techniques, as described in Chapter 3. The kinetics of the
reaction show first order in palladium and in the hydrogen donor,
triethylammonium formate. The order in substrate is positive at low
concentrations but negative at high concentrations, which is rationalized by a
strong competition of substrate, product and solvent for the palladium center.
This explains the high chemoselectivity observed. Deuterium labeling studies
on the hydrogen donor show that both the proton and the hydride equivalent
of formic acid are involved in the rate‐determining steps and these are
transferred separately. By monitoring the reaction by 1H‐NMR and 2H‐NMR (of
2
H‐labelled catalyst) the nature of the Pd‐species involved was further
elucidated. This allowed us to propose a catalytic cycle, depicted in Scheme 4.

Scheme 3. Catalytic cycle of the Pd(NHC)(MA)(MeCN)]‐catalyzed transfer
hydrogenation of alkynes with triethylammonium formate as hydrogen donor.
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This catalytic cycle consists of three important steps: (1) hydrogen transfer
from a coordinated formate anion to zero‐valent palladium(NHC)(MA)(alkyne)‐
complex, followed by (2) migratory insertion of hydride, after which (3) the
product alkene is liberated by proton transfer from the triethylammonium
cation. The selectivity is governed by the stability of the complex after step (3).
Also, several catalytically relevant intermediates have been isolated.
During the studies concerning the scope of the reaction, in Chapter 2, it was
found that the activity and selectivity of the reaction are correlated to the
electron density on the palladium and on the substrate. Several novel Pd(0)‐
complexes were made employing expanded‐ring N‐heterocyclic carbenes
(erNHC) in Chapter 4, to investigate this in detail (Figure 1). These carbene
ligands have more pronounced steric requirements and increased electron
donor capacity, which was believed to lead to higher activities for electron rich
alkynes as substrates. The obtained complexes 1‐3 (Figure 1) show a dramatic
effect of the steric bulk of the ligand, allowing the isolation of air‐stable 14‐
electron palladium complexes 3. As expected, their activity in transfer
hydrogenation of alkynes is much higher and the intrinsic selectivity is still
good to excellent. However, the increased steric bulk of these ligands leads to
partial isomerization of the double bond from the product Z‐propenylbenzene
I to allylbenzene III. Incorporation of smaller N‐substituents on the erNHC, or
of more electron rich alkenes on palladium, are other possibilities to tune the
catalytic properties of the complex.

Figure 1. Novel [Pd(erNHC)(MA)1‐2]‐complexes, used as catalysts in transfer
hydrogenation of alkynes
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In Chapter 5, an attempt is made to increase the applicability of transfer
semihydrogenation of alkynes by immobilizing the catalyst onto a mesoporous
silica support (Figure 2). In this way the catalytically active complex might be
recovered and recycled, a near‐essential property for noble metal catalysts. To
this end, the ligand is modified with a linker moiety so it can be covalently
attached to the support, after which the metal is coordinated. The nature of
the immobilized complex was analyzed using solid state NMR‐ and diffuse
reflectance IR‐spectrometry, N2‐physisorption and elemental analysis.
Immobilized [Pd(NHC)(MA)2]‐containing materials were obtained with a Pd‐
loading up to 0.36 mmol/g.

Figure 2. [Pd(NHC)(MA)2]‐complex immobilized in the pores of an ordered mesoporous
silica material

The supported catalysts obtained has been used for transfer hydrogenation of
1‐phenyl‐1‐propyne, where it shows similarly high selectivity as the
homogeneous counterpart, while the activity is –although somewhat
decreased– still quite high. Recycling studies show that the catalyst can be
recycled, but significant leaching is observed. Catalysis is shown to take place
in the pores of the support. The supported catalyst is significantly more stable
than the homogeneous catalyst, but apparently the strength of the M‐L bond
should be increased further in order to obtain more stable catalysts with
potential applicability.
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Nulwaardige palladium (N‐heterocyclisch carbeen)‐
complexen voor overdrachtshydrogenering van alkynen
Het belang van gekatalyseerde reacties in de chemische industrie is groot en
groeit nog steeds. Hoewel heterogene katalysatoren de hoofdrol spelen neemt
het gebruik van homogene katalysatoren toe, vanwege hun hoge reactiviteit
en selectiviteit in veel reacties. Een van deze reacties is de selectieve semi‐
hydrogenering van alkynen tot cis‐alkenen (Schema 1), waarvoor meestal een
heterogene palladiumkatalysator wordt gebruikt die is vergiftigd met lood en
chinoline. Deze katalysator is ontwikkeld door Lindlar in 1952 en wordt onder
andere gebruikt bij de synthese van natuurlijke producten, de productie van
geurstoffen en voor het verwijderen van onzuiverheden uit de uitgangsstoffen
voor polymere kunststoffen, om vergiftiging van de polymerisatiekatalysatoren
te voorkomen. De moeilijkheid van deze reactie ligt in de hydrogenering van
een drievoudige koolstof‐koolstof binding (alkyn) naar de overeenkomstige
dubbele binding (alkeen), terwijl de over‐hydrogenering naar de enkele binding
(alkaan) voorkomen moet worden.

Schema 1. Industriële processen waarin alkyn hydrogenering een belangrijke rol speelt

De reproduceerbaarheid van Lindlar's katalysator en andere heterogene
katalysatoren voor hydrogenering van alkynen geeft vaak problemen als gevolg
van de slecht gedefinieerde structuur en omdat de katalysator verandert
tijdens het katalytische proces. Om deze reden zou het beter zijn om een goed
gedefinieerde homogene katalysator te gebruiken voor deze reactie. Op
palladium gebaseerde katalysatoren behoren tot de beste voor diverse
chemische reacties, wat wordt benadrukt door de toekenning van de
Nobelprijs voor de Scheikunde in 2010 aan professoren Heck, Negishi en Suzuki
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voor Palladium‐gekatalyseerde koppelings‐reacties. Ook in de hydrogenering
van alkynen behoren homogene, op palladium gebaseerde katalysatoren tot
de beste. Er is echter nog steeds geen katalysator bekend die in staat is om
selectief alkynen met aromatische substituenten te hydrogeneren tot de
overeenkomstige alkanen zonder de daarop volgende overreductie na
volledige conversie.
Dit proefschrift behandelt de synthese en katalytische toepassing van
homogene [Pd(N‐heterocyclisch carbeen)(alkeen)]‐complexen in overdrachts‐
hydrogenering van alkynen (Schema 2). In Hoofdstuk 1 worden de
eigenschappen van N‐heterocyclische carbenen als liganden voor late
overgangsmetalen beschreven, evenals de toepassing ervan in homogene
katalyse. De semihydrogenering van alkynen door heterogene en homogene
katalysatoren is samengevat, waarbij de nadruk is gelegd op inzicht in het
mechanisme en de factoren die de chemo‐ en stereoselectiviteit van deze
reactie beïnvloeden. Bij overdrachtshydrogenering wordt een zogenaamde
waterstofdonor gebruikt, in plaats van waterstofgas. Deze reactie wordt op
grote schaal gebruikt voor de hydrogenering van gepolariseerde dubbele
bindingen (aldehyden, ketonen, imines), maar er zijn maar enkele voorbeelden
bekend van overdracht van waterstof naar meervoudige koolstof‐koolstof
bindingen.

Schema 2. Palladium‐gekatalseerde overdrachtshydrogenering van alkynen met
mierenzuur als donor
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In Hoofdstuk 2 wordt de overdrachtshydrogenering van alkynen naar cis‐
alkenen ontwikkeld, met behulp van [Pd(N‐heterocyclisch carbeen)
(maleïnezuur anhydride)]‐complexen als katalysator en mierenzuur als
waterstof donor (Schema 2). Het gebruik van sterk coördinerende
oplosmiddelen zoals acetonitril leidt tot zeer stereoselectieve vorming van cis‐
alkenen als het product, zonder dat naderhand over‐reductie naar alkanen
optreedt. Alkynen met aromatische substituenten geven vaak problemen in
alkyn semihydrogenering, maar in het hier ontwikkelde systeem worden
alifatische en aromatische alkynen even gemakkelijk gehydrogeneerd. De
tolerantie voor functionele groepen is hoog, waardoor de aanwezigheid van
andere reduceerbare functionaliteiten zoals nitro‐groepen, ketonen en esters
de reactie niet stoort. Geconjugeerde dubbele bindingen geven wat
problemen, maar er wordt geen over‐hydrogenering waargenomen. De
structuur van de in situ gemaakte katalysator [Pd(IMes)(MA)(MeCN)] (A) werd
ook gevarieerd om het effect van ruimtelijke invloeden van het ligand te zien
en vergeleken met de geïsoleerde [Pd(IMes)(MA)2]‐complexen (B). Deze
variaties laten zien dat katalysatoren van type A actiever zijn dan katalysatoren
van type B en dat er een optimaal formaat ligand is. Hierbij moet een balans
worden gevonden tussen selectiviteit aan de ene en de activiteit aan de
andere kant.
Studies naar het mechanisme van de overdrachtshydrogenering van alkynen
werden uitgevoerd met behulp van verschillende experimentele technieken,
beschreven in Hoofdstuk 3. De kinetiek van de reactie toont een eerste orde
van de reactie in palladium en in de waterstofdonor triethylammonium
formiaat. De orde in substraat is positief bij lage concentraties alkyn maar
negatief bij hoge concentraties, wat verklaard wordt door een sterke
concurrentie van het substraat, product en oplosmiddel voor het palladium.
Dit is ook de verklaring voor de hoge waargenomen chemoselectiviteit. Met
behulp van deuterium‐labeling van de waterstofdonor is aangetoond dat zowel
het proton als het hydride‐equivalent van mierenzuur betrokken zijn bij de
snelheids‐bepalende stappen en dat deze in afzonderlijke stappen worden
overgedragen. Door het volgen van de reactie met 1H‐NMR en 2H‐NMR (van
2
H‐gelabelde katalysator) is de structuur van de betrokken katalytische
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intermediairen verder opgehelderd. Hierdoor was het mogelijk een
katalytische cyclus op te stellen, die is weergegeven in Schema 3.
Deze katalytische cyclus bestaat uit drie belangrijke stappen: (1) overdragen
van waterstof van een gecoördineerd formiaat anion naar een nulwaardig
[palladium(NHC)(alkyn)]‐complex, gevolgd door (2) migratie van het hydride
naar het gecoördineerde alkyn, waarna (3) het product alkeen vrijkomt door
protonoverdracht vanaf het triethylammonium kation. De selectiviteit wordt
bepaald door de stabiliteit van het complex na stap (3). Ook zijn verschillende
katalytisch relevante intermediairen is geïsoleerd.

Schema 3. Katalytische cyclus van de [Pd(NHC)(MA)(MeCN)]‐gekatalyseerde
overdrachtshydrogenering van alkynen met triethylammonium formiaat als waterstof
donor

Tijdens de substraatstudies in Hoofdstuk 2 bleken de activiteit en selectiviteit
van de reactie gecorreleerd te zijn met de elektronendichtheid op palladium
en op het substraat. Om de details hiervan te onderzoeken zijn een aantal
nieuwe Pd(0)‐complexen gemaakt met zogenaamde ‘expanded‐ring’ N‐
heterocyclische carbenen (erNHC), in Hoofdstuk 4 (structuren 1‐3 in Figuur 1).
Deze carbeen liganden hebben een grotere sterische bulk en een hogere
elektron‐donerende capaciteit, waardoor werd verwacht dat hun Pd‐
complexen hogere activiteiten zouden vertonen bij transfer hydrogenering van
electron‐rijke alkynen. De verkregen complexen tonen een sterk effect van de
toegenomen sterische bulk, die de isolatie van luchtstabiele 14‐elektron
164

Samenvatting

palladium complexen zoals 3 mogelijk maakte. Hun activiteit in de
overdrachtshydrogenering van alkynen is, zoals verwacht, veel hoger dan
complexen van type A en de intrinsieke selectiviteit is goed tot uitstekend.
Echter, de toegenomen sterische bulk van deze liganden leidt tot gedeeltelijke
isomerisatie van de dubbele binding van het product Z‐1‐fenylpropeen I naar
3‐fenylpropeen III.

Figuur 1. Nieuwe [Pd(erNHC)(MA)1‐2] complexen, en het gebruik ervan in de
gekatalyseerde overdrachtshydrogenering van alkynen

In Hoofdstuk 5 wordt een poging gedaan om de toepasbaarheid van de
overdrachts semihydrogenering van alkynen te vergroten door het
immobiliseren van de katalysator op een mesoporeus silica dragermateriaal
(Figuur 2). Op deze manier kan de katalysator worden hergebruikt, wat een
belangrijke eigenschap is voor toepassing van edelmetaalkatalysatoren.
Hiervoor is het ligand voorzien van een verbindingsgroep, waardoor het
covalent aan het dragermateriaal kan worden bevestigd, waarna het metaal
geïntroduceerd kon worden. Het geïmmobiliseerde complex is geanalyseerd
met behulp van vaste stof NMR‐ en diffuse reflectie IR‐spectrometrie, N2‐
fysisorptie en elementanalyse. Een geïmmobiliseerd [Pd(NHC)(MA)2]‐
bevattend materiaal is gemaakt met een Pd‐belading tot 0.36 mmol/g.

Figuur 2. [Pd(NHC)(MA)2]‐complex geïmmobiliseerd in de poriën van een geordend
mesoporous silica‐dragermateriaal
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De verkregen katalysatoren‐op‐drager zijn gebruikt in de overdrachts‐
hydrogenering van 1‐fenyl‐1‐propyn en vertoont activiteit en selectiviteit die
vergelijkbaar zijn met die van de homogene katalysator. De activiteit is iets
lager, maar nog steeds vrij hoog. Herbruikbaarheidsstudies laten zien dat de
katalysator teruggewonnen kan worden en hergebruikt, maar dat de
hoeveelheid palladium in de drager langzaam afneemt (zgn ‘leaching’). Het is
aannemelijk gemaakt dat de katalyse plaatsvindt in de poriën van het
dragermateriaal. De geïmmobiliseerde katalysator is beduidend stabieler dan
zijn homogene evenknie, maar de sterkte van de metaal‐ligand binding moet
blijkbaar nog verder worden verhoogd om katalysatoren te ontwikkelen die
minder leaching vertonen, zodat deze op grote schaal toegepast kunnen
worden.
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Dankwoord
En dan is het einde in zicht! Van het jaar, van dit proefschrift, van mijn
promotie. De tijd is aangebroken om iedereen te bedanken die me de
afgelopen vier‐en‐een‐beetje jaar heeft geholpen, bijgestaan, laten lachen,
doen nadenken, gesteund, afgeleid, of er anderszins heeft bijgedragen aan de
totstandkoming van dit prachtige boekje. Alleen had ik deze promotie niet tot
zo’n goed einde weten te brengen, of ik had er in ieder geval een stuk minder
plezier aan beleefd.
Als eerste wil ik natuurlijk mijn promotor Kees Elsevier bedanken, die mij als
syntheticus heel snel heeft overtuigd van het belang van en de fundamentele
uitdagingen in organometaalchemie. Ik heb ontzettend veel geleerd in de
afgelopen jaren, zowel in de breedte als in de diepte, en daarbij komt jou een
aanzienlijk deel van de eer toe. Jouw uitstraling van rust, vertrouwen en
meedenken in hectische tijden zijn voor een overenthousiast persoon als ik
heel geruststellend geweest, en dat was best nodig. Hoe onhandig je
regelmatige afwezigheid soms ook was, het gaf ons wel de ruimte om zelf
initiatieven te nemen en dat heb ik zeer gewaardeerd. Verder is het als aio leuk
om te zien hoe je baas een Baas wordt tijdens conferenties, jouw focus is
bewonderenswaardig. Daarnaast vond ik het erg gezellig om met je te praten
over alles wat zich rondom en ook buiten de wetenschap afspeelt.
Gadi, omdat jouw groep in de eerste twee jaar van mijn promotie nog een
deel van onze groep was heb ik vooral toen veel van je opgestoken. Hoe je met
goed uitgedachte experimenten de belangrijke vragen kan beantwoorden, dat
heterogene katalyse eigenlijk ook wel erg handig is, de relevantie van de
chemische industrie voor academische vraagstukken en hoe wetenschappelijke
excellentie beloond moet worden, overal viel wel iets over op te steken. De
diversiteit in onderzoek heb ik erg leuk en leerzaam gevonden.
Although there are important people more close by, I would first like to
address several from the Westfälische Wilhelms Universität Münster, as I was
part of the IRTG 1444. I am happy our group was in a collaboration with these
diverse and friendly groups. Although at first I was surprised at how exotic
some of the subjects are, in the end I have definitely learned much more than
without this research school and it’s a pity that it cannot be continued.
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Thanks to prof. Eckehardt Hahn, for investing some of his busy travel schedule
in this research school and for being a member of my promotion committee.
Jan Weigand, thanks for the quick and thorough X‐ray crystallography
measurements. I know most samples were small and difficult, but you were
able to solve some very nice structures. I always thought I was doing too many
things at a time, until I met you… I am amazed how you manage to do so much
of such good quality and remain such a friendly person. I have also enjoyed the
nice symposia, the hospitality when Stefan and me came to Jan with crystals
and of course the brilliant Winter Schools! So, Caro, Susi, Jo & Reagan,
Mareike, Matthias, Kristof, Birgit, Florian, Prof. Uhl, Robert, Steffi, Martina,
Sarina, Babak, Henrik, Andrej, Christian, Prof. Würthwein, Jule, Thorsten,
Johannes, Holger, Mark, Dominik, Nicole, Kristof and Nina thanks to all of you
for organizing these, discussing nice chemistry, having beer & pretzels together
and teaching me how to ski. I feel I have made good friends in Germany and
look forward to seeing you again. And daarbij natuurlijk ook dank aan de
bijdragen van de Vrije Universiteit Amsterdam en de Universiteit Leiden: Prof.
Koop Lammertsma, prof. Romano Orru, Chris Slootweg, Eelco Ruijter,
Volodymyr, Helen, Wannes, Niels E, Niels T, Prof. Jan Reedijk, Prof. Lies
Bouwman, Joris en Jimmy.
Then prof. Kingsley Cavell from Cardiff University, who will never turn down
a nice collaboration, a few beers during discussion or PhD students with a box
of wine who need glasses and company. I want to thank you for allowing me to
learn hands‐on about expanded‐ring carbenes and I am glad you want to be a
member of my promotion committee. Also the people in the Cardiff‐lab who
taught me a lot about ‘really dry chemistry’ and most of all made my stay in
Cardiff a really pleasant one: Jay (thanks for sharing a fumehood), Wei (thanks
for helping me work moisture‐free), Kate (loved the trip to Taiwan), Becky,
Woody, Steve, Sean, Wixey and Tim, plus Susan, Kevin & Gerry, thank you!
Terug naar Amsterdam, om Joost te bedanken. We hebben na mijn scriptie
weinig over wetenschap gepraat, maar wel heel veel over vlammen,
ontploffingen (grote ballon in het Tropenmuseum!), schuimfonteinen (flotsj in
de Aula!) en andere chemische demonstraties. Dank daarvoor, en dat je in mijn
commissie wilt plaatsnemen. Tot ziens bij de volgende vuurwerk‐lezing!
Bas, jouw kritisch oog was van grote waarde bij de discussies over het
mechanisme. Ook al waren de berekeningen uiteindelijk niet haalbaar, je zette
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me wel aan om alles goed op een rijtje te zetten. Ik ben blij dat jij ook in mijn
commissie zit.
Henk, jij hebt (samen met Jan) mijn eerste stappen in de wetenschap
begeleid met leuke synthetisch organische projecten, wat een goede basis is
voor elke experimenteel chemicus. Dank voor je synthetische blik op hoofdstuk
2, en ik zie er naar uit je straks in mijn promotiecommissie te zien.
Prof. Hans de Vries, ook al hebben we elkaar weinig gesproken, het boek
van u en Kees over homogene hydrogenering heb ik vaak ter hand genomen.
Dank dat u uit het verre zuiden (of noorden) komt voor mijn promotie.
Voor ik de ‘dagelijkse’ mensen bedank wil ik toch nog even stilstaan bij alle
docenten die mij hebben gemotiveerd en enthousiast gemaakt voor leren en
studeren in het algemeen en experimentele chemie & wetenschap in het
bijzonder: Wim & Mellie Blom, Ludolf Maat, Peter Uylings, Eric Kohlen en Chris
Winkel, Joost, Gadi, Jan vM: dank voor de motivatie om het onderste uit de
kan te halen, het uitdragen van de fascinatie voor natuurwetenschappen, en
het mij leren om overal de leuke kant van te zien (of die ervan te maken)!
Ik heb al gezegd dat ik dit werk niet had kunnen doen zonder de hulp van
bepaalde mensen, en dit geldt nog wel het meest voor mijn studenten. Ik ben
blij dat jullie mijn enthousiasme bleven geloven bij een project dat er op papier
makkelijker uitzag dan het in het lab was. Het heeft vrijwel altijd wat goeds
opgeleverd, zo niet direct dan wel in een later stadium. Giovanni, thanks for
helping me set up the transfer hydrogenation project, it has gone way beyond
anything we thought it might be, and your aid in exploring the basics was very
important. Also thanks for the time in Parma during your graduation, Mariet
and me had a wonderful time and I still savor the brilliant wines and
parmiggiano we had there (as well as the talks in Amsterdam and at the NCCC).
Dan Jaap, de eerste HLO’er uit Utrecht die in onze groep kwam en gelijk de
maatstaf zette waar andere studenten aan moesten voldoen. Dank voor je
inzet en de NHC‐complex‐variaties in hoofdstuk 2, goed dat je nu je master
hier gaat doen! Ook dank aan Evert voor het doorzetten van dit lastige project.
Hajar, ook uit Utrecht maar toch uit de buurt. De palladium‐alkyn complexen
waren toch wat te lastig, maar ook negatief resultaat is goed resultaat, het
heeft zeker bijgedragen aan mijn inzicht in het mechanisme. Ook bedankt voor
de hangmat‐tip op ons balkon ☺. Dide, jouw vasthoudendheid voor de
synthese van de solvent‐complexen was bewonderenswaardig, zodanig dat jij
in plaats van mij Freek (leuk dat je met PHIP‐NMR in het mechanisme kwam
kijken) kon leren om ze te synthetiseren. De electronische variatie is verder
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uitgewerkt in hoofdstuk 4. Dan Carolien, mijn 2e BSc‐student, die wilde helpen
met het maken van meer substraten. Het is toch geen paper geworden, maar
zoals je ziet zijn ze goed terecht gekomen in hoofdstuk 2. Ik ben nog bijna
wekelijks blij dat je ‘even’ wilde invallen voor onze trombonisten! En dan mijn
twee master‐studenten: Romy en Soraya, wat een inzet! Romy, de alkyn‐
complexen blijven lastig, maar de palladacycles waren erg belangrijk voor onze
mooie JACS‐paper. Ik h noop dat je het nog/weer naar je zin hebt in Breda, en
dat je je niet gek laat maken in drukte. En absoluut ‘last but not least’, Soraya,
koningin van de immobilisatie. Ik dacht dat je een mooie start kon maken met
een nieuw project, maar je hebt het zelfs vrijwel afgerond, met ontzettend
veel doorzettingsvermogen, zelfstandigheid en grondig lab‐ & literatuurwerk.
Je hebt vast het een en ander herkend in hoofdstuk 5, en die paper komt er
binnenkort zeker. Ik ben benieuwd wat je straks gaat doen, maar je komt
sowieso goed terecht! Jullie waren allemaal ontzettend gezellig en ik heb het
heel leuk gevonden om met jullie te werken en jullie te zien groeien in het lab
en daarbuiten.
Naast alle inhoudelijke steun heb ik ook heel veel gehad aan mijn gezellige
. En hoe kan ik anders beginnen dan met Stefan,
collega’s van ‘de 7e‘,
ik kan me haast niet voorstellen hoe een lab zonder jou is, behalve stil. Ik vond
de master stage samen al goed (en natuurlijk het Roetertoeter‐bestuur), maar
ik ben erg blij dat ik je heb overgehaald om met Kees te gaan praten over een
promotieplek. Labs ingericht, congresbezoek in Rennes (boulderen op Mont St.
Michel), Glasgow, natuurlijk Taiwan (semi‐local guide!), NCCC, cursussen, de
whisky‐deal, teveel om op te noemen. Het contrast in geordendheid kon niet
veel groter zijn, maar ik vond het erg fijn een chemische sparringpartner te
hebben met een grote mond en een goede, brede muzieksmaak. Ook de
projecten, plannen en studenten bespreken en chillen op het balkon, ik ga het
zeker missen. Veel plezier in Bloemfontein, maar ik kom eerst nog bij je
paranimfen. Carbeneboys rule! En in diezelfde categorie maar dan met lange
staarten: Lucqueje, zelfs nog mijn (en Mariet’s) eerste meeloopdag‐begeleider
bij de UvA in 1998, en toen al konden we samen Palm drinken in de bar.
Door jou ben ik de betere herrie toch wel gaan waarderen en je hebt indirect
bijgedragen aan de omslag van dit boekwerk. Jammer dat je promotie
uiteindelijk niet is afgerond, het was fijn kletsen en ik vond het heel fijn jou als
collega te hebben. En natuurlijk Vlien, degene die de gezellige, uitgebreide
lunches heeft (her)ingevoerd! Ik ben heel blij dat jij onze groep kwam
versterken, diverser en nóg leuker maken. Het uitje naar Rotterdam was
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geslaagd en ik heb erg genoten van onze rondreis door Taiwan na de ICOMC
(you want Shihti Harbor?). Ik denk niet dat ik ooit al je films & series kan kijken,
maar de tips zijn goed. Ik heb er vertrouwen in dat je hydrogenolyse
goedkomt, en ik zie er naar uit jou over twee jaar als dr. Vlien aan te spreken!
Ruben, eerst succes‐student van Stefan met de flauwste grappen van het
westelijk halfrond, en nu ook nog collega, én skaliefhebber (heb Longshot nog
steeds niet…). Goed dat iemand het palladium‐carbeen‐stokje heeft
overgenomen, en nu nog immobiliseren ook! Ik heb erg genoten van het
samen in Taiwan Vlien zo erg belagen met slechte grappen dat ze zelf mee ging
doen. En natuurlijk Dorette, de self‐proclaimed octopus van het lab: dank je
wel voor het regelen van alle zaken rondom chemicaliën, veiligheid, verhuizing,
koffiehoek, bestellingen, oude syntheses en het inwerken van onze HLO‐
studenten. En natuurlijk voor de gezelligheid en het helpen met de koekjes bij
de koffie, met jou erbij is het nooit stil. Jan Meine, natuurlijk dank voor alle
hulp bij en uitleg over de NMR, maar ook ik was ook blij met jou als bron van
nuchterheid en als zetter van lekker straffe koffie! Het is een erg fijne
zekerheid om als ochtendmens in een kleine groep met veel treinperikelen een
partner‐in‐koffie te hebben om 9 uur. Thanks to Alexandre (also for the
corrections on Amour de l’Ail) en Fred H (the best Towelie ever). Voor zo’n vrij
kleine groep hebben we toch wel veel studenten over de vloer gehad, dus
naast mijn eigen studenten ook Bart (mis de comics en skapunk!), Oli, Fabian,
Ching‐Feng, Shane, Gabriele, Emilie, Tibert, Peter S, Harm, Carien (wanneer
gaan we nou naar de Palookas?), Sandra, Lianne, Susanne, Claes en Linda, dank
voor jullie aanwezigheid en het verder verlevendigen van de groep!
Collega’s heb je in alle soorten en maten, en met een bovenbuurman als
HomKat heb je er gelijk heel veel. Sorry in case I forget someone, that’s the
drawback of working in such a huge group. Erik en Jitte, de demonstratie‐
lezingen zijn geweldig geworden dankzij jullie hulp, en de opnames van Het Lab
waren erg leuk! Is er nog video‐materiaal van het He vs SF6‐experiment?
Thanks to Annelie, Alma, Annemarie, Axel, Bart (vrijdag klimmen?), Bert S, Bert
Sw, Dennis, Erika, Erik Z, Fabrizio M (world’s best laughter), Fabrizio R, Fatna,
Franti (world’s biggest curiosity), Fred P, Guillome, Ivo, Iris, Jana, Jarl, Jeroen,
Johanneke (bijna klaar!), Jurjen, Lars,Lidy, Marcus, Mark, Matt, Nicole, Pavel,
Pierre, Piluka, Quinten, Remko, René, Ron, Sander (onze inval‐UD, dank voor de
hulp met de immobilisering en alle tips over Pd0‐complexen), Sara (x2), Taasje
(toch een beetje 7e, ook dank voor de hulp met de IR), Tehila, Tendai, Vladi,
Wojciech, Zohar and numerous others, you’ve made the place a very ‘gezellige
situatie’. En zolang we op de 9e zijn, dank aan Ron & Johan voor het in goede
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banen leiden van de practica en alle chemicaliën en labs die ik mocht lenen
voor de demonstratie experimenten.
Met een onderbuurman als heterogene katalyse, waar we eerst nog koffie
en groupmeetings mee deelden, heb je nog een aantal erg leuke collega’s.
Marjo, dank voor alle hulp met de GC, de BET‐metingen in hoofdstuk 5 en de
geweldige verhalen over feesten van toen scheikunde nog een faculteit was, je
bent een van de beste vertellers die ik ken. Paul, dank voor je elektronische
kunde, jij en Marjo waren een gezellige constante factor aan de koffietafel ’s
ochtends! Jurriaan, ook jij dank voor je hulp bij de GC en voor de leuke
gesprekken over muziek, onderzoek en ‘dingen die eigenlijk best raar zijn als je
er over nadenkt’. Laura, Anil and Ana (skiing day‐out was good!) were also
seen at coffee and ensured lively conversation, which I really appreciated.
When the groups split up a wave of new PhDs and post‐docs came in, of which
most notably Zea (chocolate’s goood!) and Santi (goeiemorgen!), two very nice
people; good luck getting everything working properly in the new building!
Also thanks to Albert, Erik‐Jan, Hessel, Roberto, Shiju, Stefania, Subbiah,
Manuel and Zbig.
Een verre buur kan soms ook een goede vriend zijn, zoals bij Organisch. Jan,
ik ken niemand die enthousiaster kan vertellen over elk chemisch onderwerp,
en het zweefvliegen was geweldig. Veel dank aan Martin W & Hans B voor de
goede leerschool, Chanan, Ginger, Linde, Jan D, Merel, Sape (nog een keertje
klimmen?), Steen Ingemann, Jasper S, Steven, Roel, Jochem en Arjen.
Ook al kan je nog zulke mooie complexen maken, er zijn altijd metingen die
je niet zelf kan doen, en ik ben blij dat ik zoveel kundige mensen heb leren
kennen die me daarbij hebben geholpen. Jan G, dank voor de hulp met de
NMR en de vele leuke praatjes, het was altijd erg gezellig in de D‐kelder. Han
Peeters, werkelijk de vriendelijkste persoon die ik ooit heb ontmoet, wat jij
met je MS kan is wonderbaarlijk, dank voor de snelle en vaak lastige metingen.
Anna Pavlova and Evert‐Jan Meijer, thanks a lot for the calculations on the
solvent‐complex and for trying to understand my synthetic lingo. Van de
Universiteit Leiden: dank aan Jos van Brussel voor CHN elementanalyse & ICP‐
AES metingen en aan Fons Lefeber en Kees Erkelens voor solid state NMR van
de geïmmobiliseerde complexen. Ook dank aan Henk Kleijn (Universiteit
Utrecht) voor de DRIFT‐metingen. Maikel Verouden, bedankt voor de hulp met
de statistiek van de kinetische isotoopeffecten in Hoofdstuk 3. Niet te
vergeten, dank aan Petra, Maureen en Renate, jullie zorgen dat het HIMS blijft
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draaien ondanks de chaotische natuur van de UvA. En van het HRSMC‐buro:
Hilde en Ineke, bedankt. Daarnaast mag ook Astrid hier niet ontbreken, zonder
jouw steun waren de demonstratie‐lezingen nooit zover gekomen.
En na alle medewerkers ben ik eindelijk aangekomen bij iedereen die mij
juist heeft weten af te leiden van het onderzoek, zonder ontspanning geen
inspanning. Ik begin bij mijn studiegenoten, the diner club (ook al kon ik vaker
niet dan wel): Wing Kiu, Johanneke, Rachel, Sanne, Alex en Nienke. Blij te
weten dat jullie vaak in hetzelfde schuitje waren gaan zitten, ik ben benieuwd
waar we allemaal terecht gaan komen.
Ik kan natuurlijk niet de RTT~ vergeten te noemen (en het ACD),
eerst elke vrijdag en na de komst van Hanna wat minder vaak of lang, maar
wat was het fijn om na een week lab‐ of schrijfwerk een lekker biertje te
kunnen drinken onder het genot van het betere geblaat in toch‐een‐beetje‐je‐
eigen‐bar. Eeuwig zonde dat hij weg is. En als we toch onroerend goed
bedanken: dank aan het balkon op de 7e, voor de regelmatige ontspanning en
het geweldige uitzicht op Amsterdam, het was heerlijk uitwaaien. Veel van de
of als aio elders, en ik ga
leuke studenten zijn al langsgekomen bij
geen lijst maken van álle gezellige (ex‐)scheikunde‐studenten, maar ik wil
Anouk, Arthur, Esther V, Freek, Guido, Jeroen, Kasper, Larx, Paddy, Sander, Sara
en Susanne (Bunny!) toch nog even noemen, het was goed kletsen en bieren.
Dan het tegenovergestelde van wetenschap en studeren: al mijn vrienden
uit Heiloo, dank voor het mij regelmatig terugbrengen in de échte wereld, van
muziek, bier, basketbal, kraken, nunchaku, schaken en andere belangrijke
dingen. Maarten B, Ryan & Mariska, Maarten vT, Geertje, Nicky, Jouke, Sjoerd,
Margot, Julian, Matthijs, Wouter, Vincent, Onno, Bas, Tim, Yoram, Milo, Daan
en vele anderen, ik ben blij dat ik met jullie kan praten en chillen. Met
sommigen al héél lang en ik hoop met allemaal nog veel langer. En natuurlijk
Joris, al lang een erg goede vriend en medestander in vrijwel alle bovenstaande
belangrijke dingen, ik ben blij dat je mijn paranimf wilt zijn.
Over belangrijke dingen en muziek gesproken, natuurlijk The Soundabout!
Tonnie, Rutger, Sybren, Jouri, Carolien (2e keer!), en zeker ook Joris, Bart en
Peter D, wat ben ik blij dat ik zo’n vette band heb die ook nog eens zo briljant
chaotisch en gezellig is. Zelfs na een té lange dag op het lab kreeg ik weer
zoveel energie van met jullie muziek maken. En Dopey, had jij ooit gedacht dat
ons project “skaband uit scheiko’s” ooit zó goed zou klinken?
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Een aantal mensen die ook voor de broodnodige afleiding hebben gezorgd:
Alex W (muzikant en klimmer), André & Laura (altijd het beste feest van het
jaar), Jasper (mede‐paranimf en bargod), Mirthe (high five!), Morgane (thanks
for playing the guide in Rennes), Margreet vW (voor begrip en ontspanning),
Nix (bbal!) en Sanne H.
Naast collega’s en vrienden is familie ook een belangrijke steun geweest.
Loek, ik ben blij met een broer als jou en ben zowel jaloers als tevreden dat jij
het lef en talent hebt om meer voor de muziek te kiezen. Alles wat voor
‘Heiloo’ gold, geldt dubbel voor jou, heel fijn om soms uit de studentenwereld
te stappen. Naomi, jij hebt naast mijn broertje ook een fascinatie voor natuur
en wetenschap en beiden zijn goed om te zien. Mam, Nico (en ook Wim, en
Marie‐José & Casper), dank voor de steun, interesse en het meeleven met alle
ups en downs in mijn onderzoek. Het is goed te zien dat jullie allebei weer
lekker op je plek en in je vel zitten. En verder qua bloed maar dichter bij huis:
Ria & Martin, Wieneke & Bart, Annieke & Luuk, ook jullie steun, interesse en
afleiding heb ik erg gewaardeerd, en dank voor het vele oppassen op Hanna,
dat was zeker de laatste maanden erg prettig. Alle Hauwerts, Kossen,
Kapteinen en Rodenburgen, het is fijn om af en toe simpel uit te moeten
leggen wat ik nou doe aan de universiteit.
En dan mijn geweldige thuisfront: Mariet & Hanna, mijn twee mooie
vrouwen die alle successen versterken en die mij alle tegenslagen doen
relativeren. Mariet, ik prijs me gelukkig dat ik zo’n lieve vrouw in mijn leven
heb, die mij rust geeft als weer eens een vol hoofd heb, die mij opvrolijkt na
weer een lange dag ‘carrouselen’ en mijn leven zoveel rijker maakt. Ik ben je
dankbaar voor de geweldige steun en hulp, in het bijzonder tijdens de laatste
maanden van het afronden van mijn proefschrift, zonder jou zou ik dit nu nog
niet kunnen schrijven. En Hanna, zelfs (of juist!) na een lange dag labwerk is er
weinig leukers dan om van de trein opgehaald te worden met een breed
grijnzend “paaaapa, kom nou eeeeten!”.
Uitgeest, 30 december 2010
Peter Hauwert
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