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Chapter 1

1.1 Organometallic Chemistry and Homogeneous Catalysis

Contemporary society finds itself at a point where the fossil fuel reserves, supplying our 
fuels, chemicals and energy, are threatened to be depleted. In reaction to this, a general 
trend is emerging where renewable resources are being investigated to (partially) replace 
as well as alleviate the dependence on crude oil.[1] One way to achieve this is to start using 
renewable resources, such as biomass feedstock. Catalysis plays a key role in the conversion 
of biomass, enabling or catalyzing reactions to form desired products. Both heterogene-
ous and homogeneous catalysts can be applied for this processing. The highly stable, cheap 
and solid heterogeneous catalysts are very suitable for the initial depolymerization step, 
needed to break down cellulose plant mass, and bulk processes for the production of simple 
molecules (fuels). For the subsequent specialistic processes, more selective homogeneous 
catalysts are more suitable. This is in particular true for fine-chemical and pharmaceutical 
industries that need very selective conversions and therefore very selective catalysts. 

The fundamental feature of a homogeneous catalyst is that it resides in the same phase as 
the substrates it converts, usually the liquid phase (solution). Typically, it is an organome-
tallic compound which is defined on a molecular level, consisting of at least one metal-cent-
er coordinated to one or more ligands. Choice and design of the ligand play a crucial role 
in the development of a catalyst, since the nature of ligands determines the properties and 
reactivity of the catalyst: ligands can steer, tune and amplify the performance of the catalyst. 

As the knowledge of ligands and organometallic compounds keeps expanding, homogeneous 
catalysts are being designed in a more rational manner. The major part of this design con-
cerns the ligands. Traditional ancillary ligands mostly have oxygen, nitrogen, phosphorus or 
sulfur at the binding site, binding through a lone-pair, or carbon binding via π-interactions, 
such as a benzene, diene or allyl-motif. More recently, carbenes were discovered as viable 
ligands for organometallic chemistry and catalysis.[2]

N-Heterocyclic Carbene Ligands

The use of carbenes as ligands is well developed in the field of transition metal complex 
chemistry.[3] In particular, the N-heterocyclic carbenes (NHC) class of imidazol-2-ylidines, 
first reported in the 1960’s,[4] have received their share of attention since Arduengo isolated 
the bis-adamantyl NHC (see Figure 1) as the first example of a shelf-stable carbene species.
[5] However, a recent publication from the group of Siemeling[6] shows that an example of 
a stable NHC has been right under our noses, being commercially available for over more 
than a century: Nitron (Figure 1).[7] It was found that the reactivity of Nitron was less well 
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explained by its conventional Lewis structure, and better by its NHC type tautomer. Experi-
ments using carbene trapping reagents revealed products that were comparable with typi-
cal nucleophilic carbene reactions. The fact that carbenes could be stable was in contrast 
to the common belief that every carbene is extremely reactive and therefore very unstable. 

Figure 1. The bis-adamantyl-NHC of Arduengo (left) and the two structures (the more conventional 
structure and its NHC-type tautomer) for Nitron reported by Siemeling (right).

Imidazol-2-ylidenes, the NHCs that found wide applications in catalysis,[8,9] are singlet car-
benes.[10] This means that the two non-bonding electrons are paired up as the sp2-hybrid-
ized lone-pair. The singlet carbene center is stabilized via a push-pull mechanism (see Fig-
ure 2): The two adjacent nitrogen atoms donate electron-density from the lone pairs into 
the empty p orbital of the carbene. This π-donating ability (the “push”) into the pπ orbital 
of the carbene raises the relative energy of this orbital. Since the carbene σ-orbital remains 
similar in relative energy, the σ-pπ energy gap becomes larger and the singlet state of the 
carbene is stabilized. Secondly, there is also withdrawing electron density from the carbon, 
through σ-induction, to the more electronegative nitrogen atoms (the “pull”).[11] It is also 
suggested that a certain aromaticity renders the NHC stability.[10,12] This electronic structure 
of NHCs makes them stronger 2e- σ-donors than phosphines and at the same time also weak 
π-acceptors.[13]

Additionally, by varying the substituents on nitrogen, there can be modulation of the steric 
properties on both the carbene and the coordinated metal, stabilizing or protecting it to a 
certain extent. This is well illustrated by Arduengo’s NHC which has bulky adamantly moie-
ties on both nitrogen atoms and is stable as a free carbene (Figure 1). Steric bulk is not a 
crucial factor however, since NHCs with small N-substituents like methyl are well known.[14] 

When it comes to the bonding of an NHC with a transition metal, both the steric and elec-
tronic effects must be taken into account. In the beginning NHCs were viewed as simple 
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σ-donors, donating electron density into an acceptor orbital of the metal. This simplified 
picture has been adjusted throughout the years when it became obvious that filled and 
empty π and π* orbitals can also contribute to the metal-NHC bond.[16] Delocalization of the 
filled π-orbitals on the NHC into metal d-orbitals are a very relevant interaction. The NHC 
can also function as an acceptor by receiving electron density from electron-rich late transi-
tion metals into the π* orbital of the NHC.[17,18] The interactions of the d-orbitals are visu-
alized in Figure 2. Basically this means that when the metal is more or less electron-rich, 
the NHC will be more, or less, an acceptor. This is contrary to common belief that NHC are 
“better donors than phosphines”, making the NHC a ligand with chameleon-like properties.

Figure 2. The “push-pull” mechanism stabilizing the NHC (left), and a schematic representation of the 
important orbital interaction in the M-NHC bond, adapted from ref [15].

An advantage of NHCs over phosphines is that NHCs are less prone to oxidations, which ena-
bles processes under aerobic conditions to occur without catalyst degradation. The strong 
M-carbene bond is more stable under catalytic conditions, generally encompassing high 
temperatures and pressures. Despite the advantages of NHCs, their application in transition 
metal catalyzed direct hydrogenation has been limited.[19,20] In addition to NHC’s being a 
monodentate coordinating ligand, bi- or polydentate ligands have been developed, creating 
additional stability. One of the easiest strategies to achieve this is through N-substitution of 
the NHC with a coordinating moiety. 
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Cooperativity: Hemilabile and Bifunctional Ligands

When a bidentate ligand has one functionality that (potentially) participates in catalysis (an 
‘actor’ instead of a ‘spectator’) one arrives in the realm of cooperative catalysis. Cooperative 
ligands participate directly in a reaction, along with the metal center, and undergo revers-
ible chemical transformation: together they facilitate a chemical process.[21,22] We aimed at 
creating a hemilabile and/or bifunctional ligand (Figure 3). The term hemilabile ligand was 
first introduced by Rauchfuss in 1979, and studies by the group of Fryzuk further formed 
the basics of the concept cooperativity.[23,24] A hemilabile ligand consists of a strongly bound 
donor group, in our case the NHC, and one that binds weakly and reversible to the metal 
center.[22] Upon dissociation it creates a vacant site to facilitate substrate coordination. Met-
al-ligand bifunctional catalysis encompasses a mode of action where both the metal and the 
surrounding ligand participate in the bond-forming and breaking steps of the reaction, and 
no (partial) dissociation of the ligand is needed.[25] 

Figure 3. Schematic representation of the concept of a hemilabile and a bifunctional system, using a 
bidentate ligand  L-X (X = N, O, P).

Amine ligands are recognized both as potential hemilabile and bifunctional cooperative li-
gands and are therefore renowned for their role in hydrogenation catalysis. This new type 
of mechanism was discovered in pioneering work from Noyori and coworkers. Already in 
1995, Noyori reported on a very active ruthenium(II) catalyst that was able to quickly con-
vert aromatic ketones into alcohols at room temperature in a highly selective manner.[26] 

In 2000, Noyori coined the term ‘NH-effect’ for his hydrogenation catalysts,[25] explaining a 
range of experimental observations including ligand acceleration effects, the effect of amine 
moieties in ligands and the structural characteristics of the ruthenium catalyst. This model 
was the introduction of the metal-ligand bifunctionality, contrary to many other metal-cen-
tered catalysis. (More details on the role of bifunctional ligands in hydrogenation will be 
described below under Hydrogenation of Polar Bonds). 

Many examples of cooperative mechanisms are found in biological systems, where enzymes 
establish very fast and selective conversions facilitated by an active site with very specific 
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interacting surroundings. The utilization of cooperative systems in the field of homogene-
ous catalysis is developing fast and several recent advances are mentioned here (Figure 4). 
Species known to display cooperativity and hemilability are the pincer-type ligands such as 
PNP or PNN. In PNP and PNN ligands containing pyridine, cooperation via the aromatiza-
tion/dearomatization mechanism, and hemilability via the dissociation of the phosphine 
arm, was shown by Milstein[27] to play a crucial role in the formation of imines from alcohols 
and amines. The authors even found that if one of the phosphines was replaced by an amine, 
creating a PNN ligand, the preferred product was an amide, showing a remarkable influence 
of the coordination strength of the hemilabile arm. [28,29] Alternatively, hemilabile backbone 
cooperativity is also possible in some pincer systems. In a recent publication by Parvez,[30] it 
was shown that in a PC(carbene)P pincer containing nickel complex, the Ni-carbene donor 
is non-innocent, and can switch between coordination as a carbene to a non-coordinating 
moiety by addition of E-H bonds across the Ni=C bond. This allows for the activation of 
small molecules, such as H2 or NH3,

Figure 4. Overview of interesting hemi-lability and cooperativity in pincer containing complexes re-
ported by Milstein (top), Parvez (middle) and van der Vlugt (bottom). 

In another example of backbone cooperativity, van der Vlugt showed that PNP ligands can 
also display hemilabile backbone cooperativity between the pyridine-N and a cationic Cu(I)
metal center.[31,32] This is a useful property in catalysis, functioning as a ‘coordination-switch’ 
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creating a vacant site. Upon treatment with base, the complex showed dearomatization, 
creating the possibility of methylation of the linker which, in turn, can lead to a new set of 
analogous, chiral complexes. Besides the archetypal pincer structure, several varieties ofthe 
PNN structures have been reported, obtaining, amongst others, modular ligands with vari-
able linker length and rigidity or donor strength.[33]

Metal-ligand bifunctional catalysis is known somewhat longer, and although Noyori coined 
the term ‘NH-effect’, Shvo[34] and Casey[35] are also two pioneers in the field of bifunctional 
catalysis (see Figure 5). Shvo’s catalyst is a hydroxycyclopentadienyl-Ru complex, where 
the cyclopentadienyl ligand can switch between a neutral and an anionic form, transferring 
separate protons or hydrides to or from the metal center and ligand.[36] Casey investigated 
the mechanistics of the Shvo catalyst in detail.[35] Later he went on to examine the iron ana-
logue of Svho’s catalyst and found that it follows a very similar pathway in hydrogenations, 
and as such was the first to describe an efficient bifunctional Fe-catalyst for the reduction of 
ketones and aldehydes.[37] In both catalysts, the ligand participates in the hydrogenation of 
the polar bond of the substrate.

Figure 5. Famous examples of bifunctionality: Shvo’s Ru-catalyst (top), where the dimeric precatalyst 
can form two monomeric oxidized and reduced complexes upon dissociation in solution. These are 
interconvertible in the presence of a hydrogen acceptor or donor. Casey’s Fe-analogue (bottom) is 
shown with the bifunctional mechanism for H2-hydrogenation.

Developments such as cooperativity and the creation of hemilabile or bifunctional ligands 
contribute greatly to the feasibility of the application of homogeneous systems on an in-
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dustrial scale. They form highly active catalysts that only need moderate temperatures and 
low pressures to generate the product. Not only does this improve on the efficiency and 
economy of current processes, it is  also more environmentally friendly.

1.2 Biomass

With all the contemporary environmental issues and the depletion of fossil fuel reserves, 
society has started investing in the development of renewable sources of energy and ma-
terials; sources that are either inexhaustible or replaceable. Besides the straightforward 
options like wind, sun and water to function as renewable energy resource, biomass is the 
feedstock of choice when it comes to finding a renewable carbon source (see Figure 6). 
Besides replacing fossil fuels as transportation fuels (via fermentation to bio-ethanol) or 
burning it to generate energy, biomass is able to provide the chemical industry with sustain-
able resources. There are several forms of biomass: vegetable oils (soy bean or waste oils), 
starch (obtained primarily from sugarcanes) and lignocellulosic biomass, the most abun-
dant form. Lignocellulosic biomass is a so-called second-generation feedstock, which is ob-
tained from non-edible forms of biomass (woody biomass, grasses or crop waste). Using 
non-edible biomass prevents competition with land-use for food production, which is not 
a viable option both ethically and from the point of view of effective and sustainable re-use 
of crop waste. Lignocellulosic biomass consists of the biopolymers cellulose, hemi-cellulose 
and lignin,[38] which are naturally rich in oxygen and structurally complex. The C6 sugars that 
are present in lignocellulosic biomass (in particular in hemi-cellulose) can be transformed 
into a considerable range of chemical building blocks with high application potential.[39,40] 

The high oxygen content makes it the most difficult form of biomass to convert, but also one 
of the most valuable ones. Retaining a high degree of functionality throughout 

Figure 6. Schematic supply chain from low-value biomass to high-value end products.
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chemical transformations provides an effective route to use and employ the natural com-
plexity directly in a highly functionalized product. Current strategies encompass starting 
from the smallest building blocks (obtained by reforming to CO/H2 using Fischer Tropsch) 
and adding the functionality in the end. Hence, using biomass instead, potentially a lot of 
energy can be saved. The high degree of functionalization is desired when it comes to agri-
cultural, pharmaceutical or fine-chemical industries (Figure 6).

From processed biomass a set of key intermediates with a high application potential, called 
platform molecules, have been defined.[60] Theoretically, these can be transformed into any 
valuable product of choice. To achieve this, new methods for the re- and defunctionalization 
of biogenic substrates have to be developed, creating a toolkit filled with selective, catalytic 
conversions that a chemist can use to create the desired product structure in a renewable 
fashion.[41]

The CatchBio program (catalysis for sustainable chemicals from biomass) aims to develop 
clean and efficient processes for biomass conversion into low-cost and sustainable biofuels, 
chemicals and pharmaceuticals. As a part of this program, the work described in this Thesis 
focuses on the application of newly developed systems in processes that play a role in the 
conversion of biomass. Since the metal complexes that were designed here are to be applied 
as homogeneous catalysts, the applications and the catalytic conversions that were looked 
at find their use in the fine chemicals and pharmaceutical section. In this area of expertise 
it is important to very specifically convert one of more functionalities. The method is softer 
than heterogeneous methods, where harsh conditions generally break down each interest-
ing functionality in a molecule.

Biomass or processed biomass contains many functionalities including polar bonds. Focus 
was put on the reduction and functionalization of these bonds, and in the next section the 
catalytic conversions investigated in this thesis will be discussed.

1.3 Catalytic Transformations

Hydrogenation of Polar Bonds

Catalytic hydrogenation of polar bonds (see Scheme 1) using molecular hydrogen is an en-
vironmentally benign and cost-efficient process.[42] Together with hydrogenolysis (see be-
low) it is among the most extensively studied reactions in chemistry, being of fundamental 
importance in both the laboratory and industry and playing a pivotal role in the synthesis of 
all kinds of chemicals. Traditionally, stoichiometric reducing agents such as sodium borohy-
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dride or lithium aluminium hydride were employed, but these powerful reductants unfor-
tunately produce large amounts of waste. 

Scheme 1. The H2-hydrogenation of polar bonds.

When used in a laboratory environment this doesn’t pose a direct problem, but in industry 
there is a demand for cleaner and more atom-economical methods that are at the same time 
cheap, straightforward and environmentally friendly. Molecular hydrogen is abundantly 
available, relatively cheap and clean and converts the substrate into the product without 
any waste. For these reasons it constitutes an attractive method to convert biomass into 
useful chemicals. However, molecular hydrogen is in most cases unreactive towards the 
substrate, and a catalyst is needed to activate dihydrogen and, in some cases, the substrate. 

Most large-scale industrial processes run a heterogeneous catalyst system for their hy-
drogenations. However, when a system requires a large functional group tolerance and 
chemoselectivity, the harsh conditions of heterogeneous catalysis are less desirable. Ho-
mogeneous catalysts operate under milder conditions and are designed to have a certain 
chemoselectivity and a very high functional group tolerance (“sophisticated degree of se-
lectivity”). Therefore,  fine-chemical, pharmaceutical and life-science industries put a lot of 
effort into the development of homogeneous systems.

Although the first hydrogenation catalyst was officially reported in the 1930’s (a copper cat-
alyst for the hydrogenation of alkenes),[43] the field really started developing in the 1960’s 
when Wilkinson reported the first catalyst to perform this reduction, RhCl(PPh3)3.[44] In the 
1970’s the first rhodium and ruthenium complexes that were applicable in the hydrogena-
tion of C=O polar bonds were reported.[42] In 1989, Noyori and coworkers reported on the 
first asymmetric hydrogenation of α,β-keto esters,[45] which was awarded with the Nobel 
prize in 2001. In the pharmaceutical industry the asymmetric hydrogenation is increasingly 
used to introduce stereogenic centers into products, making it an important reaction for the 
fine-chemical industry, universities and research institutes.[46] 

Especially, Noyori’s discovery of a bifunctional mechanism he called the NH-effect[26] pro-
vided a breakthrough in these hydrogenation reactions. Before this, these reactions were 
generally accepted to follow the classic route, where cleavage of molecular hydrogen was 
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performed on the metal centre, generating metal-hydrides. An ancillary ligand then had 
to dissociate in order to make room for the substrate.  When the substrate, for example a 
ketone, binds to the metal center, it is transformed into the metal-alkoxide, followed by hy-
drogenation to give the product alcohol.[47] This reaction proceeds through what is called a 
classical inner-sphere mechanism (see Figure 7).[48] 

The bifunctional mechanism, on the other hand, is proposed to proceed in the outer coordi-
nation sphere. First, the hydridoamido complex heterolytically cleaves the H2 molecule over 
the Ru-N amido bond to produce a hydride species.[49] The NH moiety then activates, for ex-
ample, a carbonyl containing substrate via an NH•••O=C hydrogen bond, pre-organizing and 
facilitating the attack of the carbonyl group by the metal hydride in a pericyclic six-mem-
bered transition state, without binding to the metal (Figure 5).[48-50] This is called the non-
classical outer-sphere mechanism and is shown in Scheme 2 for the Noyori-type catalyst. 

Figure 7. Inner and outer sphere mechanism, including ligand assistance via an electrophilic ancillary 
ligand moiety, adapted from ref[48]. The inner-sphere coordination mode here displays a hemilabile 
ligand, where NH2 dissociates from the metal center to facilitate substrate coordination.

Scheme 2. Bifunctional mechanism shown for Noyori-type complexes in the hydrogenation of ke-
tones. The role of the cooperating amido-ligand is clearly shown here.
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Since its discovery, bifunctional catalysis has played a key role in several pioneering reports 
on polar bond hydrogenation reactions, most notably by Noyori,[25] Morris,[51] Clarke[52] and 
Milstein.[27] The complexes that were applied by these authors are shown in Figure 8. 

As can be seen in Figure 8, most of the complexes reported involve bidentate combinations 
of phosphines, amines, tridentate pincers and an NHC. The group of Morris is the only one 
that explored NHC-amine ligands in direct hydrogenation.[53-55] He shows, based on DFT cal-
culations, that not only the bidentate ligand with a possible bifunctional moiety influences 
the course of the reaction: depending on the ancillary ligand (p-cymene or Cp*), M-complex-
es (M = Ru, Ir) with this NHC-amine motif follow either an inner-sphere cooperative or an 
outer-sphere cooperative mechanism. 

Figure 8. Some examples of complexes containing bifunctional ligands, with a reported NH-effect in 
hydrogenation reactions.

Hydrogenation of ketones is an important reaction, as mentioned before, and it is often used 
as a benchmark reaction.  The order of relative reactivity[56] in hydrogenation of the polar 
moieties is as follows:

Acid Chlorides > Aldehydes > Ketones > Anhydrides > Esters > Carboxylic Acids > Amides

Ketones are intermediately easy to hydrogenate while reduction of an ester bond, for exam-
ple, requires more powerful reducing agents or catalysts. 
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Hydrogenolysis of Esters

Hydrogenation concerns the addition to or incorporation of hydrogen in an (organic) mol-
ecule. Generally, addition to a double or a polar bond takes place.  However, when the react-
ing bond is cleaved, the correct term is hydrogenolysis.

Esters, carboxylic acids and amides are considered difficult substrates for catalytic hydrog-
enolysis due to their thermodynamic stability.[57] The hydrogenolysis of esters, for instance, 
is in many cases only thermodynamically feasible at elevated temperatures. The stability of 
esters stems mainly from the fact that the electrons of the carbonyl moiety are delocalized. 
The ΔH gained during the reaction is small and the ΔS under standard conditions is nega-
tive.[58] The hydrogenolysis of esters (Scheme 3) encompasses the reduction of the ester to 
the corresponding alcohols by cleaving C-O bonds using molecular hydrogen. It is an in-
dustrially important but difficult reaction. As with the hydrogenation of polar bonds, stoi-
chiometric amounts of LiAlH4 were traditionally used for the reduction, generating equal 
amounts of waste and here also, molecular hydrogen is the cleaner and ‘greener’ solution. 
The scenario is similar to that of hydrogenation, where unselective, in this case even carci-
nogenic, heterogeneous copper-chromite catalysts[59] are calling to be replaced by a more 
selective, environmentally friendly homogeneous counterpart. Ester hydrogenolysis cata-
lysts can also be applied in the processing of biomass, where esters and cyclic esters (lac-
tones) are present.[60,61]

Scheme 3. The hydrogenolysis of esters to alcohols.

About three decades ago, Grey and Pez were able to convert several activated carboxylic 
acid esters and a little later also the simple aliphatic ester methyl acetate.[62,63] Matteoli was 
the first to report on the conversion of both ester functional groups in dimethyl oxalate 
(DMO), using neutral ruthenium acetate carbonyl tributylphosphine complexes (such as 
Ru(CO)2(CH3COO)2(PBu3)2). The authors reported 26% formation of the doubly hydrogen-
olyzed product ethylene glycol, leaving the remaining 74% as mono hydrogenolyzed prod-
uct methyl glycolate. However, the conditions used were rather harsh: 130 bar H2 at 180 °C 
for 144 hr.[64] Then, during the 1990’s, the first of a series of publications from the Elsevier 
group appeared where an active system was reported based on Ru(acac)3 / triphos (see 
Figure 9) which is able to almost quantitatively convert dimethyl oxalate to ethylene glycol 
under less forcing conditions (100 bar H2, 70 °C, 16 hr)  using hexafluoro-i-propanol as 
the solvent. Moreover, it was possible to quantitatively convert benzyl benzoate, dimethyl 
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maleate and methyl palmitate into their product alcohols.[65,66,58]

The next series of breakthroughs came about a decade later when, in cooperation with the 
pharmaceutical companies Takasago and Firmenich, Kuriyama and Saudan reported a se-
ries of complexes where the ligands contained both phosphine and amine moieties.[67,68] 

(R,R) or (S,S)-[RuH(η1-BH4)(dppp)(dpen)]  was found by Takasago to hydrogenate optically 
active α- and β-substituted esters without loss of optical purity to the chiral alcohols at 50 
bar and 80 °C, but benzoic acid esters (e.g. benzyl benzoate) remained a challenge. The 
most recent report from Takasago is Ru-MACHO, a very simple and achiral, yet effective 
catalyst able to convert multiple types of esters with high activity at similar conditions.[69,70] 

Beller reported the use of Ru-MACHO-BH4 complex in the conversion of DMO and deriva-
tives thereof at room temperature without the need of a base (the chloride ion is replaced 
by hydride-BH3 so abstraction using a base was unnecessary).[71] Clarke also reported on a 
novel chiral tridentate phosphine-amino containing complex[72] and found later that these 
systems provide excellent activities for a range of aromatic esters at 50°C and 50 bar H2 us-
ing a cat/base/substrate ratio of 1/50/200.[73] Milstein developed a different type of system 
working via the cooperative aromatization/dearomatization mechanism of the pincer arm 
of the complex[28] (see Figure 9). This type of complexes is also active in the hydrogenation 
of amides to alcohols and amines and in the reverse reactions, dehydrogenation and direct 
coupling of alcohols.[74-76]

Figure 9. Overview of recently reported complexes that have been successfully applied in ester hy-
drogenolysis.
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Inspired by the design of Milstein’s PNN complex which was more active than its PNP ana-
logue, Gusev improved on his previously reported catalyst (an iridium catalyst for hydro-
genations) by replacing the MACHO-type PiPr2-NH-PiPr2 ligand[77] with the hemilabile Npyr-
NH-PiPr2

 ligand[78] containing a pyridyl moiety instead of one of the phosphines. Reacting 
the obtained Ru and Os monomeric complexes with KOtBu resulted in dimeric structures. 
These were reported to fully convert a range of esters without further addition of a base, at 
100 °C and 50 bar H2, but curiously enough completely failed to convert DMO.[78] In a second 
variation of the Ru-MACHO structure, Gusev replaced the phosphines for sulphur, creating 
an SNS pincer which showed excellent activity at 40°C and 50 bar H2 in the hydrogenation 
of esters, ketones and imines; as well as in the reverse reaction: dehydrogenative coupling 
of ethanol to ethyl acetate.[79] 

There are, to the best of our knowledge, three examples of functionalized NHC containing 
complexes that are applied in ester hydrogenolysis. The first two were reported simultane-
ously in the groups of Annibale[80] and Milstein[81] in 2011, both reporting on an NHC and 
pyridine or bipyridine containing ligand active at low pressures and moderate tempera-
tures (5,3 bar H2, 105 °C/135 °C). The third is the RuCp*Cl(NHC-amine) complex from Mor-
ris which was previously appliedin hydrogenation of ketones under very mild conditions (8 
bar H2, 25 °C) and was later successfully extended to certain esters and lactones (25 bar H2, 
50 °C). They were also the first to report a computational study on an outer-sphere bifunc-
tional mechanism operating for this catalyst in ester hydrogenolysis.[55,82]

Scheme 4. Simplified catalytic cycle of ester hydrogenolysis.

A schematic representation of a catalytic cycle of ester hydrogenolysis is shown in Scheme 
4. It displays a classical mechanism, where the strength and formation of the metal-hydride 
are of great importance. Chapter 2 specifically deals with the hydrogenolysis of esters. The 
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ligands for this project were designed to increase the hydricity of the metal-hydride. The 
structure of the ligands leaves no room for a bifunctional mechanism, which is why the 
classical mechanism is discussed here. There have been several reports on ester hydrogen-
olysis mechanisms encompassing solvent-assistance,[58] but this is omitted in this simplified 
scheme. In the cycle, the initial hydrogen transfer to the ester carbonyl complex is the slow-
est and thus rate determining step due to the relative inertness of the ester bond. Once this 
has taken place, the hemi-acetal is formed which, unstable under the reaction conditions, 
splits to form the first product-alcohol and an aldehyde. The aldehyde coordinates again to 
the complex and in a second, fast, hydrogenation step the second product-alcohol is formed.

Direct Alkylation

Another important transformation where organometallic chemistry and catalysis have sig-
nificantly contributed in its progress and development is the area of C-C coupling reactions, 
shown in a generalized manner in Scheme 5. Similar to the previous examples, choosing 
homogeneous catalysts over heterogeneous catalysts in these reactions improves the selec-
tivity and functional group tolerance. Famous examples of C-C bond coupling reactions are, 
the Kumada coupling[83] (coupling of Grignard reagents with organohalides), the Negishi 
coupling[84] (where an organozinc compound is coupled with an organohalide), the Suzuki 
reaction[85] (reacting a boronic acid with an organohalide) and the Stille reaction[86] (cou-
pling organotin compounds with alkylhalides or pseudohalides).

Scheme 5. Schematic representation of C-C coupling reactions.

In organic chemistry, C-C bond formation is often achieved via α-alkylation next to a po-
lar functional group. Where ketones are concerned, α-alkylation is performed between nu-
cleophilic enolates or enolate equivalents and electrophilic alkylating agents.[87] The main 
disadvantage of this reaction, together with all the classical C-C bond formation reactions 
mentioned above, is the generation of stoichiometric amounts of halide salts. There are also 
some selectivity issues, since treatment of unsymmetrical ketones with a base leads to a 
mixture of the formed enolates, giving rise to both α- and α’-alkylated products.[88] A more 
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atom efficient and environmentally benign route towards α-alkylated ketones could be es-
tablished using an alcohol as alkylating agent with the aid of a transition metal catalyst.[87] 

This would result in a less polluting, cleaner route where fewer side products are formed, 
with the additional possibility that a homogeneously catalyzed process could also benefit 
the regioselectivity of the process. 

Pioneers in the work of α-alkylation next to a polar functionality, using an hydroxyl group as 
nucleophile, were Tsuji and Trost. In 1965, the group of Tsuji reacted diethyl malonate with 
ethanol, obtaining the mono and dialkylated product.[89] The catalyst (usually a Pd-species) 
activates the malonate, to form an allylic enolate which can subsequently be alkylated (see 
Scheme 6). In 1973, Trost improved the reaction via the introduction of phosphine ligands, 
enabling asymmetric allylic alkylation of carboxylates.[90,91]

Catalytic C-C bond formation, most notably palladium catalyzed, has shown to be an im-
mensely valuable type of reaction for applications in the pharmaceutical, fine-chemical and 
agrochemical industry.[92] In the context of this project it is therefore worthwhile to inves-
tigate this ‘greener’ version of C-C bond formation. The direct α-alkylation of ketones with 
non-allylic alcohols was first reported by Cho in 2001.[93] 

Scheme 6. Mechanism of allylic alkylation, discovered by Tsuji and Trost. The catalytic cycle is shown 
for the attack of a soft nucleophile. In the case of a hard nucleophile, the nucleophile first attaches to 
the metal followed by reductive elimination.

While investigating ruthenium catalyzed reactions and focusing on the transfer hydrogena-
tion of ketones and alcohols (see Scheme 7, route a), he found that unconventional, alkylat-
ed products were formed in each run (route b). The product of route b is a mixture of both 
the alcohol and the ketone in the alkylated form. The reaction was performed using the 
alcohol in threefold excess, generating the product alcohol as the preferred product with 
only trace amounts of the product ketone.[93]

ML2

X

ML2

XML2

Nu-

ML2

Nu

ML2 X
Nu



26

Chapter 1

Scheme 7. Reaction of acetophenone and n-butanol performed by Cho. Route a shows the transfer 
hydrogenation products, and route b shows the ‘unconventional’ side products. Scheme is adapted 
from ref [93].

Based on these observations, Cho proposed a catalytic cycle which is displayed in Scheme 
8. A “hydrogen borrowing system” plays a crucial role in this cycle. Hydrogen-borrowing 
activation of alcohols omits the need for alkylating agents in an alkylation.[94,95] Alcohols are 
frequently used as starting materials but are unreactive due to the poor leaving group abil-
ity of the OH group. Traditionally, alcohols were activated by replacing them with a halide 
or a sulfonate but this brings along the problems of toxicity (of alkyl-bromides for example), 
addition of an extra reaction step and the waste generated in the end. Instead, in this cata-
lytic cycle, an organometallic catalyst can be applied to dehydrogenate the alcohol, thereby 
creating an aldehyde or a ketone. A base-catalyzed cross aldol condensation between the 
resulting aldehyde and the substrate ketone forms an α,β-unsaturated ketone which is hy-
drogenated to the product ketone via the metal hydride formed in the initial oxidation step, 
and can be further hydrogenated to the product alcohol.[93,96] The hydrogens are essentially 
‘borrowed’ from the starting material and returned in the final step to form the product, 
creating an overall redox-neutral reaction pathway. The mechanism of this reaction is sup-
ported by deuteration studies of Ishii using butanol-d9 where an M-HD species is generated 
from dehydrogenation of the deuterated butanol. [97]

Scheme 8. Catalytic cycle of direct α-alkylation of ketones with alcohols, showing the hydrogen bor-
rowing mechanism (step 1 and 3) and the base-catalyzed aldol condensation (step 2), shown in more 
detail in the frame.

Work-up in between steps is not necessary: three reaction steps are combined in one reac-
tion. In essence, the α-alkylation of ketones with alcohols is a variation of the Guerbet reac-
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tion, where the dehydrogenated alcohol homocouples to its second dehydrogenated form 
and also reduces the ketone in the product to the alcohol since there is a second equivalent 
of oxidized catalyst available.[98] Cho[99] and Ishii[88] were one of the firsts to develop this reac-
tion as an α-alkylation reaction between ketones and alcohols. 

1.4 Outline of This Thesis

The work described in this thesis aims to develop of a new set of homogeneous catalysts 
that will be applied in catalytic conversions focused on the reduction and functionaliza-
tion of substrates containing polar bonds. Primarily, fundamental insight is gained into the 
structural features of newly developed catalysts. The performance of the catalysts in several 
types of catalytic conversions is investigated, supplying us with an improved understand-
ing of the functioning of the catalyst. The catalytic reactions that are chosen to test these 
complexes and their abilities all relate to the conversion of highly functionalized substrates 
obtained from biomass or substrates inspired thereon. 

The topic of Chapter 2 concerns a re-evaluation and extension of a system for the hydrog-
enolysis of esters, based on Ru(acac)3 and a triphosphine ligand, that was developed in our 
group. The goal was to evaluate results that were obtained previously and to search for 
improved hydrogenolysis catalysts that operate in an environmentally more benign sol-
vent, aiming to prevent the use of fluorinated solvents and additives. The improvement was 
sought primarily in the design and synthesis of ancillary ligands, which was addressed by 
substituting one or more P-donor atoms for CNHC donors, and creating novel ruthenium com-
plexes (pre-catalysts) containing this motif.

Furthermore, we wanted to explore the design and applications of a novel type of bidentate 
NHC-amine ligand. In Chapter 3, we describe the synthesis of this ligand and late transition 
metal half-sandwich complexes thereof. Structural comparisons with analogous complexes 
reported in literature were made. The electronic nature of the ligand was investigated, as 
well as its influence on the structure of the complexes.

In Chapter 4 we describe the synthesis of a set of late transition metal complexes containing 
several different coordination modes of the NHC-amine ligand. Using these complexes, we 
investigated in more detail the influence of a monoanionic charge on the ligand structure by 
comparing structural parameters of monoanionic and neutral bonding modes of the ligand.

Chapter 5 and 6 concern the catalytic applications of the complexes described in Chapter 3 
and 4. In Chapter 5, the half-sandwich complexes were applied in the hydrogenation of po-
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lar bonds. The influence of structural variations on catalytic activity was investigated, eluci-
dating which catalytic features influence the catalysis most and what would be a plausible 
mechanism. We also describe our investigations to broaden the substrate scope, including 
biomass inspired substrates.

In Chapter 6 we describe the application of our newly developed NHC-aniline complexes 
(described in Chapter 3 and 4) in the direct α-alkylation of ketones with alcohols. We ex-
plored the feasibility of the NHC-aniline containing catalysts to function as internal base 
in this reaction. The applicability of these complexes as well as the possibilities of the sub-
strate scope was investigated, also including natural alcohols to probe the extent to which 
this reaction can be developed and applied in conversion of biomass to produce sustainable 
chemicals.
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Abstract 

The performance of a previously reported Ru(acac)3 / triphos system for the hydrogenolysis 
of esters such as dimethyl oxalate, dimethylphthalate and benzyl benzoate was re-evaluated, 
prompted by the fact that the reported results could not be reproduced. It was found that 
the Ru(acac)3 / triphos system without additives performed well in 1,1,1,3,3,3-hexafluoro-
2-propanol (FIPA), but less well in other alcohols. To improve on the environmentally harm-
ful FIPA, we found that a dioxane system, applying low pressures and high temperatures (40 
bar H2 and 210 °C), was also capable of converting some esters, showing the feasibility of 
using halogen-free solvents. Furthermore, the application of another, tridentate diphosphi-
no-NHC (PCNHCP) ligand in several hydrogenolysis reactions was tested. It was found that, 
although in PCNHCP a stronger donating NHC moiety replaces one of the phosphine moieties 
in triphos, the Ru-PCNHCP system was less active than the Ru-triphos system. Investigation 
into the formation of a Ru-PCNHCP complex did not lead to well-defined species. Instead, a 
polymeric species was obtained which could be transformed into an active species under 
elevated hydrogen pressures. A second, dicarbene-phosphine ligand, (CNHCPCNHC) was also 
synthesized to test the influence of a second NHC moiety, but preliminary in-situ results 
showed no activity at all.

2.1 Introduction 

Hydrogenolysis of esters involves the reduction of the ester to the corresponding alcohols 
by molecular hydrogen. It is an industrially important reaction that is not easily achieved 
catalytically with molecular hydrogen because of its approximate thermo-neutrality, as in-
dicated in Chapter 1. Our research group has previously contributed to important discov-
eries in this area, in particular through studies by Teunissen and Elsevier which involved 
the development of a working system consisting of Ru(acac)3 and a triphosphine system in 
various solvents, among which several alcohols including the polar alcohol 1,1,1,3,3,3-hex-
afluoro-2-propanol (FIPA).[1,2] Apart from activated esters such as dimethyl oxalate (DMO), 
more challenging substrates such as benzyl benzoate could also be successfully converted 
into the respective alcohols within (industrially) reasonable space-time yields (Scheme 1). 
Later studies by van Engelen[3,4] indicated that the Ru(acac)3 / triphos system could also 
successfully be applied in systems with i-propanol as the protic solvent (instead of FIPA), 
omitting additives (such as Zn or NEt3).
 
We intended to continue research in this field by investigating other ligands, in particular 
systems based on ligand structures elaborated below. The starting point consisted of the re-
ports by van Engelen[4] mentioned above. Unfortunately, after many trials involving numer-
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ous variations of qualities, suppliers and reaction variables such as solvent, temperature 
and so on, we could not reproduce the reported results. Close inspection of the material 
in the thesis by van Engelen indicated that several errors may have been introduced when 
comparing to the papers by Theunissen.[1,2] Consequently, the course of the investigation 
diverged into a different direction: we decided to re-evaluate the activity of the Ru-triphos 
system. Also, we decided to initiate an investigation into the solvent system in order to find 
a more benign (‘greener’) solvent system, in which esters could still be converted into alco-
hols.

Scheme 1. Conversion of dimethyl oxalate and benzyl benzoate using the Ru-triphos system by Te-
unissen and van Engelen.[1-4]

One of the aims of this study is to increase the rate of the hydrogenolysis reactions. In order 
to achieve this goal, strong donor ligands are required to aid the formation of metal-hydride 
species and to increase electron density at the metal center. Traditionally, phosphines have 
been used as donating ligands, but over the last decade, N-heterocyclic carbenes (NHCs) 
have become prominent donor ligands complementary to or as suitable replacements for 
phosphine ligands.[5] Incorporating an NHC into ligand-systems containing other, more clas-
sical, donating functionalities such as phosphines creates options for design of new ligands 
that are candidates for enhancing catalytic activity in combination with appropriate (transi-
tion) metals. 

The effectiveness of combining an NHC moiety with a phosphine in one ligand system has 
already been demonstrated for C-C coupling reactions,[6,7] for instance by the group of Lee, 
who developed a tridentate diphosphino-NHC ligand (PCNHCP, Figure 1). In this ligand, an 
imidazole is linked with two phospines via an ethylene linker forming a (rather flexible) 
pincer framework.[8] Alternatively, one may invert this system and hence we developed a 
novel dicarbene-phosphine ligand (CNHCPCNHC, Figure 1). This CNHCPCNHC ligand was devel-
oped in collaboration with the group of Hahn,[9] where a phosphine moiety is linked to two 
imidazolium units via an ethylene linker. After deprotonation at C2 of both imidazolium 
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fragments, a dicarbene-phosphine ligand would emerge. This second NHC should add even 
more electron donating power compared to the PCNHCP ligand and may also induce interest-
ing reactivity.

Figure 1. The tridentate ligands used in this investigation: triphos and imidazolium salts PCNHCP and 
CNHCPCNHC which, upon deprotonation, coordinate via both the phosphines and the carbenes.

The ester substrates that have been evaluated in this research are depicted in Scheme 2. We 
chose to use these substrates specifically in order to compare initial results with the results 
previously obtained for the Ru(acac)3 / triphos system. Additionally, we envisaged the use 
of esters that originate from or are relevant to biomass conversion. Highly functionalized, 
linear and aromatic esters as well as lactones all occur in processed biomass. Hydrogenoly-
sis of such substrates is an important step in the further breakdown and functionalization 
of so-called platform molecules.[10-13]

Scheme 2. Overview of substrates used for ester hydrogenolysis and the corresponding products.
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Dimethyl oxalate (DMO) has two conjugated ester functions. One of the ester functions ac-
tivates the other one towards hydrogenolysis, making the first hydrogenolysis step, where 
methyl glycolate (MG) is formed, easier than the second step that is needed to form ethylene 
glycol (EG). Therefore, this reaction is a good indicator of the potential of a catalyst. How-
ever, the substrate is very prone to transesterification reactions (see below) and therefore 
alcoholic solvents (in this case other than MeOH) can give rise to several side products. 
Both products of DMO (and derivatives thereof) are of interest in terms of industrial ap-
plications: the first hydrogenated glycolate products are used as solvents for coatings and 
the second hydrogenated product ethylene glycol is used as frost-protection agent in cars 
and in the production of polyesters.[14] Dimethyl phthalate (DMPhth) is less susceptible to 
transesterification and therefore most of the complications and exceptions that one finds 
for DMO are not encountered for DMPhth. This substrate is, however, more difficult to con-
vert into alcohols, because the ester moieties are less reactive. After the first ester moiety 
has been hydrogenolyzed, the molecule undergoes an intramolecular transesterification 
to form the lactone phthalide (Phth), which needs a second hydrogenolysis step to form 
1,2-bishydroxymethyl benzene (BDM). Finally, benzyl benzoate (BB) is the hardest to con-
vert to its product, benzyl alcohol (BA), since the ester function is very unreactive. Methyl 
propionate (MP) is an unactivated linear ester that can be hydrogenolyzed into n-propanol 
(nPrOH) and methanol (MeOH).

Transesterification is a process where the ester of one alcohol is converted into the ester of 
another alcohol.[15] Primary alcohols are prone to transesterification, and more bulky alco-
hols such as secondary and tertiary alcohols are less reactive. Conducting the reaction in an 
alcoholic solvent will therefore always encompass the possibility of transesterification side 
products. Especially DMO is very susceptible to transesterification, see Scheme 3. 

Scheme 3. Possible transesterification products of DMO
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ids. The system by Frediani requires zinc as additive in MeOH for the conversion of dimeth-
ylfumarate (through several intermediates) to butanediol. Leitner found that the Ru(acac)3/
triphos system is able to both hydrogenate and dehydrate, and manages to convert itaconic 
acid to 3-methyl-tetrahydrofuran (3-MTHF) and levulinic acid to 2-MTHF in dioxane, at 100 
bar H2 and 195 °C. For the last dehydration step to create the MTHF addition of acid is need-
ed. Crabtree, in cooperation with Davy Process Technology, found a route in which methyl 
propionate and dimethyl maleate could be converted for >99% when performing the reac-
tions at high temperatures (220°C) and 50 bar H2 and adding 10 % v/v water to the reaction 
mixture (or working in water as solvent). It was believed that the added water allows, pri-
marily, for a water-gas-shift reaction to take place, regenerating poisoned catalyst rendered 
inactive by decarbonylation of an aldehyde intermediate and formation of the ruthenium 
carbonyl complex [RuH2(CO)(triphos)]. Cole-Hamilton and co-workers have reported the 
Ru(acac)3 / triphos system for the hydrogenation of α,ω-diester 1,19-nonadecanedioate to 
the respective diol, using dioxane mixed with H2O (either 10% or 50%) applying 40 bar 
H2 and 220°C. They propose another role of the added water: it might also hydrolyze the 
starting diester to the carboxylic acid and subsequently assist in hydrolyzing the formed 
intermediate oligoesters.[13]

The re-evaluation of the Ru(acac)3 / triphos system, the search for ‘new’ reaction conditions 
and an exploration of the PCNHCP and CNHCPCNHC ligand are described below. Additionally, 
complexation of the PCNHCP ligand to ruthenium and its behavior were studied. 

2.2 Synthesis, Results and Discussion

PCNHCP ligand and attempts to obtain its Ru complexes

The synthesis of the PCNHCP imidazolium salt 3 and the formation of its silver, palladium 
and ruthenium complexes were previously reported by the group of Lee.[20,21] The synthetic 
route towards the ligand, shown in Scheme 4, encompasses a phase transfer catalytic alkyla-
tion of the imidazole with dichloroethane to form 1, and a second alkylation with dichloro-
ethane to obtain the intermediate imidazolium chloride 2. 

Intermediate 2 can then be doubly functionalized with phosphine groups using KPPh2 to 
obtain PCNHCP ligand 3 in an overall yield of around 15% in three steps. The reported com-
plexation of 3 can proceed via either transmetallation or a direct C-H activation without the 
need for a base. A dinuclear complex is formed with ruthenium, where the ligand adopts a 
facial geometry, with three chlorides bridging between the ruthenium centers to form com-
plex 4. A facial geometry was envisaged to be beneficial for an optimal hydride transfer to an 
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ester moiety. It has been reported that mononuclear compounds could be obtained from the 
[Ru2(m-Cl)3(PCNHCP)2]Cl complex 4 by bubbling CO through the mixture.[21] The mononuclear 
complex, however, shows a meridional coordination geometry and one additional CO has 
been incorporated. Our attempts to directly synthesize mononuclear Ru-complexes proved 
to be difficult. 

Scheme 4. Synthesis of PCNHCP ligand 3 (above) and the [Ru2(m-Cl)3(PCNHCP)2]Cl complex 4 (below) 
which is obtained via direct C-H activation, as described in ref [21]. 

Attempts to obtain such monomeric species from reaction of 3 with Ru(acac)3, cis-
RuCl2(dmso)4 or trans-RuCl2(MeCN)4, in the presence as well as absence of various bases, did 
not succeed. Varying reaction conditions and employing various precursors (RuCl2(PPh3)4, 
RuCl3, RuHCl(CO)(PPh3)3 or trans-RuCl2(pyridine)4) did not yield satisfactory results ei-
ther. Additionally, even though the silver complex of the PCNHCP ligand (Ag(PCNHCP)) could 
be synthesized in high yields following the procedureof H.M. Lee,[21] transmetallation of 
[RuHCl(CO)(PPh3)3] and cis-RuCl2(dmso)4  with Ag(PCNHCP) also did not result in a well-de-
fined mononuclear ruthenium complex. Instead, the species obtained appeared to be coor-
dination polymers, which will be discussed later under Polymeric Ru(PCNHCP) coordination 
compounds.

CNHCPCNHC ligand

Synthesis of the CNHCPCNHC imidazolium salt 8, shown in Scheme 5, was performed following 
an unpublished procedure by O. Kaufhold, developed in cooperation between our group and 
the group of Hahn. The tertiary phosphine 5 was successfully formed via a base catalyzed 
hydrophosphination of 1-vinylimidazole with phenylphosphine, which was confirmed by 
the appearance of only one signal in the 31P-NMR spectrum at d = –34.9 ppm. Addition-
ally, the ethylene linker was clearly observed as multiplets, indicative of the second order 
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AA’BB’XX’spin system expected. Addition of alkylating agents to 5 would inevitably lead to 
product mixtures with different N- and P-alkylated species. It was therefore decided to pro-
tect the tertiary phosphine via sulfurization. This was easily achieved by adding elemental 
sulfur to 5 in boiling toluene to give the phosphine sulfide 6. This reaction was quantitative 
and formation of the product was confirmed by a large downfield shift in the 31P-NMR spec-
trum to d = 39.1 ppm. 6 was then alkylated at the N-position using methyl iodide, forming 
7. For deprotection of the phosphorus, a reported method using Raney-Nickel was followed.
[22] This method proved cumbersome and even though precautions were taken to minimize 
the presence of air and water, sideproducts remained present. Correct timing when to stop 
the reaction appears to be essential. Compound 8 showed a resonance at d= –34.3 ppm in 
the 31P-NMR spectrum, which is shifted upfield compared to 7, confirming the successful 
removal of the protecting sulfur atom. The imidazolium proton was observed at d = 9.26 
ppm in the 1H-NMR spectrum of 8.

Scheme 5. Synthesis of the CNHCPCNHC ligand, via a base catalyzed hydrophosphination to form 5, pro-
tection of the phosphorus with sulfur to form 6, alkylation of the of the imidazole yielding 7 and sub-
sequent deprotection to obtain the final product 8.[9]  

Polymeric Ru(PCNHCP) Coordination Compounds

A suitable ruthenium precursor for the formation of mononuclear Ru complexes was ex-
pected to be found in the well-known (but poorly understood) ruthenium-blue solution. 
This convenient starting material was discovered in the 1920’s and since then several routes 
to obtain this blue solution have been explored. In essence, it encompasses the reduction of 
hydrated ruthenium(III) chloride in a H2O / EtOH mixture. A dark-blue solution is obtained 
of which the precise constitution is unknown, but coulometric measurements have shown 
that Ru(II)-species are present, among which the Ru5Cl12

2- cluster anion,[23] as well as several 
other mixed valence chloro-complexes.
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The Ru-blue solution was reported to be a suitable precursorfor the formation of well-de-
fined complexes, rigid bi- and tridentate ligands like phenanthroline and terpyridine di-
rectly formed monomeric Ru-complexes.[24] However, when we attempted to extend this 
procedure to the PCNHCP pre-ligand 3, by adding the ligand to Ru-blue in a 1:1 molar ratio, 
with or without KOtBu, (see Scheme 6), this resulted in formation of a light brown solid that 
appeared to be insoluble in almost all solvents, including DMSO. Presumably, the combina-
tion of ‘naked’ ruthenium and a flexible imidazolium salt as ligand resulted in the formation 
of coordination polymers or oligomers. For the remaining text this material will be indi-
cated as 9.

Scheme 6. Schematic representation of the formation of oligomeric / polymeric species 9 obtained 
by addition of PCNHCP ligand 3 to a ruthenium-blue solution. The scheme serves to illustrate a possible 
structure of this coordination polymer. A conceivable structure of the repeating unit is shown in the 
frame.

Elemental analysis of the CNH content of 9 indicates a molecular formula of C30H33N2P2Ru. 
Coordination polymers are notoriously difficult to analyze using elemental analysis due to 
end-group deviations and other irregularities that might arise during their formation. How-
ever, the result of elemental analysis is close to C31H31Cl3N2P2Ru which could correspond 
to a mononuclear  RuCl2(PCNHCP) species. In case of a 1:1 ratio Ru:L (as found in this case), 
one- or two-dimensional polymers are generally formed.[25] 

Solid-state 13C and 31P-NMR spectra of 9 are shown in Figures 3 and 4. The 13C-NMR peak at 
δ = 175 ppm correlates to the imidazol-2-ylidene carbene signal, the one around 128 ppm is 
ascribed to imidazole backbone and phenyl signals and peaks at 46 and 30 ppm to the ethyl-
ene linker CH2 signals. The 31P-NMR shows three signals, at δ = 46, 35 and 11 ppm.  The peak 
resonating at δ = 11 ppm can be ascribed to a pendant phosphine arm, not coordinated to 
ruthenium. The two peaks at δ = 35 and 46 ppm are reminiscent of coordinated phosphine 
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moieties.[21] The peaks in the solid state NMR are rather broad, due to (residual) anisotropic 
interactions that are not averaged out. The polymer was not crystalline, which also adds to 
the line widths observed. In a later stage, the insoluble polymer 9 was applied in catalysis 
and the catalytic species created by breaking open the polymer using H2 showed hydrogen-
olysis activity (see Ester Hydrogenolysis Experiments). 

The polymeric species 9 was subjected to elevated H2-pressures to see if a defined ruthe-
nium complex was formed. After applying elevated temperature and pressure (100°C, 80 
bar H2) overnight to a suspension of 9 in i-propanol, a clear yellow solution was obtained. 
After work-up, 1H and 31P-NMR showed evidence that the coordination polymer was broken 
up and rearranged into a dinuclear species. 31P-NMR showed only a two doublets at δ = 47.8 
(J = 31.5 Hz) and 43.2 (J = 31.5 Hz) ppm, and 1H-NMR showed a well-defined Ru-species. 

Figure 3. Solid state 13C-NMR of PCNHCP-coordination polymer 9, spinning side bands indicated as SS. 

Figure 4. Solid state 31P-NMR of PCNHCP-coordination polymer 9. Spinning side bands are indicated as 
SS, and both to the left and right is another small set of spinning side bands visible.
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After careful comparison, the species could be identified as the dinuclear Ru-PCNHCP com-
plex 4 (see Scheme 3) reported by Lee, who observed two doublets at δ = 48.5 and 43.4 ppm 
(J = 31.3 Hz).[21] In the 1H-NMR, every proton signal matched in both shift and multiplicity. 
High-pressure NMR (HP-NMR) experiments for 31P showed that 9 already transformed into 
a different species within 10 minutes of measuring at 80 bar H2 and 100°C in i-prop-d8. 
However, since the final species bears almost full similarity with 4, we hypothesize that 
after cooling and depressurizing, the thermodynamically most stable species is formed as 
the chloro-bridged dinuclear Ru(PCNHCP) complex 4. This is supported by the fact that no 
hydride species were found in the measured region, for both the isolated species and the 
HP-NMR experiment.

Ester Hydrogenolysis Experiments
Ru-triphos system

Relevant results obtained with the Ru(acac)3 / triphos system as reported by Teunissen 
are shown in Table 1.[1,2] 

Table 1. Results obtained with the Ru(acac)3 / triphos system, as reported by Teunissen.

Substr. Ru:S:Add Conditions[a]

   T       p(H2)    t
Solv. Add. Conv. [b]

%(P)
TON[c] TOF[d]

1 DMO 1:100:26 100 70 16 MeOH Zn 95(EG) 160 10
2 1:500:0.35 100 70 16 MeOH Zn 84(EG) 857 54
3 DMPhth 1:65:0 100 85 16 MeOH - 30(Phth) 19 1.2
4 1:65:45 100 85 16 MeOH HBF4 79(Phth) 53 3
5 1:65:15 100 85 16 IPA HBF4 18(Phth)

78(BDM)
103 6

6 BB 1:60:20 120 85 16 IPA HBF4 56(BA) 56 nd
7 1:230:20 120 85 16 IPA NEt3 82(BA) 105 nd
8 1:2170:200 120 85 16 FIPA NEt3 95(BA) 2071 nd

General conditions: Approximately 15 ml solvent and 15-20 μmol Ru(acac)3 were used, catalyst was 
formed in situ with 1 to 1,5 eq of triphos. [a] T in °C, p(H2) in bar, t in hr. [b] Conversion is specified to 
which product is formed. [c] TON is reported in molsub•molcat

-1. [d] TOF in molsub•molcat
-1•hr-1. Ru:S:Add 

ratios are rounded off in order to compare numbers more easily. All results taken from ref  [1] and [2].
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For catalytic hydrogenolysis of DMO, MeOH was successfully applied as solvent in the pres-
ence of Zn as additive (entry 1 and 2). Since DMO and its transesterification product with 
MeOH are degenerate species, transesterification does not lead to unwanted side products 
and the productive reaction slowly proceeds to form EG. For the other substrates, MeOH 
was reported to be less suitable. DMPhth was converted for less than 80% to the first hy-
drogenated product Phth in MeOH when HBF4 was added (entry 4), but changing the sol-
vent from MeOH to i-propanol increased conversion to almost 80% of second hydrogenated 
product BDM (entry 5). Teunissen makes no report of attempting conversion of BB in MeOH 
but used i-propanol (IPA) as the solvent straight away, showing that these substrates are 
readily converted in the presence of either HBF4 or NEt3 (entry 6 and 7). When switching 
the solvent to hexafluoro i-propanol (FIPA), successful conversion of BB was reported, but 
with the need of additives (entry 8). In Table 2 our re-evaluation of the activity of the triphos 
ligand using the in situ generated Ru(acac)3 / triphos system is shown. 

Table 2. Re-evaluated results using the Ru(acac)3 / triphos system.

Substr. Ru:S:Add Conditions[a]

   T           p(H2)     t
Solvent Add. Conv.[b] %(P)

1 DMO 1:1000:0 120 80 16 IPA - 79(MG), TE[c]

2 1:1000:0 120 80 16 MeOH - 100(EG)

3 1:500:100 120 80 16 IPA Zn 65(MG) TE[c]

20(EG) 
4 1:500:0 130 100 16 IPA - 52(MG)

31(EG)

5 DMPhth 1:1000:0 120 80 16 IPA - 5.6 (Phth)

6 1:100:0 120 80 16 FIPA - 82(Phth)
18(BDM)

7 BB 1:3000:0 120 80 16 IPA - 0
8 1:1000:0 120 80 16 IPA - 0
9 1:100:0 120 80 16 FIPA - 100(BA)

10 1:1000:0 120 80 16 MeOH - 0
General conditions: Approximately 15 ml solvent and 14 μmol Ru(acac)3 was used. Catalyst was 
formed in situ with 2 eq of triphos. [a] T in °C, p(H2) in bar, t in hr. [b] Conversion is specified to which 
product is formed. [c] TE = Transesterification products visible, <10% of total product yield.

O

O O

O
O

O

O

O

O

O

DMO DMPht B

O

HO

O

O

O

OH2
HO

HO

OH
OH

MG EG Phth BDM BA



45

Chapter 2

In IPA (with and without additives, entry 1 and 3) conversion takes place, but transesterifi-
cation products are obtained. The second ester moiety is hydrogenolyzed only at increased 
pressure (entry 4). DMPhth was difficult to convert in IPA (entry 5) when compared to its 
fluorinated counterpart FIPA (entry 6). We did not manage to convert BB at all, except when 
FIPA was used as solvent (entry 9). It became clear from these results, that conversion of es-
ters without using additives is possible. However, the activities we found were substantially 
lower than the ones in Table 1, reported by Teunissen, and in several cases FIPA was still 
needed as the solvent to achieve substantial conversion. 

Evaluation of the Solvent

We continued our investigation by applying the conditions reported by Crabtree[19] and 
Cole-Hamilton.[13] Additonally, we evaluated the influence of a Hastelloy autoclave instead 
of one made of stainless steel with a glass liner on the reproducibility of the results. In this 
case there appears to be no influence. The results obtained with this system are shown in 
Table 3.

A replacement for the halogenated solvent was sought in dioxane, which has the additional 
advantage, as a non-protic solvent, that transesterification reactions do not occur. However, 
attempts to convert DMO using this system (dioxane, 210 °C, 40 bar H2) posed several prob-
lems.

Using solely dioxane as solvent did not lead to any conversion, not even over an extended 
period of time (Table 3, entry 1). Conducting the catalysis in water or in an IPA/water mix-
ture (50/50; entries 2 and 3) resulted in a fast increase in pressure within the autoclave, 
rapidly increasing from 70 bar to 170 bar, already during heating. The amount of pressure 
that was built up and the soda-like behavior of the reaction mixture afterwards indicated 
decomposition. Probably decarbonylation of the substrate with release of CO2 occurred, due 
to addition of water which caused the ester to hydrolyze to the acid, after which decarboxy-
lation could take place under these conditions. Moderate conversions could be obtained for 
DMPhth in a dioxane/water mixture, even when using the standard 120 °C and 80 bar H2 

(entry 4) and the result was further improved when the temperature was raised from 120 
to 190 °C (entry 5).  

Using water as the only solvent did not result in conversion of the ester. Instead full hydro-
genation of the aromatic ring was observed (entry 6). 1H-NMR analysis of the reaction mix-
ture indicated almost full conversion (>95%) to the product shown in Figure 5. One reason 
for this might be that these conditions lead to decomposition of the catalyst (a black film on 
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the autoclave liner was observed), and heterogeneous Ru-particles perform the hydrogena-
tion of the aromatic ring.

Table 3. Conversion of ester substrates, checking the influence of water on the system. 

Substr. Ru:S:Add Conditions[a]

   T        p(H2)       t
Solvent Add. Conv[b]

 %(P)
1 DMO 1:100:0 210 40 65 dioxane - 0
2 1:500:0 190 50 - H2O - -
3 1:500:0 210 70 - IPA H2O 50% -
4 DMPhth 1:100:0 120 80 16 dioxane H2O 5% 20(Phth)

5 1:200:0 190 70 16 dioxane H2O 5% 66(Phth)
10(BDM)

6 1:100:0 120 80 16 H2O - - [c]

7[d] MP 1:100:0 210 40 16 dioxane - 21
8 1:100:0 210 40 16 dioxane H2O 10% 4
9 1:100:0 210 40 16 MeOH - 4
10 1:100:20 210 40 16 dioxane Zn 12
11 1:500:0 190 70 15 H2O - 73

General conditions: 15 ml of solvent and 14 μmol Ru(acac)3 was used. Ru(acac)3 : triphos = 1:2.  [a] T in 
°C, p(H2) in bar, t in hr. [b] Conversion is specified to which product is formed. [c] converts to a product 
where the aromatic ring was hydrogenated. [d] Conditions from entry 7 taken from a patent.[18] 

Figure 5. Hydrogenation of the aromatic ring of DMPhth, probably facilitated by decomposed Ru-
complex forming a heterogeneous Ru-catalyst.

In this system, the linear ester methyl propionate (MP) was also used as test substrate. 
Using dioxane as solvent appeared to be successful and the Ru(acac)3 : triphos = 1:2 sys-
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tem led to 21% conversion of MP into n-prOH and MeOH (entry 7). Adding Zn or H2O did 
not improve the conversion (entries 8 and 10). This was remarkable, since Zn was shown 
above (Table 1 and 2) to generally improve conversion.[13] The application of Crabtree con-
ditions,[19] employing H2O as solvent, gave 73% conversion (entry 11). It should be noted 
however, that in this last case a pressure of 70 bar H2 was used, as reported in the patent 
where a conversion up to 95% was reported. When MeOH was applied as solvent (entry 9), 
no conversion was achieved under the same conditions and one can speculate that higher 
pressures, comparable to those reported in Table 1 and 2, might be necessary.

Ru-PCNHCP system 

The activity of the Ru-PCNHCP system was compared to the Ru-triphos system discussed 
above. Several catalysic trials involving various approaches to introduce the catalytically 
active species have been performed and these are shown in Table 4. Generally, we aimed to 
form the catalytic species in situ from Ru(acac)3 and the PCNHCP ligand 3. To allow the NHC 
to coordinate to the metal, the imidazolium salt had to be deprotonated. However, Lee also 
mentioned C-H activation of the imidazolium C2.[21] This was confirmed by preparing the 
dinuclear Ru(PCNHCP) complex 4 as shown in Scheme 4. 

Hence, we tested two approaches: with and without adding KOtBu as a base. Additionally, 
we also applied complex 4 in order to be sure to start from a pre-catalyst where the NHC is 
coordinated to the ruthenium center. 

Interestingly enough, when the PCNHCP coordination polymer 9 was tested as catalyst for 
DMO in IPA, a higher conversion as compared to all previously mentioned results was ob-
served and, more noticeably, transesterification products were not detected (entry 5). The 
fact that 9 gives a higher conversion than 4 indicates that during catalysis, polymer 9 forms 
a different active species than the one formed from dinuclear complex 4. Thermodynami-
cally, the most stable species in the absence of H2 pressure is the [Ru2(m-Cl)3(PCNHCP)2]Cl 
complex 4.

In the case of DMPhth, no conversion was found when using IPA or dioxane with 5% water 
as solvent (entries 7 and 8). FIPA is still needed to achieve conversion, this time 67% to the 
first hydrogenated product (entry 9). Without adding KOtBu the conversion amounted to 
16% (entry 10), which is a trend opposite to that found for DMO. Also in this case, the PCNHCP 
ligand gives the catalyst with inferior activity compared to the system derived from triphos. 
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Table 4. Results obtained with Ru(acac)3 / PCNHCP catalyst 

Substr. Catalyst Ru:S:Add Conditions[a]

T(°C) p(H2) t(hr)
Solv. Add. Conv. [b]

 (%)
1 DMO Ru/PCNHCP 1:1000:0 120 80 16 IPA - 70(MG)

2 Ru/PCNHCP 1:1000:0 120 80 16 MeOH - 51(MG)

3 4 1:1000:0 120 80 16 IPA - 53(MG)

4 Ru/PCNHCP 1:1000:275 120 80 16 IPA H2O 31(MG)

5 9 1:1000:0 120 80 16 IPA - 96(MG)[c]

6 Ru/PCNHCP 1:100:2 120 80 16 IPA KOtBu 49(MG)

7 DMPhth Ru/PCNHCP 1:1000:0 140 80 16 IPA - 0
8 4 1:200:-[d] 110 90 16 Diox. - 0
9 Ru/PCNHCP 1:100:2 120 80 16 FIPA KOtBu 67(Phth)

10 Ru/PCNHCP 1:100 120 80 16 FIPA 16(Phth)

11 Ru(acac)3 1:100 120 80 16 FIPA 0 [e]

12 BB Ru/PCNHCP 1:3000:0 120 80 16 IPA - 0
13 Ru/PCNHCP 1:1000:100 120 80 16 IPA NEt3 0
14 Ru/PCNHCP 1:500:275 120 80 16 IPA H2O 0
15 Ru/PCNHCP 1:100:2 120 80 16 FIPA KOtBu 0
16 MP Ru/PCNHCP 1:100:0 210 40 16 Diox. - 0
17 Ru/PCNHCP 1:100:0 210 40 16 MeOH - 1

General conditions: 15 ml of solvent and 14 μmol Ru(acac)3 was used. Ru(acac)3 : PCNHCP ligand 3 = 
1:2, the catalyst is prepared in situ, except for entries 3, 5 and 8. 4 = [Ru2(m-Cl)3(PCNHCP)2]Cl and 9 = 
PCNHCP polymer. [a] T in °C, p(H2) in bar, t in hr. [b] Conversion is specified to which product is formed. 
[c] no transesterification products detected. In all other cases, 5-15% of total conversion consists  of 
transesterification products. [d] a dioxane / 5% H2O mixture was used. [e] no ligand added, catalyst 
decomposed.

A blanc reaction (entry 11) resulted in the formation of a black film on the autoclave liner 
and no conversion whatsoever was observed, indicating decomposition of Ru(acac)3 under 
these conditions. This experiment confirmed the need of a stabilizing ligand in order to 
form catalytically active species. Unfortunately, for BB (entries 12-15), no conversion could 
be achieved when using the Ru-PCNHCP system, even when FIPA was applied as the solvent. 
When we applied the dioxane solvent system for MP (40 bar H2 and 210 °C), no conversion 
was observed using the Ru-PCNHCP system (entry 16). Changing the solvent to MeOH did not 
improve on this (entry 17).
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Ru-CNHCPCNHC system 

A few tests to probe the activity of the Ru-CNHCPCNHC system were performed using DMO as 
the substrate.  A system derived from Ru(acac)3 / CNHCPCNHC ligand / KOtBu (1 : 2 : 4) in HFIP 
at 120 °C, at 80 bar H2 pressure during 16 hr showed no conversion. Due to difficulties en-
countered in the preparation of larger amounts of the ligand it was decided to halt further 
studies.

2.3 Summary and Conclusions

The results involving a triphos system without additives in non-fluorinated alcohols[4] were 
not reproducible employing the starting materials and substrates that we used in this study. 
Hence, full conversion of substrates such as benzyl benzoate could not be obtained. Careful 
re-evaluation of this system, starting from the results of Teunissen,[1,2] indeed did reveal ac-
tivity without additives in the conversion of DMPhth into DMO. Full conversions could only 
be obtained for the activated ester DMO. Replacement of halogenated solvents like FIPA by 
solvents such as dioxane and/or H2O, in order to find more benign conditions, appeared 
to be less productive; using these solvents did not amount to the same level of conversion 
as when compared to using FIPA. On the positive side, we could illustrate the feasibility of 
a halogen-free solvent system in the sense that the desired reactions do proceed albeit at 
lower rates and producing lower overall conversion.

The PCNHCP pre-ligand 3 shows some activity in the hydrogenolysis of esters, but does not 
meet the standards of triphos. Additionally, it is unsure what the most active species is: 
adding KOtBu gave better results for one substrate and worse for another. Activities for 
in situ generated catalyst closely resemble the preformed dinuclear [Ru2(m-Cl)3(PCNHCP)2]
Cl complex 4, and polymeric species 9 formed an active species where no transesterifica-
tion activity was found for DMO. These polymeric species were obtained by addition of 3 
to a ‘Ru-blue’ solution and studies of the species under elevated pressures show that an 
unknown species is formed, but after removal of hydrogen pressure the species appears to 
reorganize to the thermodynamically more stable 4. 

The synthesis of CNHCPCNHC ligand 8, which was developed in collaboration with the group 
of Hahn, was also described. The ligand is difficult to handle and hard to obtain pure in 
significant amounts. Preliminary results of an in situ prepared Ru(acac)3-CNHCPCNHC catalyst 
show no activity in the conversion of DMO. No further investigation using this ligand was 
performed. If one were to continue with this ligand, a template-controlled synthesis route 
is advised.[26]
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 2.4 Experimental Section

General Remarks

All experiments were carried out under an atmosphere of purified nitrogen using standard 
Schlenk techniques. Solvents were freshly distilled under an argon atmosphere from so-
dium benzophenone ketyl (Toluene, THF, pentane and diethyl ether) and from CaH2 (CH2Cl2 
and MeCN). Dioxane, MeOH and i-PrOH were distilled from CaH2 under a nitrogen atmos-
phere and were stored over 4Å molecular sieves. Substrate purification: DMO was purified 
by repeated crystallization  from EtOH. Dimethylphthalate, methyl propionate and benzyl 
benzoate were purified as follows: 10 ml of ester was washed overnight with a 2 M NaHCO3 

solution (200 mL). The mixture was extracted with DCM after which the collected fractions 
were dried using MgSO4. After filtration, the mixture was concentrated in vacuo and the 
ester was dried overnight on Sikkon Blue (CaSO4 with indicator). After removal of the CaSO4 

the ester was fractionally distilled under reduced pressures, and stored under a nitrogen 
atmosphere over 4Å molecular sieves. Deuterated solvents (CDCl3 and CD2Cl2) were distilled 
from CaH2 under a nitrogen atmosphere and stored over 4Å molecular sieves. DMSO was 
purchased as dry solvent. Ru(acac)3 was recrystallized from toluene and triphos (1,1,1-tr
is(diphenylphosphinomethyl)ethane) was recrystallized from a boiling hexanes solution. 
PCNHCP ligand 3[8] and dinuclear Ru-PCNHCP complex 4[21] were prepared according to litera-
ture procedures.  Other reagents were obtained commercially and used as received. NMR 
spectra in solution were recorded on either a Bruker AMX400 MHz, Bruker DRX 300 MHz, 
Varian Mercury 300 MHz or Varian INOVA 500 MHz. Solid-state NMR was performed on a 
DMX 400 MHz at 100.44 MHz for 13C and 161.70 MHz for 31P in a solid state experiment with 
magic angle spinning (CP-MAS NMR) at a spin frequency of 12 kHz for 13C and 11 kHz for 
31P, contact time = 2 ms, pulse delay = 2 s. High-Pressure NMR was conducted on a Bruker 
DRX 300 MHz using a 10 mm sapphire tube. 1H and 13C{1H} chemical shifts (δ) are reported 
in ppm downfield from TMS, and 31P{1H} chemical shifts are reported in ppm downfield 
from 85% H3PO4. Abbreviations used in the reporting of NMR spectra are b = broad, s = 
singlet, d = doublet, t = triplet, q = quartet and m = multiplet. High resolution mass spectra 
were recorded on a JEOL JMS SX/SX102A four-sector mass spectrometer coupled to a JEOL 
MSMP7000 data system.

Preparation of bis(di-1H-imidazolylethyl)phenylphosphine 5
Potassium t-butoxide (1.0 g, 8.9 mmol) was dissolved in 160 mL THF and phenylphosphine 
(5.2 ml, 47 mmol) was carefully added and stirred for 15 min. Vinylimidazole (8.7 ml, 96 
mmol) was added dropwise and the yellow solution was stirred for 20 hr. All volatiles were 
removed in vacuo, the residue was washed with 20 mL water and extracted with 100 ml 
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DCM. The organic phase was dried over MgSO4, filtered and concentrated in vacuo to yield 
the product as a pale yellow oil (88%). 1H-NMR (300MHz, C6D6): δ = 7.19 (s, 2H, CH), 7.17 
(m, 3H, o-HAr + im-H), 7.13 (m, 3H, m-HAr + p-HAr), 6.39 (s, 2H, CH), 3.18 (m, 4H, NCH2), 
1.44(m, 2H, PCH2 a), 1.33(m, 2H, PCH2 b) ppm. 31P-NMR (121 MHz, C6D6): δ =-34.9 (s) ppm.

Preparation of bis(di-1H-imidazolylethyl)phenylphosphine sulfide 6
A mixture of 5 (12.3 g, 41.2 mmol) and elemental sulfur (1.52 g, 47.4 mmol) in 80 ml toluene 
was heated under reflux for 30 min. After cooling to RT the suspension was filtered and the 
solid extracted with DCM. Removal of the solvent in vacuo gave a colorless solid (59%). 1H-
NMR (300MHz, CDCl3): δ = 7.73 (m, 2H, o-HAr), 7.48 (m, 3H, m-HAr + p-HAr), 7.40 (br s, 2H, 
im-H), 6.88 (s, 1H, CH), 6.77 (s, 1H, CH), 4.35 (tdd, J = 14.2, 8.1, 6.3 Hz, 1H, NCH2 a), 4.08 (tdd, 
J= 14.2, 8.1, 6.3 Hz, 1H, NCH2 b), 2.50 (dddd, J = 14.4, 10.3, 8.2, 6.3 Hz, 1H, PCH2a), 2.30 (dddd, 
J = 14.4, 10.3, 8.2, 6.3 Hz, 1H, PCH2 b) ppm. 31P-NMR (121 MHz, CDCl3): δ = 39.1 (s) ppm.

Preparation of [bis(3-methyl-1H-imidazolylethyl)phenylphosphine sulfide] iodide 7
Methyliodide (3.1 ml, 50 mmol) was added to a solution of 6 (3.3 g, 10 mmol) in 50 ml DCM 
and stirred for 20 hr. Two layers formed and the lower, oily white layer was washed with 4 
x 20 ml Et2O resulting in a white powder as product (96%). 1H-NMR (400.1 MHz, CD3OD): d 
= 8.85 (s, 2H, im-H), 7.90 (m, 2H, o-HAr), 7.61 (m, 1H, p-HAr), 7.53 (t, J=1.7 Hz, 2H, CH), 7.50 
(m, 2H, m-HAr), 7.28 (t, J=1.7 Hz, 2H, CH), 4.61 (m, 4H, NCH2), 3.75 (s, 6H, CH3), 3.25 (dt, J = 
23.4, 8.3 Hz, 1H, PCH2 a), 2.93 (tt, J = 14.7, 5.7 Hz, 1H, P-CH2 b). 31P-NMR (162.0 MHz, CD3OD): 
δ = 39.0 (s) ppm.

Preparation of bis(3-methyl-1H-imidazolylethyl)phenylphosphine iodide 8
Humid Raney-Nickel (5 g, 58 mmol) was washed 5 times with 15 ml MeCN: each time MeCN 
was added under vacuum and stirred for 10 min before the solvent was removed and the 
next washing was commenced. Subsequently, 7 (0.5 g, 0.81 mmol) was added, suspended 
in 20 ml acetonitrile and the mixture was degassed using freeze-pump-thaw. After this se-
quence, the mixture was stirred for 3 hr at RT and progress of the reaction was monitored 
using 31P-NMR. Upon completion, the metal was filtered off over a pad of celite and the sol-
vent removed in vacuo affording a pale yellow gel (yield nd).  1H NMR (400.1 MHz, CD3CN): 
d = 9.26 (s, 2H; im-H), 7.72 (m, 2H; CH), 7.68 (m, 2H; o-HAr), 7.47 (m, 5H; CH + m-HAr + p-
HAr), 4.44 (m, 4H; NCH2), 3.90 (s, 6H; CH3), 2.62 (m, 4H; PCH2) ppm.  31P-NMR (162.0 MHz, 
CD3CN): d = –34.3 (s) ppm.

Preparation of Ru-coordination polymer 9
RuCl3 • 3 H2O (0.25 g, 0.95 mmol) was dissolved in a H2O / EtOH mixture (10 / 15 ml) and 
refluxed for approximately 4 hr until the color of the solution was deep blue. PCNHCP ligand 
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3 (0.66 g, 1.25 mmol) and KOtBu (0.15 g, 1.33 mmol) were dissolved in 5 ml EtOH and in 
a quick movement added to the ruthenium-blue solution. This was refluxed for another 
hour, during which a color change was observed from blue to dark green to brown, and a 
light brown precipitate was formed. After cooling, the precipitate was filtered off, washed 
with 2 x 10 ml Et2O and dried in vacuo. CP-MAS 13C-NMR: δ = 175 (NCN), 128.3 (im C=C and 
CAr), 46.7 (CH2), 29.4 (CH2) ppm. CP-MAS 31P-NMR: δ = 46.6, 35.3, 11.1 ppm. Anal. Calcd. for 
C31H31Cl3N2P2Ru: C, 53.10; H, 4.46; N, 4.00. Found: C, 51.33; H, 4.72; N, 4.10 which relates to 
approximately C30H33N2.

Pressurizing Ru-coordination polymer 9 with H2

Ru-PCNHCP coordination polymer 9 (0.5 gr) was weighed in an autoclave beaker and the au-
toclave was flushed 3 times with nitrogen/vacuum cycles. Under an outflow of nitrogen gas, 
20 ml of i-propanol was added. The autoclave was then pressurized to 80 bar H2 and heated 
to 100 °C for 16 hr. The solution was transferred from the autoclave into a Schlenk tube and 
the solvent was removed under reduced pressures. 1H-NMR (300 MHz, CD2Cl2) δ = 1.00 (br, 
1H, CH), 2.49 (br, 1H, CH), 2.62 (m, 1H, CH), 2.83 (m, 1H, CH), 4.27 (m, 2H, CH), 4.51 (m, 1H, 
CH). 5.51 (m, 2H, HAr), 5.78 (br, 1H, CH), 6.76-7.53 (m, 18H, HAr and imi-H), 7.81 (m, 2H, HAr), 
8.20 (m, 2H, HAr) ppm. 31P-NMR (162 MHz, CD2Cl2) δ = 47.81 (d, J = 31.6 Hz), 43.23 (d, J = 31.5 
Hz) ppm. Identified as [Ru2(m-Cl)3(PCNHCP)2]Cl  4, as reported by H.M. Lee[21]

High-Pressure NMR experiment of 9
Polymeric Ru-PCNHCP species 9 (20 mg) was weighed in a Schlenk tube and stirred in 2 ml 
i-prop d8. The solution was transferred to a 10mm sapphire high-pressure NMR tube inside 
a glovebox. The tube was then pressurized to 80 bar H2, and 31P-NMR was taken every 10 
minutes, starting t = 0.

General Remarks for catalysis experiments
Hydrogenolysis experiments were conducted in a homebuilt stainless steel autoclave, using 
magnetic stirring and external heating by an electrical heating device, controlled by meas-
urement of the temperature within the reaction mixture. A Viton O-ring was used as seal to 
ensure leak-proof working. The autoclave was also equipped with an inlet which allowed 
us to fill the autoclave under an outflow of nitrogen-gas, ensuring handling of the catalysis 
mixture under inert conditions.

Unless specifically stated otherwise, the amounts and conditions described here were used 
in the hydrogenation reactions. Standard Schlenk techniques were used. The catalytic mix-
ture was prepared by weighing Ru(acac)3 (5.6 mg, 14 μmol) and the appropriate ligand 
(28 μmol) in a schlenk and dissolving them in 15 mL solvent. The mixture was stirred until 



53

Chapter 2

a homogeneous solution was obtained, and subsequently, the appropriate amount of sub-
strate was added. The autoclave was flushed three times using vacuum/nitrogen, and under 
an outflow of nitrogen gas the catalysis mixture was transferred into the autoclave via a 
syringe with needle. The autoclave was then flushed with 3 x 10 bar H2, and brought to a 
final pressure of 80 bar H2. It was then heated to 120 °C and stirred for 16 hr. After cooling to 
RT the pressure was released and the contents were taken out of the autoclave for analysis.

Transesterification products were identified after work-up and analysis of the reaction mix-
tures post-catalysis. In 1H-NMR either one or two overlapping signals at around 5 ppm for 
the i-propanolic CH were found, a shift indicative of the CH being located next to an elec-
tronegative oxygen group.

Acknowledgements
Claes de Graaff is thanked for his contributions to the work described in this thesis. Prof. Dr. 
David Cole-Hamilton and Peter Pogorzelec are gratefully acknowledged for the cooperation 
at the University of St. Andrews and for facilitating part of this research in their labs.

2.5 References

[1] H. T. Teunissen, C. J. Elsevier, Chemical Communications 1997, 7, 667–668.
[2] H. T. Teunissen, C. J. Elsevier, Chemical Communications 1998, 13, 1367–1368.
[3] M. C. van Engelen, H. T. Teunissen, J. G. de Vries, C. J. Elsevier, Journal of Molecular  
 Catalysis A: Chemical 2003, 206, 185–192.
[4] M. C. van Engelen, Ruthenium-Catalyzed Homogeneous Hydrogenolysis of Esters to 
 Alcohols, PhD Thesis, Universiteit van Amsterdam, 2003.
[5] S. Díez-González, N. Marion, S. P. Nolan, Chemical Reviews 2009, 109, 3612–3676.
[6] N. Tsoureas, A. a. Danopoulos, A. a. D. Tulloch, M. E. Light, Organometallics 2003, 22, 
 4750–4758.
[7] C. Yang, H. M. Lee, S. P. Nolan, Organic Letters 2001, 3, 1511–1514.
[8] H. M. Lee, J. Y. Zeng, C.-H. Hu, M.-T. Lee, Inorganic Chemistry 2004, 43, 6822–6829.
[9] O. Kaufhold, F. E. Hahn, C. J. Elsevier, 2010, unpublished results.
[10] E. Balaraman, E. Fogler, D. Milstein, Chemical Communications 2012, 48, 1111– 
 1113.
[11] D. M. Alonso, S. G. Wettstein, J. a. Dumesic, Green Chemistry 2013, 15, 584.
[12] S. Van Den Hark, M. Härröd, P. Møller, Journal of the American Oil Chemists’ Society  
 1999, 76, 1363–1370.
[13] M. R. L. Furst, R. Le Goff, D. Quinzler, S. Mecking, C. H. Botting, D. J. Cole-Hamilton,  
 Green Chemistry 2012, 14, 472-477.



54

Chapter 2

[14] C. Ziebart, R. Jackstell, M. Beller, ChemCatChem 2013, 5, 3228–3231.
[15] J. Clayden, N. Greeves, S. Warren, P. Wothers, Organic Chemistry, Oxford University  
 Press, 2001.
[16] L. Rosi, M. Frediani, P. Frediani, Journal of Organometallic Chemistry 2010, 695,  
 1314–1322.
[17] F. M. A. Geilen, B. Engendahl, A. Harwardt, W. Marquardt, J. Klankermayer, W. 
 Leitner, Angewandte Chemie (International Edition) 2010, 49, 5510–5514.
[18] M. Kilner, D. V. Tyers, S. P. Crabtree, M. A. Wood, 2003, U.S. Patent WO03093208.
[19] M. A. Wood, S. P. Crabtree, D. V. Tyers, 2005, U.S. Patent WO2005051875A1.
[20] H. M. Lee, P. L. Chiu, J. Y. Zeng, Inorganica Chimica Acta 2004, 357, 4313–4321.
[21] P. L. Chiu, H. M. Lee, Organometallics 2005, 24, 1692–1702.
[22] S. R. Gilbertson, X. Wang, The Journal of Organic Chemistry 1996, 61, 434–435.
[23] D. Rose, G. Wilkinson, Journal of the Chemical Society Section A: Inorganic, 
 Physical, Theoretical 1970, 1791–1795.
[24] N. Nagao, M. Tsuchida, F. S. Howell, M. Mukaida, Inorganica Chimica Acta 1992, 195, 
 221–225.
[25] J. A. Crayston, D. C. Cupertino, H. S. Forster, Synthetic Metals 1990, 35, 365–370.
[26] O. Kaufhold, A. Stasch, T. Pape, A. Hepp, P. G. Edwards, P. D. Newman, F. E. Hahn,  
 Journal of the American Chemical Society 2009, 131, 306–317. 



55

Chapter 3
Synthesis and Structure of  M(arene) 

Complexes Containing NHC-Amine 
Ligands

M

Part of the work in this chapter has been published: E. Jansen, L.S. Jongbloed, D.S. Tromp, M. 
Lutz, B. de Bruin, C.J. Elsevier, ChemSusChem, 2013, 6, 1737-1744.



56

Chapter 3

Abstract 

In this chapter, we report the development of a new set of complexes of the type [M(arene)
Cl(L)] (M=Ru, Ir or Rh; arene = p-cymene or Cp* (pentamethylcyclopentadienyl)), contain-
ing novel bidentate ligands L consisting of an N-heterocyclic carbene (NHC) and various 
primary amine moieties (L = 1-(2-aminophenyl)-3-(n-alkyl)imidazole-2-ylidine). These 
complexes are structurally compared to analogous complexes on the basis of NMR studies 
and X-ray crystal structure determinations. The investigations revealed that the combina-
tion of the small chelate ring size and resonance conjugation in the new NHC-aniline ligand 
L increases the electron donating capacities of the NHC compared to that of larger ring ana-
logues. Due to the difference in oxidation state, Ir(III) and Rh(III) formed shorter M-carbene 
bonds compared to Ru(II), which was ascribed to the better overlap of their lower lying d-
orbitals. Additionally, the conjugated properties of the aniline ring prohibited the formation 
of an analogous Ru(II)Cp* compound with a bidentate chelating NHC-amine moiety, since 
the conjugated ligand ensured a preferred coordination mode as RuCp* sandwich complex.

3.1 Introduction

In the search for active and selective catalysts, it is of great importance to explore new li-
gand designs and novel complexes, to investigate structural influences and to test how these 
new complexes can be applied. It is well known that bidentate ligands are not only able to 
improve the stability of complexes, but can also combine the properties of two moieties, 
resulting in a ligand where the “whole is greater than the sum of its parts.”[1]

We envisaged to combine an N-heterocyclic carbene (NHC) moiety, providing favorable 
donating properties widely used in hydrogenation reactions,[2] with a primary amine func-
tionality known to function as an internal base and/or a hemi-labile moiety in a bidentate 
ligand. This combination could allow bifunctional substrate activation.[3-5]  In general, the 
use of NHCs and primary amine containing ligands in coordination chemistry is, thus far, 
poorly developed. Only a few transition metal-based catalysts based on this motive have 
been developed to date.[6–9] We designed our NHC-primary amine containing ligand (CNHC-
NH2) in such a way that the NHC is linked to an aniline, creating a system where the amine 
is in conjugation with the imidazole through the aromatic linker, leading to stronger ligand 
donor capacity. Late transition metal complexes containing this electron-rich CNHC-NH2 li-
gand were speculated to display hemi-labile and/or bifunctional behavior, which are both 
favorable properties when it comes to the conversion of oxygenates from biomass using 
hydrogenation and/or direct α-alkylation.
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The first series of complexes that we designed with the CNHC-NH2 ligand were based on a 
metal half-sandwich motif (M = Ru, Ir and Rh, see Figure 1, general structure I). During the 
course of our investigation the group of Cross[7] published results using similar complexes 
(Figure 1, general structure II) but application is, until now, limited to transfer hydrogena-
tion reactions. 

Around the same time, the group of Morris also aimed at combining an NHC and a pri-
mary amine but developed a different type of ligand where the NHC is coupled to a benzylic 
amine. This entails that the structure of the ligand differs on two distinct points: the che-
late ring that is formed is larger and the electronic structure lacks the conjugation with the 
amine function present in our ligand (Figure 1, general structure III).

Figure 1. General structures of half-sandwich complexes synthesized in this work I, and by the groups 
of Cross II and Morris III.

Morris performed extensive DFT studies on the performance of the catalyst in, among oth-
ers, the H2-hydrogenation of ketones, which laid a firm foundation in understanding the ba-
sics of the reaction when catalysts containing the NHC-amine motif are applied. The design 
of our M-arene series allows for direct structural comparison with the analogous complexes 
of Morris and co-workers. In general, the activity of a catalyst is closely related to its struc-
ture: a small structural change can bring about large differences in activity and selectivity. 

To this end, we studied the influence of three factors more closely: 1) the chelate ring size, 
2) the size of the alkyl substituent on the ligand and 3) the metal. To investigate the influ-
ence of chelate ring size we needed to synthesize a Ru(p-cym) and an IrCp* species with 
our CNHC-NH2 ligand 4a. The influence of the size of the alkyl substituent will be looked at by 
coordinating ligand 4b-4d with Ru(p-cym). To check the extent of the influence of the metal, 
also a RhCp* species is coordinated with ligand 4a. The synthesis and characterization of 
these complexes is discussed in this chapter. Furthermore, the structural and spectroscopic 
properties of these complexes are compared to previously reported analogous complexes. 
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The impact of the structural variations of the catalyst on catalytic activity in H2-hydrogena-
tion of ketones will be discussed in Chapter 5.

3.2 Synthesis, Results and Discussion

Ligand Synthesis

The synthesis route towards the new CNHC-NH2 ligand is shown in Scheme 1. The 2-(2-imi-
dazolyl)aniline was obtained by an Ullmann-type coupling of 2-fluoronitrobenzene 1, fol-
lowed by hydrogenation of the aromatic nitro group of 2 to yield the imidazolium aniline 3. 

The imidazolium ligand-precursors 4a-d were then obtained in good yields by N-alkyla-
tion of 3 in a sealed tube with the respective iodo- or bromoalkyl reagent in stoichiometric 
amounts.  Formation of side products by alkylation of the free amine hardly occurred, and 
the ligands 4a-d were readily obtained in a pure form. The PF6 imidazolium salt 4e was 
readily obtained by anion exchange of the halogenide 4a with an excess of KPF6 in DCM. 
Having the new ligands 4a-e in hand, we focused on the synthesis of their metal complexes. 
Several synthetic routes are available to prepare NHC-metal complexes. Most of them in-
volve either transmetallation from a preformed NHC-silver complex or deprotonation of the 
imidazolium salt to form the free carbene which is trapped by the desired metal precursor 
in a direct one-pot reaction. 

Scheme 1. Synthesis route towards CNHC-NH2 ligands 4a-e, applying an Ulmann-type coupling, reduc-
tion of the nitro group and N-alkylation of the imidazole.

A complication of the direct deprotonation route, when preparing the NHC-metal complex, 
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arises if the free carbene that is formed is thermodynamically not very stable. This appears 
to be the case for the free carbene generated from carbene precursor 4e. Following the reac-
tion between CNHC-NH2 ligand 4e and KOtBu by 1H-NMR indeed showed substantial broad-
ening and changes in the aromatic region after 10 minutes. Since ligand exchange reactions 
with (kinetically inert) ruthenium complexes are generally slow, the direct deprotonation 
route towards ruthenium carbene complexes proved unsuitable. Therefore, we switched to 
the transmetallation route via the silver-NHC complexes. The synthesis of the silver com-
plexes is described below. 

Synthesis of CNHC-NH2 Silver Complexes

Transmetallation, in which the NHC ligand is transferred from a preformed NHC-silver com-
plex to another transition metal, is a well-established route for the preparation of a vari-
ety of different transition metal NHC complexes.[10,11] Often this method gives cleaner and 
higher yields than direct metallation. Especially for palladium and rhodium, this method is 
frequently applied. This  is illustrated by examples of coordination of NHC-amine ligands to 
these metals in literature.[12,13] As mentioned before, a highly similar ligand (Figure 1, struc-
ture III) with a primary amine group was developed by Morris and colleagues.[8,14] In this 
procedure, the NH2-group was obtained by the reduction of a benzoisonitrile group linked 
to a NHC coordinating to the transmetallating agent. This results in an additional carbon 
atom between the aromatic ring and the amine. Our ligand synthesis already yields the li-
gand with the primary amine group and reduction of an isonitrile group is not necessary. 
Transmetallation via the silver(I)-carbene is a mild route without the use of strong bases 
which could possibly react with the amine group. 

Scheme 2. Synthesis of the silver(I) carbene Ag-4a from imidazolium ligand 4a.

For the synthesis of silver(I)-carbene Ag-4a, we followed a standard procedure in which the 
ligand was stirred overnight in the presence of Ag2O under exclusion of light (see Scheme 
2). As the ligand was insoluble in DCM, a small amount of MeOH was added to the reaction 
mixture. An orange/brown product was obtained in moderate yield, which was mildly hy-
groscopic. The 1H-NMR showed no imidazolium signal which suggests the binding of the 
carbene to the silver. 13C-NMR shows a large downfield shift of the NCN carbon from 137.65 
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ppm in the imidazolium ligand 4a to 181.41 ppm, indicating coordination to silver in a car-
bene fashion. This shift is in accordance with literature examples,[10,15] but the Ag-C coupling 
was not observed. With the CNHC-NH2 ligand and its silver complex in hand, several options 
to coordinate the ligand with late transition metals were explored.

Synthesis of CNHC-NH2 Ruthenium Complexes

The [Ru(p-cym)Cl(CNHC-NH2)]PF6 complex 5a was prepared by reaction of [RuCl2(p-cym)]2 

with Ag-4a in DCM involving transmetallation. The precursor [RuCl2(p-cym)]2 already has 
Ru(II) in the desired oxidation state. To avoid the presence of a bromide anion in catalysis, 
anion exchange was performed using an excess of KPF6, producing a green complex in good 
yield (see scheme 3). 

Scheme 3. Synthesis of [Ru(p-cym)Cl(CNHC-NH2)]PF6 complex 5a via transmetallation using Ag-4a and 
[RuCl2(p-cym)]2.

Identification of 5a was performed by multinuclear NMR spectroscopy, high resolution 
mass spectrometry (HR-MS FAB) and X-ray crystal structure determination. The 1H-NMR 
spectrum was measured in both CD2Cl2 and DMSO-d6, of which the latter gives a spectrum 
without overlapping signals. The complex gives four different signals for the aromatic pro-
tons of the p-cym ligand and one signal for the i-propyl protons. Also, the protons of the 
NH2-group give two signals, each with doublet multiplicity, that shift 2 ppm downfield in 
the two different solvents (i.e. from d = 4.4 and 6.5 ppm in CD2Cl2 to d = 6.0 and 8.3 ppm in 
DMSO-d6). Assuming that rotation of the p-cym moiety on NMR-time scale is slow, the split-
ting of the aromatic signals indicates that the surroundings of the aromatic protons make 
them inequivalent. 

The observed splitting of the NH2-group can be ascribed to hydrogen bonding between the 
amino protons and the PF6

- anion or the chloride. The 31P-NMR and 19F-NMR spectra show 
expected signals for the PF6

- counterion with a doublet around δ = 70 ppm in the 19F-NMR 
spectrum and a septet around δ = -144 ppm (J = 712 Hz) in the 31P-NMR spectrum. Single 
crystals could be grown from a DCM/Et2O mixture, which were amenable to X-ray diffrac-
tion. Further details of the molecular structure will be discussed below under the section 
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Structural Comparison, where we also use the parameters obtained from the crystal struc-
ture to compare the structural characteristics of this complex with different chelate size 
complexes.

The [Ru(p-cym)Cl(CNHC-NH2)]I complexes 5b-d, containing different alkyl substituents on 
the NHC, were obtained in a one-pot reaction from ligands 4b-d, using Ag2O as base but 
without first isolating the silver(I)-carbene complex[7] (see Scheme 4). Anion exchange was 
omitted here since the goal was not to obtain the best possible catalyst but to apply these 
complexes in catalysis to check the influence of the size of the alkyl substituent. Complexes 
5b-d have been characterized using NMR. Similar to complex 5a there are four different 
signals for the aromatic p-cym protons and the splitting of NH2 due to hydrogen bonding is 
visible, in accordance to the report of Cross[7] where hydrogen bonding to the iodide anion 
is reported. 

Scheme 4. Synthesis of [Ru(p-cym)Cl(CNHC-NH2)]I complexes 5b-d with varying alkyl substituents 
(Me, Et and nBu).

Structural Comparison of Ru(p-cym) Complexes Containing CNHC-NH2 Ligands 
With Differing Chelate Ring Sizes

Several structural parameters of [Ru(p-cym)Cl(CNHC-NH2)]PF6 5a were obtained from the 
X-ray crystal structure, shown in Figure 2. These parameters were compared with analo-
gous complexes reported previously, as discussed below. Complex 5a exhibits a tetrahedral 
pianostool geometry, in accordance with related literature examples. It crystallizes in the 
centrosymmetric triclinic space group P-1, with one molecule in the asymmetric unit. 

These properties are similar to what was reported by Cross[7] and to the benzyl amine 
complex 7 reported by Morris (see Figure adjoining Table 1), which crystallizes in the cen-
trosymmetric orthorhombic space group Pbca with one molecule in the asymmetric unit. 
Despite the chirality of both complexes 5a and 7, their crystal structures are racemic. The 
aromatic ring is twisted with respect to the imidazole at a dihedral angle of 33.67(9)° and 
the six membered chelate ring that is formed is non-planar. Amino hydrogen H1N is in-
volved in an intermolecular hydrogen bond to a PF6

- anion. The other hydrogen atom H2N 
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takes part in a bifurcated hydrogen bond: one acceptor is the chlorine of the same molecule 
and the second acceptor is the chlorine of a neighboring molecule. Overall this leads to a 
hydrogen bonded one-dimensional chain along the b axis. 

Figure 2. Displacement ellipsoid plot of compound 5a in the crystal, drawn at the 50% probability 
level. C-H hydrogen atoms and PF6 anion are omitted for clarity. Only the major conformation of the 
disordered n-butyl group is shown. 

We first analyzed the structural and spectroscopic differences between 5a (containing an 
aryl-derived 6-membered chelate-ring), and the analogous complexes 6 (containing an ali-
phatic 6-membered chelate-ring) and 7 (containing a benzylic 7-membered chelate-ring). 
Several NMR spectral data related to the chelate ring size of these complexes are summa-
rized in Table 1. Table 2 summarizes the important crystal data of the same compounds.

The C(1)-Ru-N(3) bite angle in 5a is 79.62(6)°, which is significantly smaller than in 6 and 
7 (87.0 and 91.98°, respectively, see Table 2). In the geometry of these complexes, the op-
timum angle due to the chelate ring would be 90°, implying that complex 5a is somewhat 
strained. The strain causes a non-optimal orbital overlap between Ru and N(3). This can 
promote dissociation of the amine, which is a relevant factor to consider when these com-
plexes are applied in catalysis reactions. 

The carbene carbon of 5a resonates slightly downfield in 13C-NMR as compared to 6 and 7, 
indicating a more electron rich carbene. This correlates to the shorter Ru-C(1)Carbene bond 
length, suggesting a stronger Ru-carbene interaction. Compared to 7, both NH2 signals of 
5a in 1H-NMR resonate further downfield indicating that the amine becomes more acidic or 
more electron rich. A similar, minor shift is also visible for the imidazolium backbone pro-
tons and the aromatic ring (see Table 1), all indicative of the conjugated structure. 
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Table 1. Selected NMR parameters of Ru(p-cym) complexes 5a, 6 and 7.

5a 6 7

Ru
NH2N

N

nBu
Cl

PF6

Ru
NH2N

N

Me
Cl

PF6

Ru NH2
N

N

Me
Cl

PF6

1H shift 

Im. backbone =CH 7.65, d, J = 2.2 Hz 7.02, d, J = 1.8 Hz 7.37, d, J = 1.9 Hz
7.43, d, J = 2.2 Hz 6.96, d, J = 1.9 Hz 7.35, d, J = 1.9 Hz

H-arom 7.78, 7.48-7.37 7.69, 7.60-7.48

NH2 6.52, d, J = 8.9 Hz 6.88 5.12, br
4.38, d, J = 10.6 Hz 2.78 3.68

13C shift

carbene 177.2 174.0 175.1
NMR shifts (δ) reported in ppm. All compounds were measured in CD2Cl2. d = doublet, br = broad, J = 
coupling constant. Data from structures of 6 and 7 taken from ref [9] and [8].

Table 2. Selected structural parameters of Ru(p-cym) complexes 5a, 6 and 7.

5a 6 7

Ru
NH2N

N

nBu
Cl

PF6

Ru
NH2N

N

Me
Cl

PF6

Ru NH2
N

N

Me
Cl

PF6

Ru(1)-C(1) (Å) 2.0394(15) 2.041(6) 2.092(5)
Ru(1)-N(1) (Å) 2.1399(14) 2.114(4) 2.146(4)
Ru(1)-Cl (Å) 2.3973(4) 2.4140(15) 2.4180(13)
C(1)-Ru(1)-N(1) (°) 79.62(6) 87.0(2) 91.98(17)

Structural parameters of 5a obtained from the X-ray crystal structure. Structural parameters of 6 and 
7 taken from ref [9] and [8]. C(1) indicates the carbene of the NHC, N(1) indicates the NH2.

The 13C-carbene signals of the complexes 5b-d, which differ in their alkyl substituents, res-
onate slightly further downfield at 178.21 (nBu), 176.62 (Et) and 179.09 (Me) ppm, but 
are otherwise similar in spectral properties to 5a. A more electron rich carbene leads to 
a stronger donating NHC moiety. Using the aniline ligand with a conjugated system also 
renders the NHC more electron rich, which is an important factor in catalysic reactions. The 



64

Chapter 3

influence of this and abovementioned factors on catalysis will be discussed in Chapter 5.

Formation of a Ru-Sandwich Complex 

RuCp* analogues are logical related structures and would be similar to the successful 
RuCp*NHC-benzylic amine complex by Morris (Figure 2, general structure III). Several at-
tempts to synthesize the analogous Ru(II)Cp* complex using our CNHC-NH2 ligand have prov-
en unsuccessful. Unfortunately, using either NaH, KOtBu, Ag2O or NaHMDS as the base or 
using the appropriate silver complex Ag-4a for transmetallation of several metal precur-
sors, such as [RuCp*(μ3-Cl)]4, [RuCp*Cl2]n and [RuCp*Cl(cod)] all resulted in unidentifiable 
mixtures of products. Apparently, the RuCp* complex with a 6-membered NHC-aniline che-
late ring is very difficult to prepare and as yet, there are no reports of the synthesis of this or 
similar complexes. A likely reason for this behavior is the intrinsic reactivity of ruthenium 
towards the aromatic aniline ring. When stirring ligand 4e and the [RuCp*(μ3-Cl)]4 precur-
sor in THF in the absence of base, a fine yellow precipitate formed. NMR experiments indi-
cated the formation of complex 8, as shown in Scheme 5. 

Scheme 5. Proposed structure of RuCp* compound 8 obtained from [RuCp*(μ3-Cl)]4 and 4e in the 
absence of base.

The chemical shifts of the aromatic ring of the ligand as detected in both 1H and 13C-NMR 
(around d = 5,5 ppm and 80 ppm, respectively) of 8 are comparable to those reported for 
the aniline ligand in [RuCp*(η6-aniline)]Cl.[16] The large upfield chemical shift of the amine 
protons in the NMR spectrum of d = 8 to 6.95 ppm (showing only coupling to itself in COSY 
and no coupling to a carbon in (13C-1H) HSQC-NMR) suggests that the amine protons have 
become significantly more acidic compared to the free ligand 4e due to resonance of the 
amine lone pair with the p-system of the aromatic ring. This readily explains the observed 
and undesired coordination mode. The RuCp* analogue containing a benzylic amine (Figure 
2, general  structure III) does not share this resonance structure, and hence, in contrast to 
8,[14] this complex is readily synthesized in its desired NHC coordination mode. The ten-
dency of the tetrameric RuCp* moiety to coordinate to an arene in a sandwich-like fashion 
might explain the difficulties found when trying to form Ru-complexes with this ligand. If 
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the arene coordinates first; the amine and the carbene (after deprotonation) can coordinate 
more or less randomly to other complexes in different ways; forming complex dimeric or 
cluster structures.

Synthesis of CNHC-NH2
 Rhodium and Iridium Complexes

The analogous IrCp* and RhCp* complexes 9 and 10 were obtained in a similar manner as 
Ru-complex 5a, now using [IrCp*Cl2]2 and [RhCp*Cl2]2 as the metal precursors (see Scheme 
6). Cross and Daly already reported a route to an IrCp* complex with a similar ligand (Figure 
2, general structure II). The imidazolium salt was directly deprotonated with 2 equivalents 
of NaOtBu, resulting in a neutral amine coordination which formed when the amine coordi-
nates to iridium and was rendered more acidic, and is subsequently deprotonated. However, 
this protocol was hard to reproduce and no pure complex was obtained. 

Scheme 6. Synthesis of [IrCp*Cl(CNHC-NH2)]PF6 9 and [RhCp*Cl(CNHC-NH2)]PF6
 10 via transmetallation 

to [IrCp*Cl2]2 and [RhCp*Cl2]2 using Ag-4a.

Figure 3. Displacement ellipsoid plot of Ir-compound 9 (left) and Rh-compound 10 (right) in the 
crystal, drawn at the 50% probability level. The complexes are iso-structural. C-H hydrogen atoms, 
PF6 anion, disordered CH2Cl2 molecule (for 9) and disordered THF molecule (for 10) are omitted for 
clarity. 

Instead, the transmetallation route was again chosen. Purification was performed by heat-
ing a solvent mixture (Ir: DCM/Et2O; Rh: THF/pentane) and letting it cool down to 4 °C, 
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precipitating both complexes in microcrystalline fashion. Crystals suitable for X-ray diffrac-
tion were obtained from slow diffusion of these solvent mixtures (see Figure 3). Both Cp* 
complexes are iso-structural. Additionally, using silver as transmetallating agent also yields 
the complex with an NH2 coordination instead of NH. 

Structural Comparison of IrCp* Complexes Containing CNHC-NH2 Ligands With 
Differing Chelate Ring Sizes

The structural differences between the NHC-aniline and NHC-benzylic amine ligand that 
was found for the Ru-complexes 5a, 6 and 7 are also visible from the NMR and crystal data 
of IrCp* complex 9 and analogous complex 11 reported in literature. NMR spectra related to 
the chelate ring size of these complexes are summarized in Table 3. Table 4 summarizes the 
important crystal data of the same compounds. The seven-membered ring analogues of the 
RhCp* complex 10 have not been described before, so no ring-size structural comparisons 
can be made with these species.

Table 3. Selected NMR parameters of IrCp* complexes 9 and 11.

119

Ir
NH2N

N

nBu
Cl

PF6

Ir NH2

N
N

Me
Cl

PF6

1H shift 

Im. backbone =CH 7.70, d, J = 2.2 Hz 7.34, d, J = 2.1 Hz
7.38, d, J = 2.2 Hz 7.32, d, J = 2.1 Hz

H-arom 7.54, 7.49-7.40 7.75, 7.59, 7.48
NH2 6.12, br 4.38
13C shift

carbene 160.9 155.8
NMR shifts (δ) reported in ppm. All compounds were measured in CD2Cl2. d = doublet, br = broad, J = 
coupling constant. Data from structure of 11 taken from ref [17].

As was observed for the Ru(p-cym) complexes 5a and 7, the C(1)-Ir-N(3) angle in our com-
plex 9, amounting to 80.76(6)°, is much smaller than in complex 11 (90.9(2) degrees) and 
therefore the metallacycle is more strained. The 13C carbene shift of 9 is shifted downfield 
and the Ir-C distance is smaller compared to 11, both indicating a more electron rich car-
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bene. There are more similarities between the Ir and Ru structural parameters in 1H-NMR: a 
similar downfield shift is observed for the imidazolium backbone protons, the aromatic ring 
and the amine in 9, when compared to 11. 

Table 4. Selected crystal data of IrCp* complexes 9 and 11.

119

Ir
NH2N

N

nBu
Cl

PF6

Ir NH2

N
N

Me
Cl

PF6

Ir(1)-C(1) (Å) 2.023917(0) 2.067(7)
Ir(1)-N(1) (Å) 2.1484(15) 2.127(5)
Ir(1)-Cl(1) (Å) 2.4070(4) 2.424(2)
C(1)-Ir(1)-N(1) (°) 80.76(6) 90.9(2)

Structural parameters of 9 obtained from the X-ray crystal structure. Structural parameters of 11 
taken from ref [17]. C(1) indicates the carbene of the NHC, N(1) indicates the NH2.

The Ir-complex 9 and Rh-complex 10 both have stronger M-carbene bonds (M-C(1)
are 2.0239(17) Å and 2.0296(15) Å respectively) to the NHC ligand than Ru-complex 5a 
(2.0394(15) Å). All three complexes are d6 configured but differ in oxidation state. The d-
orbitals of iridium(III) and rhodium(III) lie lower in energy, and are therefore energetically 
better matched to allow stronger σ-bonding overlap with the sp2-hybridized donor orbital 
of the NHC carbene moiety, as compared to the d-orbitals of ruthenium(II). This may also 
explain the intrinsic reactivity of the RuCp*(II) precursor towards the aniline ring of the 
ligand that was found for 8: the higher lying Ru d-orbitals are energetically better matched 
with the arene orbitals and therefore back-donation into these orbitals is likely more fa-
vorable than binding to the NHC donor, thus leading to formation of a sandwich-like coordi-
nation of the CNHC-NH2 ligand. 

3.3 Summary and Conclusions

We succeeded in developing a novel type of CNHC-NH2 ligand 4a-e where an aniline ring is N-
substituted to the NHC, influencing the donor properties of the ligand: compared to ligands 
where the primary amine does not have the option of a resonance structure of its lone pair 
with the p-system of the aromatic ring, the NHC of 4a-e is more electron rich and therefore 
displays stronger donor properties.
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The structural characteristics and features of complexes 5-11 containing the CNHC-NH2 mo-
tif illustrate the properties of the ligand structure and its impact on complex properties. 
Ligands 4a-e form a smaller, six-membered, chelate and additionally exhibit conjugation 
of the primary amine through the ring system. This is in contrast to the NHC-benzyl amine 
ligand in the complexes reported by Morris, which is a larger seven-membered chelate that 
does not possess this conjugation. Both factors have an influence on the electronic proper-
ties of the NHC, rendering the carbene more electron rich in the CNHC-NH2 ligand 4. This is 
also reflected in the M-C(1)Carbene (M = Ru, Ir) bond distances reported in the solid state, 
where complexes containing ligand 4 have shorter distances than complexes containing 
larger or non-conjugated chelate ring size ligands. NMR parameters support this statement, 
showing downfield shifts of the carbene carbon in 13C-NMR and of the aromatic ring and 
NHC backbone protons and amine protons in 1H-NMR. The smaller chelate ring creates a 
strained C(1)Carbene-M-N(3) angle within the complex (around 80°), which deviates from an 
optimal geometry (around 90°), possibly causing a non-optimal orbital overlap between the 
metal and the amine.

Within the series of complexes containing ligand 4 an influence of the metal oxidation state 
is also observed. Iridium(III) complex 9 and rhodium(III) complex 10 display shorter bonds 
to the carbene, due to better overlap of their lower lying d-orbitals compared to Ru(II) com-
plex 5a. Additionally, the properties of the aniline ring prohibit the formation of a bidentate 
chelating analogous RuCp* compound, since the conjugated amine ensures a preferred co-
ordination mode as a RuCp* sandwich complex 8.

Summarizing, six-membered ring chelate CNHC-NH2 ligand 4 is a stronger donating ligand 
when coordinated to a metal than its analogous, non-conjugated and/or seven-membered 
ring chelate ligands. Additionally, the non-optimal orbital overlap caused by the smaller and 
somewhat strained six-membered ring chelate 4 can promote dissociation of the amine. 
These are important factors to consider when these complexes are applied in hydrogena-
tion catalysis, which will be the subject of Chapter 5.

3.4 Experimental Section

General Remarks

All experiments were carried out under an atmosphere of purified nitrogen using standard 
Schlenk techniques. Solvents were freshly distilled under an argon atmosphere from so-
dium benzophenone ketyl (toluene, THF, pentane and diethyl ether) and from CaH2 (CH2Cl2 
and MeCN). MeOH and i-prop were distilled from CaH2 under a nitrogen atmosphere and 
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were stored over 4Å molecular sieves. Acetophenone was vacuum-distilled from P2O5 un-
der a nitrogen atmosphere and was stored over 4Å molecular sieves. Deuterated solvents 
(CDCl3 and CD2Cl2) were distilled from CaH2 under a nitrogen atmosphere and stored over 
4Å molecular sieves. DMSO was purchased as dry solvent. 1-(2-nitrophenyl)-imidazole[18] 2, 
imidazole aniline[18] 3 and [RuCp*(μ3-Cl)]4

[19] were prepared according to literature proce-
dures.  Other reagents were obtained commercially and used as received. NMR spectra were 
recorded on either a Bruker AMX 400 MHz, Bruker DRX 300 MHz, Varian Mercury 300 MHz 
or Varian INOVA 500 MHz. 1H and 13C{1H} chemical shifts are reported in parts per million 
(δ, ppm) downfield from TMS, and 31P{1H} chemical shifts are reported in ppm downfield 
from 85% H3PO4. Abbreviations used in the reporting of NMR spectra are b = broad, s = 
singlet, d = doublet, t = triplet, q = quartet and m = multiplet. High resolution mass spectra 
were recorded on a JEOL JMS SX/SX102A four-sector mass spectrometer coupled to a JEOL 
MSMP7000 data system. 

General preparation of 1-(2-aminophenyl)-3-(n-alkyl)imidazolium halide 4a-d and imidazo-
lium PF6 (4e), based on a procedure from ref[7]  using alkyliodides or bromides 
Imidazole aniline (4.54 mmol) was weighed in a pressure tube and suspended in 20 ml 
MeCN. The appropriate alkylhalide (4.54 mmol) was added and after sealing the tube the 
mixture was heated to 90 °C for 4 days. The mixture was then cooled to RT, and the volatiles 
removed in vacuo. Purification was performed by dissolving the product in a small amount 
of MeOH and adding this dropwise to 200 ml Et2O. Light to darkbrown solids were obtained. 
To obtain ligand 4e, 4a (1.32 gr, 4.45 mmol) was stirred with an excess of KPF6 (4.2 gr, 22.7 
mmol) in 20 ml CH2Cl2 overnight at RT. The salts were removed by filtration over a pad of 
celite and the product was dried in vacuo. When an oily solid was obtained, a washing step 
with Et2O was performed.

Spectral data of 4a (X = Br, R = nBu), obtained from n-bromobutane as a very hygroscopic 
brown sticky solid in 98% yield. 1H-NMR (300 MHz, CD2Cl2) δ = 9.56 (s, 1H, im-H), 7.56 (t, J = 
1.8 Hz, 1H, im =CH), 7.37 (t, J = 1.8 Hz, 1H, im =CH), 7.26 (m, 1H, HAr), 7.14 (dd, J = 7.9, 1.5 Hz, 
1H, HAr), 6.99 (dd, J = 8.2, 1.3 Hz, 1H, HAr), 6.77 (m, 1H, HAr), 5.05 (s, 2H, NH2), 4.43 (t, J = 7.5 
Hz, 2H, NCH2), 1.96 (m, 2H, CH2), 1.43 (m, 2H, CH2), 0.98 (t, J = 7.3 Hz, 4H, CH3) ppm. 13C-NMR 
(126 MHz, DMSO-d6) δ = 144.20 (s, CArNH2), 137.65 (s, NCN), 131.62 (s, CAr), 127.72 (s, CAr), 
124.28 (s, CAr), 123.30 (s, CAr), 120.21 (s, C=C im), 116.96 (s, CAr), 116.53 (s, C=C im), 49.34 
(s, CH2), 31.57 (s, CH2), 19.39 (s, CH2), 13.89 (s, CH3). FAB+-MS for C13H18N3: m/z calculated 
216.1501 (100%) [M-Br]+, observed 216.1494.

Spectral data of 4b (X = I, R = nBu), obtained from n-iodobutane as a brown yellow solid in 
93% yield. 1H-NMR (300 MHz, CD2Cl2) δ = 9.28 (s, 1H, im-H), 7.54 (m, 1H, im =CH ), 7.43 (t, 
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J = 1.7 Hz, 1H, im =CH), 7.30 (m, 1H, HAr) , 7.20 (dd, J = 7.9, 1.4 Hz, 1H, HAr), 6.98 (dd, J = 8.2, 
1.2 Hz, 1H, HAr), 6.83 (m, 1H, HAr), 4.67 (bs, 2H, NH2) 4.43 (t, J = 7.5 Hz, 2H, NCH2), 1.97 (m, 
2H, CH2), 1.45 (m, 2H, CH2), 1.00 (t, J = 7.3 Hz, 3H, CH3) ppm. 

Spectral data of 4c (X = I, R = Et), obtained from n-iodoethane as a brown yellow solid in 98% 
yield. 1H-NMR (300 MHz, CD2Cl2) δ = 9.20 (s, 1H, im-H), 7.51 (t, J = 1.8 Hz, 1H, im =CH), 7.44 
(t, J = 1.8 Hz, 1H, im =CH), 7.33 (m, 1H, HAr), 7.20 (d, J = 6.4 Hz, 1H, HAr), 6.95 (dd, J = 8.2, 1.2 
Hz, 1H, HAr), 6.84 (m, 1H, HAr), 4.62 (bs, 2H, NH2), 4.50 (m, 2H, NCH2), 1.68 (t, J = 7.4 Hz, 3H, 
CH3) ppm. FAB+-MS (CH2Cl2) for C11H14N3: m/z calculated 188.1188 (100%) [M-I]+, observed 
188.1185.

Spectral data of 4d (X = I, R = Me), obtained from iodomethane as a brown orange solid in 
78% yield. 1H-NMR (300 MHz, CDCl3) δ = 9.29 (s, 1H, im-H), 7.43 (t, J = 1.7 Hz, 1H, im =CH), 
7.36 (t, J = 1.8 Hz, 1H, im=CH), 7.29 (m, 1H, HAr), 7.11 (dd, J = 7.9, 1.4 Hz, 1H, HAr), 6.88 (dd, J 
= 8.2, 1.2 Hz, 1H, HAr), 6.80 (m, 1H, HAr), 4.82 (b, 2H, NH2), 4.18 (s, 3H, NCH3) ppm. FAB+-MS 
(CH2Cl2) for C10H12N3: m/z calculated 174.1031 (100%) [M-I]+, observed 174.1032.

Spectral data of 4e (X = PF6, R = nBu), obtained as an off-brown solid in 91% yield. 1H-NMR 
(300 MHz, CD2Cl2) δ = 8.60 (s, 1H, im-H), 7.48 (t, J = 1.6 Hz, 2H, im =CH), 7.36 (m, 1H, HAr), 
7.18 (dd, J = 7.9, 1.4 Hz, 1H, HAr), 6.95 (d, J = 8.2 Hz, 1H, HAr), 6.90 (m, 1H, HAr), 4.32 (t, J = 7.5 
Hz, 2H, NCH2), 4.07 (bs, 2H, NH2), 1.96 (m, 2H, CH2), 1.45 (m, 2H,  CH2), 1.01 (t, J = 7.4 Hz, 3H, 
CH3) ppm. 19F-NMR (282 MHz, CD2Cl2) δ = -72.95 (d, J = 711.3 Hz) ppm.

Preparation of  Bis [1-(2-aminophenyl)-3-butyl-imidazol-2-ylidene] silver(I) dibromo 
argentate(I) Ag-4a
 A suspension of 4a (0.32 gr, 1.1 mmol) and Ag2O (0.25 gr, 1.1 mmol) and MeOH (2 ml) in 
CH2Cl2 (35 ml) was stirred for 30 h at 20 °C under the exclusion of light. The resulting mix-
ture was filtered over a pad of celite and the solvent was removed under reduced pressure 
to yield the desired silver-carbene (0.29 gr, 66 %) as a brown/orange solid. 1H-NMR (500 
MHz, DMSO-d6) δ = 7.65 (s, 1H, im=CH), 7.50 (s, 1H, im=CH), 7.17 (t, J = 7.7 Hz, 1H, HAr), 7.07 
(d, J = 7.8 Hz, 1H, HAr), 6.85 (d, J = 8.1 Hz, 1H, HAr), 6.63 (t, J = 7.5 Hz, 1H, HAr), 5.08 (s, 2H, 
NH2), 3.99 (bs, 2H, NCH2), 1.75 (bs, 2H, CH2), 1.23 (bs, 2H, CH2), 0.88 (bs, 3H, CH3). 13C-NMR 
(75 MHz, CD2Cl2) δ = 181.41 (NCN), 142.12 (s, CAr), 137.57 (s, CAr), 129.80 (s, CAr), 127.00 
(s, CAr), 122.51 (s, C=C im), 120.68 (s, C=C im), 117.44 (s, CAr), 116.49 (s, CAr), 51.45 (s, CH2), 
32.81 (s, CH2), 19.28 (s, CH2), 12.97 (s, CH3). FAB+-MS (CH2Cl2) for C26H34AgN6: m/z calcu-
lated 537.1896 (100%) [M-AgBr2]+, observed 537.1900.
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Preparation of [Ru(p-cym)Cl(CNHC-NH2)]PF6
  5a

A solution of Ag-4a (0.27 gr, 0.66 mmol) in DCM (15 ml) was added to a solution of [RuCl2(p-
cym)]2 (0.19 gr, 0.30 mmol) and KPF6 (0.36 gr, 1.98 mmol) in DCM (20 ml) and was stirred at 
RT for 3 h during which the solution became dark green with grey silver halides suspended 
in it. The mixture was filtered over a pad of celite and the volume of filtrate was reduced 
to 3 ml. 20 ml pentane was added which resulted in a precipitation of a dark green solid. 
Repeated precipitation from DCM with Et2O furnished the desired light green complex (0.19 
gr, 96%). 1H-NMR (300 MHz, CD2Cl2) δ = 7.78 (m, 1H, HAr), 7.65 (d, J = 2.2 Hz, 1H, im=CH), 
7.43 (d, J = 2.2 Hz, 1H, im=CH), 7.48-7.37 (m, 3H, HAr), 6.52 (d, J = 8.9 Hz, 1H, NH2), 5.83 (d, J 
= 5.9 Hz, 1H, HAr p-cym), 5.71 (d, J = 6.1 Hz, 1H, HAr p-cym), 5.09 (m, 2H, HAr p-cym), 4.38 (d, 
J = 10.6 Hz, 1H, NH2), 4.29 (t, J = 8.1 Hz, 2H, NCH2), 2.05 – 1.80 (m, 3H, CH2 and CH p-cym), 
1.74 (s, 3H, CH3

 p-cym), 1.52 (m, 2H, CH2), 1.05 (t, J = 7.3 Hz, 3H, CH3), 0.93 (dd, J = 16.6, 6.9 
Hz, 6H, CH3 i-Pr) ppm. 13C-NMR (75 MHz, CD2Cl2) δ = 177.22 (s, NCN), 134.26 (s, CAr), 132.06 
(s, CAr), 128.80 (s, CAr), 127.68 (s, CAr), 123.71 (s, CAr), 121.81 (s, C=C im), 121.67 (s, C=C im), 
120.14 (s, CAr), 109.37 (s, CAr p-cym), 101.81 (s, CAr p-cym), 89.06 (s, CAr p-cym), 83.89 (s, CAr 

p-cym), 83.73 (s, CAr p-cym), 81.96 (s, CAr p-cym), 51.52 (s, CH2), 33.01 (s, CH2), 30.78 (s, CH 
p-cym), 23.33(s, CH3

 p-cym), 20.19 (s, CH3 p-cym), 19.85 (s, CH3 p-cym), 17.83 (s, CH2), 13.62 
(s, CH3), ppm. 31P-NMR (121 MHz, CD2Cl2) δ = -144.06 (septet, J = 711.9 Hz) ppm. 19F-NMR 
(282 MHz, CD2Cl2) δ = -70.14 (d, J = 711.1 Hz) ppm. FAB+-MS (CH2Cl2) for C23H31ClN3Ru: m/z 
calculated 486.1253 (100%) [M-PF6]+, observed 486.1248.

Preparation of [Ru(p-cym)Cl(R-CNHC-NH2)][I] 5b-5d based on a modified procedure from ref.[7]

[Ru(p-cym)Cl2]2 (97 mg, 0.16 mmol), the appropriate imidazolium salt (4b-d) (0.32 mmol) 
and Ag2O (37 mg, 0.16 mmol) were weighed in a Schlenk and dissolved in 15 ml DCM and 
stirred under absence of light at 33°C overnight. The solvent was removed in vacuo and to-
gether with KI (0.53 gr, 3.17 mmol), it was redissolved in 20 ml acetone and stirred at reflux 
for 1 hr. The solvent was removed in vacuo, the crude product redissolved in 20 ml DCM, 
filtered over a pad of celite and concentrated under vacuum. The  complex was purified by 
repeatedly dissolving in a DCM/Et2O mixture and cooling to 4°C to obtain the pure complex.

Spectral data for 5b (R = Me). 5b Was obtained as a dark brown crystalline solid in 33% 
yield. 1H-NMR (300 MHz, , CD2Cl2) δ = 10.08 (d, J = 9.9 Hz, 1H, NH2), 8.60 (d, J = 6.8 Hz, 1H, 
HAr), 7.62 (s, 1H, im=CH), 7.36 (s, 1H, HAr), 7.42 – 7.18 (m, 3H, HAr), 6.24 (d, J = 5.4 Hz, 1H, 
HAr p-cym), 5.85 (d, J = 5.7 Hz, 1H, HAr p-cym), 5.32 (d,  J = 5.4 Hz, 1H, HAr p-cym), 5.19 (d, J 
= 5.7 Hz, 1H, HAr p-cym), 4.06 (s, 1H, NH2), 4.01 (s, 3H, CNH3), 1.90 (m, 1H, CH p-cym), 1.77 
(s, 3H, CH3 p-cym), 0.86 (dd, J = 19.8, 6.8 Hz, 6H, CH3 i-Pr) ppm. 13C-NMR (75 MHz, CD2Cl2) 
δ = 179.09 (s, NCN), 135.61 (s, CAr), 132.53 (s, CAr), 128.26 (s, CAr), 126.85 (s, CAr), 125.78 (s, 
CAr), 123.72 (s, C=C im), 120.98 (s, C=C im), 119.41 (s, CAr), 107.37 (s, CAr p-cym), 102.08 (s, 
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CAr p-cym), 89.87 (s, CAr p-cym), 83.88 (s, CAr p-cym), 83.83 (s, CAr p-cym), 83.11 (s, CAr p-cym), 
38.94 (s, CH3), 30.62 (s, CH p-cym), 23.35 (s, CH3 p-cym), 20.15 (s, CH3 p-cym), 18.00 (s, CH3 

p-cym) ppm.

Spectral data for 5c (R = Et). 5c Was obtained as a brown microcrystalline powder in 29% 
yield.  1H-NMR (300 MHz, , CD2Cl2) δ = 8.81 – 8.63 (m, 1H, HAr), 8.56 (d, J = 11.2 Hz, 1H, NH2), 
7.77 (d, J = 2.2 Hz, 1H, im=CH), 7.46 (d, J = 2.1 Hz, 1H, im=CH), 7.37 (dt, J = 6.8, 4.0 Hz, 3H, HAr, 
6.31 (d, J = 6.0 Hz, 1H, HAr p-cym), 5.79 (d, J = 6.0 Hz, 1H, HAr p-cym), 5.22 (dd, J = 10.5, 6.1 Hz, 
2H, HAr p-cym), 4.33 (ddq, J = 35.5, 14.6, 7.4 Hz, 2H, NCH2), 4.17 (d, J = 11.3 Hz, 1H, NH2), 2.14 
(m, 1H, CH p-cym) 2.09 (s, 3H, CH3 p-cym), 1.58 (t, J = 7.3 Hz, 3H, CH3), 0.92 (dd, J = 6.9, 4.1 
Hz, 6H, CH3 i-Pr) ppm. 13C-NMR (75 MHz, CD2Cl2) δ = 176.62 (s, NCN), 135.80 (s, CAr), 132.57 
(s, CAr), 128.22 (s, CAr), 127.28 (s, CAr), 123.13 (s, CAr), 122.39 (s, C=C im), 121.57 (s, C=C im), 
120.53 (s, CAr), 110.48 (s,CAr p-cym), 102.22 (s, CAr p-cym), 89.51 (s, CAr p-cym), 84.02 (s, CAr 
p-cym), 82.76 (s, CAr p-cym), 82.22 (s, CAr p-cym), 48.61 (s, CH2), 31.50 (s, CH p-cym), 23.67 
(s, CH3 p-cym), 20.44 (s, CH3 p-cym), 19.75 (s, CH3 p-cym), 15.69 (s, CH3) ppm.

Spectral data for 5d (R = nBu). 5d Was obtained in a dark brown microcrystalline solid in 
46% yield. 1H-NMR (300 MHz, CD2Cl2) δ = 10.14 (bs, 1H, NH2), 8.57 (s, 1H, im=CH), 7.72 (s, 
1H, im=CH), 7.36 (m, 4H, HAr ), 6.16 (d, J = 5.5 Hz, 1H, HAr  p-cym), 5.81 (d, J = 5.9 Hz, 1H, HAr 
p-cym), 5.28 (d, J = 5.5 Hz, 1H, HAr p-cym), 5.18 (d, J = 5.8 Hz, 1H, HAr  p-cym), 4.31 (t, J = 7.1 
Hz, 2H, NCH2), 4.01 (bs, J = 9.1 Hz, 1H, NH2), 1.91 (m, 3H, CH2 + CH p-cym), 1.50 (m, J = 7.4 Hz, 
2H, CH2), 1.03 (t, J = 7.3 Hz, 3H, CH3), 0.87 (dd, J = 25.8, 6.9 Hz, 6H, CH3 i-Pr) ppm. 13C-NMR 
(75 MHz, CD2Cl2) δ = 178.21 (s, NCN), 135.78 (s, CAr), 132.57 (s, CAr), 128.10 (s, CAr), 126.90 
(s, CAr), 123.58 (s, CAr), 123.14 (s, C=C im), 121.36 (s, C=C im), 120.18 (s, CAr), 107.75 (s, CAr 

p-cym), 101.25 (s, CAr p-cym), 89.54 (s, CAr p-cym), 84.20 (s, CAr p-cym), 83.89 (s, CAr p-cym), 
82.79 (s, CAr p-cym), 51.48 (s, CH2), 33.10, (s, CH p-cym) 30.58 (s, CH2), 23.37 (s, CH2), 20.23 
(s, 2 x CH3 p-cym), 17.90 (s, CH3 p-cym), 13.70 (s, CH3) ppm. FAB+-MS (CH2Cl2) for C23H31IN-

3Ru: m/z calculated 578.0613 (100%) [M-I]+, observed 578.0608.

Preparation of [RuCp*(η6-1-(2-aminophenyl)-3-(n-butyl)imidazolium)PF6]Cl complex 8
[RuCp*(μ3-Cl)]4 (109 mg, 0.1 mmol) and 4e (145 mg, 0.4 mmol) were weighed in a Schlenk, 
dissolved in 10 ml THF and stirred overnight at RT. The brown/yellow precipitate was fil-
tered off, washed with a small amount of cold THF and dried in vacuo (yield 44%). COSY 
and HSQC NMR spectroscopy have been used in the identification of the peaks. 1H-NMR 
(300 MHz, CD2Cl2) δ = 10.03 (bs, 1H, im-H), 7.64 (s, 1H, im=CH), 7.60 (s, 1H, im=CH), 6.95 
(bs, 2H, NH2), 6.39 (m, 2H, HAr), 5.64 (s, 3H, HAr), 4.41 (bs, 2H, NCH2), 2.03 (m, 2H, CH2), 1.98 
(s, 15H, CH3 Cp*), 1.49 (m, 2H, CH2), 1.02 (t, J = 7.2 Hz, CH3) ppm. 19F NMR (282 MHz, CD2Cl2) 
δ = -72.27 (d, J = 711.9 Hz) ppm. 13C-NMR (75 MHz, CD2Cl2) δ = 138.49 (s, NCN), 123.52 (s, 
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C=C im), 123.15 (s, C=C im), 121.89 (s, η5-C5Me5), 96.10 (s, CAr) , 89.59 (s, CAr), 86.61 (s, CAr), 
83.63 (s, CAr), 82.13 (s, CAr), 74.18 (s, CAr), 31.20 (s, NCH2), 19.66 (s, CH2), 13.33 (s, CH2), 
10.42 (s, CH3), 0.74 ppm (s, η5-C5Me5) ppm. FAB+-MS (CH2Cl2) for C23H32N3Ru: m/z calculated 
452.1646 (100%) [M-Cl-PF6]2+, observed 452.1646.

Preparation of [IrCp*Cl(CNHC-NH2)] PF6 9
[IrCp*Cl2]2 (0.25 mmol, 199 mg) and KPF6 (1.25 mmol, 230 mg) in 8 ml DCM was added to a 
solution of Ag-4a (0.25 mmol, 201 mg) in 7 ml DCM and stirred at RT under the exclusion of 
light for 2 hr. The resulting reaction mixture was filtered over a pad of celite and the solvent 
was evaporated in vacuo. The  complex was purified by dissolving in a DCM/Et2O mixture (2 
ml/5 ml) and cooling to 4°C to obtain the complex in a crystalline fashion (yield 51 %)  1H-
NMR (300 MHz, CD2Cl2) δ = 7.70 (d, J = 2.2 Hz, 1H, im=CH), 7.54 (m, 2H, HAr), 7.49 – 7.40 (m, 
2H, HAr), 7.38 (d, J = 2.2 Hz, 1H, im=CH), 6.12 (bs, 2H, NH2), 4.26 (m, 1H, NCH2), 3.97 (m, 1H, 
NCH2), 1.88 (m, 2H, CH2), 1.46 (s, 17H, η5-C5(CH3)5+ CH2), 1.01 (t, J = 7.4 Hz, 2H, CH3) ppm. 
13C-NMR (75 MHz, CD2Cl2) δ = 160.97 (s, NCN), 133.81 (s, CAr), 132.54 (s, CAr), 128.12 (s, CAr), 
127.89 (s, CAr), 122.87 (s, CAr), 122.82 (s, C=C im), 121.84 (s, C=C im), 121.66 (s, CAr), 119.71 
(s, CAr), 90.13 (s, η5-C5Me5), 50.81 (s, NCH2), 33.21 (s, CH2), 20.03 (s, CH2), 13.59 (s, CH3), 8.13 
(s, η5-C5Me5) ppm. 19F-NMR (282 MHz, CD2Cl2) δ = -72.06 (d, J = 711.7 Hz) ppm. FAB+-MS for 
C23H32ClN3Ir: m/z calculated 578.1907 (100%) [M-PF6]+, observed 578.1907.

Preparation of [RhCp*Cl(CNHC-NH2)] PF6 10
[RhCp*Cl2]2 (0.095 mmol, 59 mg), KPF6 (0.95 mmol, 175 mg) and Ag-4a (0.19 mmol, 77 mg) 
were weighed in a schlenk and dissolved in 10 ml DCM. The solution was stirred at RT for 
24 hr under the exclusion of light. The mixture was then filtered over a pad of celite and 
the solvent was evaporated in vacuo till 1 ml and precipitated with Et2O. The  complex was 
purified by dissolving in a THF/pentane mixture (2 ml/6 ml) and cooling to 4°C to obtain 
the complex in a crystalline fashion (yield 62%). 1H-NMR (300 MHz, CD2Cl2) δ = 7.73 (d, J = 
2.2 Hz, 1H, im=CH), 7.57-7.42 (m, 4H, HAr), 7.45 (d, J = 2.4 Hz, 1H, im=CH), 5.19 (bs, 2H, NH2), 
4.26 (m, 1H, NCH2), 4.02 (m, 1H, NCH2), 1.87 (m, 2H, CH2), 1.42 (s, 17H, η5-C5(CH3)5+ CH2), 
1.02 (t, J = 7.4 Hz, 2H, CH3) ppm. 13C-NMR (75 MHz, CD2Cl2) δ = 173.02 (d, JRh,C = 53 Hz, NCN), 
133.12 (s, CAr), 132.11 (s, CAr), 128.46 (s, CAr), 127.57 (s, CAr), 123.63 (s, C=C im), 122.32 (s, 
C=C im), 121.84 (s, CAr), 120.98 (s, CAr), 97.62 (d, JRh,C = 98 Hz,  η5-C5Me5), 51.04 (s, NCH2), 
32.79 (s, CH2), 20.03 (s, CH2), 13.57 (s, CH3), 8.34 (s, η5-C5Me5) ppm. 19F-NMR (282 MHz, 
CD2Cl2) δ = -72.19 (d, J = 711.9 Hz) ppm. Anal. Calcd. for C23H32ClF6N3PRh C, 43.58; H, 5.09; N, 
6.63. Found: C, 42.15; H, 4.97; N, 6.49. FAB+-MS for C23H32ClN3Rh: m/z calculated 488.1340 
(100%) [M-PF6]+, observed 488.1335.
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X-ray crystal structure determinations
Reflections were measured on a Bruker Kappa ApexII diffractometer with sealed tube and 
Triumph monochromator (λ = 0.71073 Å) up to a resolution of (sin q/l)max = 0.65 Å-1. Soft-
ware packages used for the intensity integration were Saint[20] (compound 6) and Eval15[21] 

(compounds 7 and 8). Absorption correction and scaling was performed with SADABS.[22] 

The structures were solved with SHELXS-97[23] and refined with SHELXL-97[23] against F2 

of all reflections. Non-hydrogen atoms were refined freely with anisotropic displacement 
parameters. Hydrogen atoms were included in calculated positions (6) or located in dif-
ference Fourier maps (7 and 8). N-H hydrogen atoms were refined freely with isotropic 
displacement parameters, C-H hydrogen atoms were refined with a riding model. Geometry 
calculations and checking for higher symmetry was performed with the PLATON  program.
[24] CCDC 931590 (compound 6), 931591 (compound 7), and 931592 (compound 8) contain 
the supplementary crystallographic data. These data can be obtained free of charge from 
The Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.

Compound 5a [[Ru(p-cym)Cl(CNHC-NH2)]PF6]: [C23H31ClN3Ru](PF6), Fw = 631.00, green block, 
0.22 x 0.15 x 0.06 mm3, T = 150(2) K, triclinic, P-1 (no. 2), a = 9.3584(4), b = 11.6256(5), 
c = 13.2108(6) Å, a = 109.7203(12), b = 95.4923(13), g = 95.6165(13) º, V = 1333.73(10) 
Å3, Z = 2, Dx = 1.571 g/cm3,  m = 0.81 mm-1. 33032 Reflections were measured, 6075 reflec-
tions were unique (Rint = 0.019), of which 5564 were observed [I>2s(I)]. The PF6 ions were 
located on inversion centers. One PF6 and the n-butyl group were refined with a disorder 
model. 364 Parameters were refined with 110 restraints (distance and angle restraints for 
the disordered groups, ISOR instructions for the disordered F atoms). R1/wR2 [I > 2s(I)]: 
0.0201 / 0.0493. R1/wR2 [all refl.]: 0.0239 / 0.0512. S = 1.047. Residual electron density 
between  0.36 and 0.38 e/Å3. 

Compound 9 [[IrCp*Cl(CNHC-NH2)]PF6]: [C23H32ClIrN3](PF6) • CH2Cl2, Fw = 808.06, yellow 
block, 0.38 x 0.24 x 0.10 mm3, T = 100(2) K, monoclinic, P21/n (no. 14), a = 8.3541(3), b = 
23.3075(6), c = 15.1752(3) Å, b = 98.061(2) º, V = 2925.60(15) Å3, Z = 4, Dx = 1.835 g/cm3,  m 
= 4.95 mm-1. 47947 Reflections were measured, 6707 reflections were unique (Rint = 0.018), 
of which 6362 were observed [I>2s(I)]. The CH2Cl2 molecule was refined with a disorder 
model. 370 Parameters were refined with 7 restraints (distance and angle restraints for 
the disordered CH2Cl2). R1/wR2 [I > 2s(I)]: 0.0142 / 0.0309. R1/wR2 [all refl.]: 0.0156 / 
0.0314. S = 1.038. Residual electron density between  0.76 and 0.66 e/Å3.
 
Compound 10 [[RhCp*Cl(CNHC-NH2)]PF6]: [C23H32ClN3Rh](PF6) • C4H8O, Fw = 705.95, yellow 
block, 0.60 x 0.22 x 0.12 mm3, T = 150(2) K, monoclinic, P21/n (no. 14), a = 8.49180(14), 
b = 23.3692(3), c = 15.3294(3) Å, b = 98.781(1) º, V = 3006.42(8) Å3, Z = 4, Dx = 1.560 g/
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cm3,  m = 0.77 mm-1. 39596 Reflections were measured, 6886 reflections were unique (Rint 
= 0.017), of which 6480 were observed [I>2s(I)]. The THF molecule was refined with a 
disorder model. 421 Parameters were refined with 70 restraints (distance, angle and ISOR 
restraints for the disordered THF). R1/wR2 [I > 2s(I)]: 0.0212 / 0.0529. R1/wR2 [all refl.]: 
0.0230 / 0.0538. S = 1.040. Residual electron density between  0.50 and 0.49 e/Å3.
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Abstract 

In this chapter, the development of a novel set of complexes bearing the NHC-amine ligand 
(CNHC-NH2) is described. M(cod) complexes (M= Ir, Rh) and a Ru-complex were synthesized 
in which three different coordination modes of the ligand were established: monodentate, 
neutral bidentate and anionic bidentate. The anionic bidentate coordination mode of the 
anionic CNHC-NH-

 ligand arises from deprotonation of the amine moiety of the neutral CNHC-
NH2 ligand. Ligand deprotonation proved reversible for the Rh and Ir complexes, as was 
shown by subsequent treatment of the complexes with base and acid. The structural pa-
rameters of complexes with these differently coordinated ligands were examined and it was 
shown that the conjugation of the aniline ring plays a major role in determining the ligand 
properties. 

Structural parameters derived from DFT calculations confirm delocalization of the anion-
ic charge over the ligand framework, as is clear from a comparison of the (hypothetical) 
neutral bidentate complexes [M(cod)(k2-C,N-{CNHC-NH2})]+ with those of the (synthesized) 
monoanionic complexes [M(cod)(k2-C,N-{CNHC-NH})] (M = Rh, Ir). A similar trend in the 
structure and bond lengths of the aniline rings was found in the solid state structure of 
the novel dimeric [(Ru(k2-C,N-{CNHC-NH})(k2-C,N-{CNHC-NH2})Cl)2(μ-Cl)](PF6) complex. The 
octahedral d5 ruthenium(III) centers in this complex both contain a neutral bidentate CNHC-
NH2 ligand as well as an anionic bidentate CNHC-NH- ligand. Quite remarkably, the complex 
is diamagnetic, arising from antiferromagnetic coupling of the two low-spin ruthenium(III) 
centers over the chloride linker. DFT calculations indeed confirm that the open-shell singlet 
electronic structure is most stable 

4.1 Introduction

In Chapter 3 we described the synthesis of M(arene) species containing Ru(II), Ir(III) and 
Rh(III). In the case of iridium and rhodium, the [M(cod)Cl]2 dimer allows a facile access to 
complexes with a different oxidation state, namely Ir(I) and Rh(I). Besides being used in 
hydrogenation reactions of polar bonds, iridium and rhodium (I) / (III) have also success-
fully been applied in C-C and C-heteroatom coupling reactions such as direct amination,[1] 

the cross coupling of two alcohols or an alcohol and an amine,[2] direct α and β alkylation[3] 

and N-alkylation of alcohols.[4]

It therefore seemed an interesting option to explore the suitability of iridium and rhodium 
complexes with the CNHC-NH2 ligand (ligand LH, Figure 1) in oxidation state (I) for direct 
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alkylation. M(cod) species with an NHC-amine are even more rare than their M(arene) 
counterparts and we were curious what type of activity these complexes would display. A 
large part of the NHC-containing iridium(I) complexes (and to a lesser extent rhodium) that 
have been synthesized contain a cod or CO ligand and rarely involve a (potential) bidentate 
ligand.[5-9] Most of these complexes are applied in transfer hydrogenation reactions. Addi-
tionally, we wanted to try other approaches in synthesizing ruthenium complexes with this 
ligand. Although the Ru(cod) precursors [Ru(cod)Cl2]n and [Ru(cod)Cl2(MeCN)2] are easily 
accessible, no reports were found about the existence of Ru(cod)(NHC) complexes, let alone 
stand Ru(cod) complexes with a chelating NHC-amine ligand. 

Figure 1. The CNHC-NH2 ligand (LH) and the general structure of the complexes we aimed to develop: 
General Structure I contains a neutral CNHC-NH2 ligand and general structure II contains a monoanionic 
(deprotonated) CNHC-NH- ligand.

The amine-moiety of our CNHC-NH2 ligand LH can coordinate in a neutral or in an anionic 
fashion (when deprotonated). Although new anionic donor ligands are not reported very of-
ten, monoanionic (multidentate) ligands have found widespread application in homogene-
ous catalysis. Most famous are pentamethylcyclopentadienyl (Cp*), acetylacetonate (acac), 
or diketimine (nacnac, where the two oxygen atoms of acac have been replaced by nitrogen 
based moieties of the form NR).[10,11] There are examples of ligands containing hydroxyl or 
oxime[12] groups and there have been some interesting reports on pincer ligands contain-
ing an anionic donor arm.[13,14] In all cases, it was found that (mono)anionic ligands have an 
amazing ability to stabilize high-valent intermediates and also low-coordination environ-
ments.[10,11,15-17]

There are only two other examples of cod complexes containing a bidentate NHC-amine, 
shown in Figure 2. One was recently reported by Morris,[18]  who also reported on MCp*(NHC-
benzylic amine) complexes with a bifunctional NH2.[19] In this case, an Ir(cod)(NHC-benzylic 
amine) species was obtained via transmetallation with Ni, resulting in a complex with a 
bidentate coordinating ligand. In contrast to what one might expect based on the very suc-
cessful RuCp*(NHC benzylic amine) species, the author, as of yet, didn’t report on a Ru(cod) 
variant. The other example, reported by Fryzuk, was a Rh(cod) complex with a secondary 
amine tethered to an NHC.[20] There are a few related examples: Hou published acyclic imino 
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NHCs complexated to Ru, Ir and Pd (applied in transfer hydrogenation and cross coupling)
[21] and Martin-Matute reported on an alcohol tethered to an NHC, where the OH coordinates 
to iridium in both the protonated and deprotonated fashion (see Figure 2).

Figure 2. Reported M(cod) complexes containing NHC-amine ligands (Morris and Fryzuk) and related 
bidentate-NHC structures (Hou and Martin-Matute).

We envisaged to synthesize a novel type of M(cod)(NHC-amine bidentate) complex of gen-
eral structure I using the CNHC-NH2 ligand LH, see Figure 1.  In general structure I ligand LH 
coordinates in a neutral fashion. However, complexes of general structure II, where the li-
gand coordinates in a monoanionic fashion are also very interesting and proved to be more 
accessible. The properties and the reactivity of these complexes were investigated and the 
reactivity of our ligand was further explored. 

Herein we report a set of novel Ru, Ir and Rh complexes, bearing CNHC-NH2 ligand LH and the 
mono-anionic CNHC-NH- ligand L- (formed by amine deprotonation of LH), with LH binding 
in different coordination modes (Figure 1). We focus in particular on the influence of the 
anionic ligand charge, created in L- upon deprotonation of the amine moiety of the CNHC-
NH2 ligand LH, on the structural parameters of the complex. The synthesis, characterization 
and structural parameters of M(cod) complexes (M = Rh, Ir) of general structure I and II 
are discussed. Additionally, we report an unusual dinuclear, diamagnetic bis-ruthenium(III) 
species, having both neutral CNHC-NH2 ligand LH and an anionic CNHC-NH- ligand L- bound 
to each ruthenium(III) center. This complex appears to have an open-shell singlet ground 
state, resulting from antiferromagnetic coupling between the two S = ½ ruthenium centers.

4.2 Synthesis, Results and Discussion

Synthesis of Neutral Iridium and Rhodium M(cod) Complexes

We first aimed to synthesize the complexes of general structure I by building on published 
procedures for the coordination of an NHC-bidentate ligand to form an [M(cod)L] complex.
[9, 22] Complex 1 was synthesized by first reacting [Ir(cod)Cl]2 with KOtBu to form an alkox-
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ide-bridged metal precursor. The alkoxide ligand of this precursor was used as an internal 
base for the imidazolium PF6 salt added subsequently to coordinate the NHC ligand (route 
A). This is a general approach for the synthesis of M-NHC complexes for a variety of metals.
[23] Subsequent work-up yielded [Ir(cod)(k1-C-{CNHC-NH})] complex 1 as a yellow powder in 
53% yield. Spectroscopic analysis of thus obtained complex 1 revealed that the CNHC-NH2 li-
gand acts as a monodentate ligand. The metal apparently prefers coordination of a chloride 
over coordination of the primary amine of ligand LH.

Scheme 1. Synthesis of [M(cod)Cl(k1-C-{CNHC-NH})] complexes. Route A shows the preformation of 
the [Ir(cod)(OtBu)]2 complex to deprotonate LH with an internal base yielding Ir-species 1. Route B 
shows the direct mixing of all reagents to yield the Rh-species 2.

The analogous rhodium complex 2 was obtained in 45% yield using a slightly different syn-
thetic method, in which the imidazo-lium salt, the base and the [Rh(cod)Cl]2 metal precur-
sor were mixed directly in dichloromethane (route B).

In general, yields using this method are not very high. During the process, anion exchange 
takes place and the PF6 ion, which should function as non-coordinating anion after coordi-
nation of the NHC is exchanged for a coordinating chloride and the amine remains uncoor-
dinated forming the ‘undesired’ M(cod)Cl(CNHC-NH2) species. Both metal species decompose 
after prolonged standing in solution; this process goes fastest in DCM and slower in THF, 
acetone or benzene. Crystals of both 1 and 2, suitable for crystallographic determination, 
were grown from slow diffusion of pentane into a THF solution. The solid state structure of 
1, which is iso-structural to 2, is shown in  Figure 3. The solid state structure shows a square 
planar geometry around the metal center, with the cod ligand, a chloride and the CNHC-NH2 li-
gand coordinated. One of the hydrogen atoms of the amine is directed towards the chloride, 
forming an intramolecular hydrogen bond (H•••Cl 2.57(3) Å for Ir, 2.59(2) Å for Rh). 
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Figure 3. Displacement ellipsoid plot of isostructural Ir-compound 1 (left) and Rh-compound 2 
(right) in the crystal, drawn at the 50% probability level. C-H hydrogen atoms are omitted for clarity. 
Intramolecular hydrogen bonds are indicated with a dashed line (not bold). The NH2 group is pyrami-
dal with angle sums of 336(3)° in 1 and 338(3)° in 2. 

As expected,[8, 18, 20] the distance from the metal to the centroid of the cod alkene bonds is 
longer for the one trans to the NHC (2.0747(14) Å for Ir, 2.1071(10) Å for Rh) than the one 
trans to Cl (1.9862(14) Å for Ir, 1.9945(10) Å for Rh). This is ascribed to the larger trans-
influence of the NHC, reducing both s-bonding and p-back bonding interactions between 
the metal and the olefin ligand. This is also seen in the C=C bond lengths of the cod ligand: 
The C=C bond trans to the NHC is shorter (1.395(3) Å for Ir, 1.377(2) Å for Rh) than the one 
trans to the chloride (1.421(3) Å for Ir, 1.4068(19) Å for Rh).

Complexes 1 and 2 were further characterized in solution using 1H-NMR spectroscopy. The 
cod signals of both species resonate at the expected shifts, but it is noteworthy that in both 
THF-d8 and CD2Cl2 very broad signals for the cod protons were found for 2, which slowly 
became more defined upon standing. Additionally, one of the aromatic protons of 2 became 
very broad and no coupling is observed in CH. However, when you deprotonate 2 using 
KOtBu (see below), all the aromatic signals can be assigned leading us to the conclusion 
that relaxation was slow for one of the aromatic CH protons. This is in contrast to Ir-species 
1 where all cod and aromatic proton signals were well-defined. The NH2 signal at δ = 4.35 
ppm is not visibly split up (as was seen for the half-sandwich complexes described in Chap-
ter 3), even though in the crystal packing it is clear that one of the hydrogens of the amine 
is involved in a hydrogen bonding interaction with the chlorido ligand. When looking at 
Ir-species 1 there are two NCH2 signals centered around 4.59 and 4.35 ppm (the latter over-
lapping with the NH2 signal), showing a complicated splitting pattern: a doublet of doublet 
of doublets (J = 13.5, 9.6, 6.0 Hz). This confirms that the NCH2 protons are diastereotopic, 
since the molecule itself is chiral and rotation around the M-carbene bond is slow on NMR-
time scale. This pattern is also observed for Rh-species 2, where the NCH2 protons resonate 
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around 4.85 and 4.39 ppm.

For both complexes CV measurements have been recorded in acetone that are indicative 
of the oxidation behavior of the complexes. Both rhodium and iridium complexes 1 and 2 
are more easily oxidized than ferrocene, indicating that the ligands are strongly electron-
donating. For iridium, two quasi-reversible oxidations, quickly following eachother, were 
observed. For rhodium only one, much broader, oxidation wave was observed, indicating 
that the two oxidation peaks probably overlap. 

The chosen synthetic route did not lead to complexes with the desired amine coordination 
of general structure I, as depicted in Figure 1, since the chloride was not eliminated from the 
products. To achieve coordination of the amine, two other routes were explored. The first 
was the addition of a second equivalent of KOtBu, to abstract the chloride and additionally 
also deprotonate the amine. This would lead to complexes of general structure II, where the 
ligand coordinates in a monoanionic fashion and forms an overall neutral complex. The sec-
ond route was the addition of silver salts, in order to abstract the chloride and coordinate 
the amine in a neutral fashion (general structure I).

Synthesis of Monoanionic [M(cod)Cl(k2-C,N-{CNHC-NH2})]

Reaction of both [Ir(cod)Cl(k1-C-{CNHC-NH2})] complex 1 and [Rh(cod)Cl(k1-C-{CNHC-NH2})] 
complex 2 with a second equivalent of KOtBu successfully resulted in deprotonation of the 
amine and substitution of the chloride ligand by the thus formed amido ligand. The ligand 
now coordinates in an anionic fashion (see Scheme 2), obtaining [M(cod)Cl(k2-C,N-{CNHC-
NH2})] (M = Rh, Ir) complexes of general structure II (Figure 1).

Scheme 2. Formation of [M(cod)(k2-C,N-{CNHC-NH})] complexes 3 and 4 (M = Ir, Rh) via reaction with 
KOtBu, resulting in coordination of the CNHC-NH2 ligand in a deprotonated, bidentate fashion.

Deprotonated Ir-complex 3 and Rh-complex 4 were stirred shortly with KOtBu in THF. 
Work-up of the product resulted in an intensely yellow/brown colored solid. Even more 
than the starting materials, the deprotonated species are very prone to decomposition. The 
iridium complex already decomposes after a week under inert circumstances, at room tem-
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perature, as indicated by a colorchange to dark brown. The rhodium complex survives for 
about a month under similar conditions. Both have an even shorter lifespan in solution and 
although the rhodium species is a bit more robust than the iridium species, we were unable 
to grow crystals for a solid state determination. The successful formation of complexes 3 
and 4 was supported by exact mass ESI+-MS measurements showing the [M+H]+ peak and 
the identity of the complexes was further established via NMR spectroscopy. 

The presumed coordination of the amino moiety after deprotonation was confirmed with 
1H-NMR spectroscopy, showing that the diastereotopic NCH2 protons become more equiva-
lent (see Figure 4 for the NMR following the reaction of Ir-complex 1 to 3): In both 3 and 4 
the two doublet of doublet of doublets stemming from the diastereotopic NCH2 protons in 1 
and 2 (and their neighboring protons) transform into a triplet. Also, the signals for the alkyl 
substituent and the cod ligand become more defined. In the aromatic region a downfield 
shift of one the backbone protons of the imidazole and part of the aryl protons is seen and 
one signal of an aromatic proton shifts upfield, indicating delocalization of the charge cre-
ated by deprotonation of the amine over the aromatic p-system of the ligand. This behaviour 
is seen for both complexes 3 and 4.

Figure 4. 1H-NMR of Ir-complex 1 (top) and Ir-complex 3 (1 + KOtBu, bottom) in THF-d8, clearly show-
ing the shift of the NCH2 signals (squares), sharpening of the cod signals and shifts in the aromatic 
region.

The reversibility of this deprotonation was investigated by re-adding an equivalent of HCl 
to the somewhat more robust Rh(cod)(CNHC-NH) species 4, see Scheme 3 and Figure 5. As 
can be seen from the 1H-NMRs, the deprotonation reaction of the ligand is reversible. This 
shows that the amine functionality can be deprotonated and reprotonated on the complex, 
giving it the possibility to function as an internal base. 
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Scheme 3. Reversibility of (de)protonation of complex [Rh(cod)Cl(k2-C,N-{CNHC-NH2})] 2 to 4 and vice 
versa. Reactions performed in THF. 

Endeavors to remove the chloride ligand from the [M(cod)Cl(k1-C-{CNHC-NH2}) ] complexes 
1 and 2 with silver salts, in attempts to synthesize [M(cod)Cl(k2-C,N-{CNHC-NH2})] complexes  
(general structure I (Figure 1)) with bidentate coordination modes of neutral ligand LH 
proved unsuccessful and led to several side-reactions. Ir(cod)Cl(CNHC-NH2) 1 was reacted 
with varying amounts of AgPF6 in order to replace the chloride with the non-coordinating 
anion PF6. Curiously enough, one or two equivalents did not yield well defined species. A 
larger excess, 5 or 10 equivalents, resulted in a more defined but a non-interpretable NMR 
spectrum, probably due to the presence of many different compounds. For Rh(cod)Cl(CNHC-
NH2) 2, the same behavior was observed. Also, applying a different silver salt such as AgOTf 
showed similar results. Since CV showed that complexes 1 and 2 are easily oxidized, the 
silver could be oxidizing the complex instead of abstracting the halogen. 

Figure 5. The reversibility experiment for [Rh(cod)Cl(k2-C,N-{CNHC-NH2})] is shown from top to bot-
tom. Starting complex 2 (top) was deprotonated by KOtBu forming 4 (middle), and converted back 
into the original complex 2 using HCl (bottom). The reactions were performed in THF and measure-
ments have been performed in CD2Cl2 after workup.
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We did not conduct further research into these results, but we can conclude that the chlo-
ride is easier to abstract from the complex in with the ligand in its deprotonated form than 
in the protonated form.

DFT Calculations of [M(cod)(k2-{CNHC-NH})] Complexes

As mentioned, the M(cod)(CNHC-NH) complexes 3 and 4 are not very stable and attempts to 
crystallize them led to decomposition. We also saw in NMR that the downfield shift of the 
backbone and some of the aryl protons indicated that the ligand bears more charge when it 
coordinates in a bidentate, monoanionic fashion. To further investigate the structural influ-
ence of this charge in complexes 3 and 4, DFT calculations were performed on Ir and Rh 
complexes of general structure I, wherein the neutral ligand LH coordinates in a bidentate 
fashion, and general structure II (correlating to complexes 3 and 4), wherein monoanionic 
ligand L- coordinates in a bidentate fashion. First we looked at the calculated geometry of 
complexes 3 and 4 (see Figure 6).  The two structures exhibit similar geometries, with the 
aryl ring islightly twisted out of plane of the NHC compared to 1 and 2, due to coordination 
of the amine. The difference in torsion angle of the NNHC-CNHC-M-N plane is negligible: in the 
case of Ir-complex 3, calculations indicated a torsion angle of 32.6 degrees and in case of the 
Rh-complex 4 a torsion angle of 35.4 degrees was found. Rotation of the nBu group, which 
is accompanied by a smaller torsion angle and therefore a more planar structure, has a very 
low energy barrier (between 0.3 and 0.6 kcal/mol). 

Figure 6. Calculated [Ir(cod)(k2-C,N-{CNHC-NH})] structure 3 from a top (left) and a side-on view 
(right). The chelate ring that is formed by the CNHC-NH ligand can be seen to twist slightly out of plane. 
Ir-compound 3 is iso-structural with Rh-compound 4.

To continue the structural investigation, we analyzed the calculated bond distance changes 
on going from general structures I to II for iridium and rhodium, see Figure 7. Calculated 
bond lengths (see Table 1) show that, upon deprotonation, the monoanionic charge be-
comes delocalized over the ring system for both the iridium and rhodium structures. This 
can be concluded from the fact that the C-C bonds of the phenyl ring become inequivalent, 
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showing alternate lengthening and shortening pointing to partial ‘dearomatization’, In ad-
dition, the C-NH bond (C3-N2) also becomes shorter. This means that there is a significant 
contribution of the charge delocalized resonance structure shown in Scheme 4, thus reveal-
ing the conjugating properties of the NHC-aniline motif. 

Figure 7. General structures I (neutral ligand) and II (monoanionic ligand). The atom numbering 
scheme used for DFT calculation results is indicated here. 

Table 1. Selected calculated bond lengths of the DFT optimized geometries of [Ir(cod)(CNHC-NH2)]+ to 
[Ir(cod)(CNHC-NH)] 3 and [Rh(cod)(CNHC-NH2)]+ to [Rh(cod)(CNHC-NH)] 4. [a]

Iridium Bondlengths(Å) Rhodium Bondlengths(Å)
I-NH2 II-NH D[b] I-NH2 II-NH D[b]

Ir-C1 2,073 2,066 -0,007 Rh-C1 2,067 2,062 -0,006
Ir-N2 2,191 2,039 -0,152 Rh-N2 2,199 2,047 -0,152

C1-N1 1,375 1,373 -0,002 C1-N1 1,373 1,369 -0,004
N1-C2 1,426 1,426 0,000 N1-C2 1,426 1,427 0,001
C2-C3 1,400 1,417 0,017 C2-C3 1,401 1,420 0,019
C3-C4 1,387 1,417 0,030 C3-C4 1,388 1,419 0,031
C4-C5 1,391 1,379 -0,012 C4-C5 1,390 1,380 -0,010
C5-C6 1,387 1,395 0,008 C5-C6 1,388 1,396 0,008
C6-C7 1,390 1,386 -0,004 C6-C7 1,390 1,387 -0,003
C7-C2 1,389 1,394 0,005 C7-C2 1,389 1,391 0,002
C3-N2 1,452 1,358 -0,094 C3-N2 1,445 1,355 -0,090
Ir-(C8=C9)[c] 2,116 2,099 -0,017 Rh-(C8=C9)[c] 2,147 2,122 -0,025
Ir-(C10=C11)[c] 2,046 2,045 -0,001 Rh-(C10=C11)[c] 2,060 2,063 0,003

[a] Geometries optimized with Turbomole using the b3-lyp functional and the def2-TZVP basis set. 
[b] Difference in the respective bond lengths of the neutral and mono-anionic ligand in Å, calculated 
by {distance II-NH – distance I-NH2}. [c] M-(C8=C9) and M-(C10=C11) distances are measured to the 
centroid of the double bond
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Scheme 4. Left: Contribution of two main ligand resonance structures to intra-ligand charge delocali-
zation in complexes 3 and 4, of influence on the structural parameters of the ligand. Right: Influence 
of deprotonation on the structural parameters of the ligand. Bonds become which shorter are colored 
red and bonds which become longer are colored blue.

Several other anticipated properties become apparent from the calculations. In the calcu-
lated [M(cod)(k2-C,N{CNHC-NH2})]+ structures the M-alkene bond distance (measured from 
the centroid of the cod C=C bond) trans to the NHC is longer than the M-alkene bond trans 
to the amine, due to the stronger trans influence of the carbene, which is in accordance with 
literature.[20,18]

Upon deprotonation the M-C(cod) distances (from the metal to the centroid of the alkene 
bond) trans to the NHC become a bit shorter, while the distances of the M-C(cod) bond trans 
to NH moiety stays the same (see Table 2). This is probably caused by strong p-backdonation 
to the olefin trans to the amine donor which induces a stronger metal-olefin interaction. 

Table 2. Selected calculated bond lengths of the DFT optimized geometries of [Ir(cod)(CNHC-NH2)]+ to 
[Ir(cod)(CNHC-NH)] 3 and [Rh(cod)(CNHC-NH2)]+ to [Rh(cod)(CNHC-NH)] 4, [a] with the emphasis on the 
distances to the cod.

Iridium Bondlengths(Å) Rhodium Bondlengths(Å)
I-NH2 II-NH D[b] I-NH2 II-NH D [b]

Ir-C8 2,213 2,229 0,016 Rh-C8 2,239 2,250 0,011
Ir -C9 2,242 2,195 -0,047 Rh -C9 2,270 2,214 -0,056
Ir -C10 2,163 2,129 -0,034 Rh -C10 2,176 2,139 -0,037
Ir -C11 2,164 2,199 0,035 Rh -C11 2,173 2,217 0,044

a] Geometries optimized with Turbomole using the b3-lyp functional and the def2-TZVP basis set. [b] 
Difference in the respective bond lengths of the neutral and mono-anionic ligand in Å, calculated by 
{distance II-NH – distance I-NH2}.
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Synthesis of a Ruthenium Complex Displaying Two Coordination Modes of the 
CNHC-NH2 Ligand

Besides the Rh and Ir complexes described above, we also at-tempted to investigated co-
ordination of the CNHC-NH2 ligand LH to Ru(cod) precursors. While the Ru(cod) precursors 
[Ru(cod)Cl2]n and [Ru(cod)Cl2(MeCN)2] are easily accessible, no reports on the existence of 
Ru(cod)(NHC) complexes have been disclosed, let alone Ru(cod) complexes with a chelating 
NHC-amine ligand. Our synthetic attempts seem to confirm that such complexes are indeed 
difficult to prepare. A multitude of attempts involving different precursors ([Ru(cod)Cl2]n, 
[Ru(cod)Cl2(MeCN)2], [RuCp*(cod)Cl]), different bases (KOtBu, NaH, NaHMDS), approaches 
(ligand deprotonated, deprotonated in situ or via silver-complex), solvents, additives and 
reaction conditions were attempted. In almost all cases, an inseparable or decomposed 
product mixture was found and in many cases the cod signals were missing in the 1H-NMR. 
In the end, isolation of a [Ru(cod)(CNHC-NH2)] species proved not successful in our hands. 
However, the route depicted in Scheme 5 did result in the formation of an isolable complex, 
which proved to be the bis-ligated dinuclear complex 5, lacking cod ligands. 

[Ru(cod)Cl2]n was refluxed in MeOH with 1.2 equivalent NaH for 60 min, and after subse-
quent addition of 1 equivalent of ligand LH the solution was refluxed under an atmosphere 
of N2 overnight. Work-up yielded a dark green solid in ~50% yield, characterized as [{Ru(k2-
C,N-{CNHC-NH})(k2-C,N-{CNHC-NH2})Cl}2(μ-Cl)]PF6 complex 5. The green color indicated oxi-
dation of ruthenium(II) to ruthenium(III). Which can be either due to contact of the solution 
with air / oxygen, or the solvent (DCM, also a likely oxidant) used during work-up. We found 
that completely excluding O2 from the reaction mixture doesn’t result in a blue solution with 
brown precipitate, but rather in a brown solution with white precipitate and no selective 
formation of a defined Ru-species could be observed. When the reaction mixture was left 
open for 1 minute to add quite some air, there was only a very minor amount of solid formed 
– in contrast to the first attempt where there was about 50% yield. 

Scheme 5. Synthesis of Ru-bisligated dimer 5 via [Ru(cod)Cl2]n and CNHC-NH2 ligand LH.
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Crystals of 5, suitable for X-ray diffraction, were obtained via slow vapor diffusion of cy-
clohexane into a THF solution. The solid state structure of the product is shown in Figure 
8. It reveals several unusual features. The first one is that the obtained structure , in agree-
ment with the green color, indeed contains has two (octahedral) ruthenium(III) centers. 
Secondly, there are two different bidentate ligands coordinated to each ruthenium center: 
The neutral bidentate CNHC-NH2 ligand LH (with both the NHC and amine donor coordinat-
ing) and the mono-anionic bidentate CNHC-NH- ligand L - (with both the NHC and the amido 
donor coordinating). The alkyl tails of both ligands point to the same face, like the anilines 
do. Additionally, the NH2-moieties form hydrogen bonds to the chlorides coordinating to the 
other ruthenium center and both ruthenium centers are further connected via one bridging 
chloride atom. The unit cell contains a PF6

- anion, meaning that both ruthenium centers are 
in the oxi¬dation state +III.  The Ru-Cl-Ru angle is 130.11(2)°, which is quite large compared 
to reported literature values in the range between 70 and 100°.[24-27] Consequently, the 
Ru•••Ru distance is also large, 4.5700(4) Å compared to other standards, which are between 
3 and 4 Å. This is balanced by two intramolecular hydrogen bonds with H•••Cl distances of 
respectively 2.57(3) and 2.45(3) Å between the two halves of the dimer, forming between 
an amine proton and a chloride on different Ru-centers. Two other hydrogen bonds are also 
indicated, between the other amine proton and the chloride on the same Ru-center. To our 
best knowledge there are no other homonuclear ruthenium structures known where there 
is only one chloride bridging the ruthenium(III) centers and the other connection consists 
of two hydrogen bonds. 

Figure 8. Displacement ellipsoid plot of Ru-compound 5 in the crystal, drawn at the 50% probability 
level. C-H hydrogen, PF6

- anion and THF solvent molecules are omitted for clarity. H-bonds are indi-
cated with dashed lines.  
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The crystallographic data of Ru-species 5 gave us the opportunity to directly compare the 
bond lengths and coordination modes of the neutral CNHC-NH2 ligand LH with those of the  
deprotonated mono-anionic CNHC-NH- ligand L - in a single complex. The bond distances 
within the two halves of the centrosymmetric dinuclear complex are identical. The data of 
the unique bond lengths are collected in Table 3 following the numbering scheme shown  
Scheme 6.

Scheme 6. Numbering scheme of one half of the dinuclear Ru-complex 5 (left). The figure on the right 
shows which bonds become shorter (colored red) and longer (colored blue).

Table 3. Selected bond distances [Å] in the X-ray crystal structure of 5. Numbering scheme indicated 
on the half of the dimer shown in Scheme 6. 

Ruthenium
I-NH2 Bondlengths (Å) II-NH Bondlength (Å) D[a]

Ru1-N32 2.2098(19) Ru1-N31 1.9576(19) -0.252(3)
Ru-C12 2.002(2) Ru-C11 2.007(2) 0.005(3)
C12-N12 1.379(3) C11-N11 1.378(3) -0.001(4)
N12-C42 1.429(3) N11-C41 1.421(3) -0.008(4)
C42-C92 1.402(3) C41-C91 1.405(3) 0.003(4)
C82-C92 1.390(3) C81-C91 1.404(4) 0.014(5)
C72-C82 1.388(3) C71-C81 1.369(4) -0.019(5)
C62-C72 1.384(4) C61-C71 1.395(5) 0.012(6)
C52-C62 1.394(4) C51-C61 1.372(4) -0.022(6)
C42-C52 1.383(3) C41-C51 1.395(3) 0.012(4)
C92-N32 1.429(3) C91-N31 1,374(3) -0.055(4)

Structural parameters of 5 obtained from the X-ray crystal structure. [a] Difference D in the respective 
bond lengths of the neutral and mono-anionic ligand in Å, calculated by {distance II-NH – distance 
I-NH2}. The standard uncertainty of the difference was obtained by error propagation.

Within the NHC part of the ligand the bond lengths do not change much upon going from the 
neutral ligand LH to the deprotonated, mono-anionic ligand L-. However, as observed for the 
calculated iridium and rhodium structures described above, the anionic charge of ligand L-
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has a clear inductive influence on the bond lengths of the aniline ring. Two resonance struc-
tures, illustrated in Scheme 4, contribute to the observed charge delocalization.  The C-NH 
distance becomes shorter, two bonds in the aniline ring obtain more double bond character 
and the bond connecting the imidazole to the aniline also becomes shorter. Because of the 
charge, the NH-Ru distance also shortens. Indeed, the data from the solid state structure 
suggests a similar influence of charge on the ligand structure as was found for the calculated 
general structures I and II for iridium and rhodium. However, considering the standard un-
certainties in the bond distances, additional data is required.

1H-NMR spectra of species 5 (Figure 9) reveal very sharp signals in a normal chemical shift 
range between 0-10 ppm, implying that 5 is diamagnetic at room temperature in solution. 
The double set of signals, seen in both 1H and 13C-NMR, originating from the alkyl substitu-
ents on the two types of coordinating ligands (LH and L-) are indicated as 1 to 4 and a/b. 
Unfortunately, the two signal sets a and b of the alkyl substituents cannot be unequivocally 
assigned belonging to LH or L-. Both NCH2 moieties are diastereotopic, since both ligands 
coordinate in a bidentate fashion. 

Figure 9. 1H-NMR spectrum of the bisligated ruthenium dimer 5 in CD2Cl2. Both the alkyl substituents 
of the different ligands are indicated with numbering 1 to 4 and differentiated using a and b.

There are two signals belonging to the aromatic ring system that deviate significantly from 
the others. One is found resonating quite far upfield at d = 5.74 ppm, and one is found much 
further downfield, at 8.23 ppm. These signals are shifted due to the shielding and deshield-
ing effects between the two aniline rings. The two rings face the same way, are both electron 
rich and are found in a parallel displaced pi-pi stacking configuration.[28] The ‘top’ ring con-
tains a highly shielded proton, shifting the signal upfield, and the ‘lower’ one is by compari-
son quite deshielded, causing a shift downfield, see Figure 10. The signal of the NH proton 
is quite broad, and COSY indicates that it couples with the signal around 2.5 ppm. These two 
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factors might indicate an exchange between NH and H2O.

Figure 10. Representation of the shielded and deshielded protons in complex 5. Only the NHC-aniline 
parts of the two ligands are shown for clarity. 

The diamagnetic nature of 5 is remarkable. The solid state structure of 5 clearly reveals that 
the structure is built from two interacting d5 low-spin ruthenium(III) centers, each con-
taining an unpaired electron. Two possible explanations for the diamagnetic nature of 5 
are plausible: (1) Complex 5 is actually a delocalized mixed-valent RuII-RuIV species (closed-
shell). (2) The two RuIII sites are (strongly) anti-ferromagnetically coupled (open-shell sin-
glet). To shed more light on this matter we performed some DFT-calculations, shown in 
Table 4.

Table 4. Relative energies of different spin states of complex 5.[a]

<S2>[b] Energy (a.u.) Relative Energy (kcal•mol-1)
closed-shell singlet 0 -4247.93811 0
open-shell singlet 
(uncorrected)

1.02 -4247.97409 -22.578

open-shell singlet 
(spin corrected)

- -4247.97410 -22.581

triplet 2.0209 -4247.97409 -22.575
[a] Geometries optimized with Turbomole using the b3-lyp functional and the def2-TZVP basis set. [b] 
Expectation value of the total spin.

Clearly, the closed shell configuration is much higher in energy than both the triplet and 
the open-shell singlet configurations according to DFT. In agreement with the diamagnetic 
nature of 5, the open-shell singlet configuration is indeed slightly lower in energy than the 
triplet. As such, the diamagnetic nature of 5 is best explained by antiferromagnetic coupling 
between the two unpaired electrons located at the ruthenium(III) sites. However, it remains 
to be noted that the open-shell singlet and triplet electronic structures are calculated to be 
(nearly) degenerate at the b3-lyp, def2-TZVP DFT level. A larger energy difference is ex-

H
H
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pected for a strongly antiferromagnetically coupled system leading to diamagnetic behav-
ior at room temperature in solution. Hence, we tentatively assume that the DFT calculated 
energy difference between the open-shell singlet and triplet electronic structures of 5 is 
underestimated  

4.3 Summary and Conclusions

Monodentate and bidentate coordination modes of the neutral CNHC-NH2 ligand LH, and bi-
dentate coordination of (deprotonated) CNHC-NH- ligand L- to Rh, Ir and Ru are disclosed. In 
the [M(cod)Cl(k1-C-{CNHC-NH2})] complexes 1 (M = Ir) and 2 (M = Rh) the neutral NHC-aniline 
ligand LH coordinates in a monodentate fashion, and the amine forms a hydrogen bond to 
the coordinated chloride ligand. Treatment of complexes 1 and 2 with KOtBu results in sub-
stitution of the chlorido ligand by the amido moiety of the thus formed mono-anionic CNHC-
NH- ligand L-, which adopts a bidentate coordination mode to produce the [M(cod)(k2-C,N-
{CNHC-NH}] complexes 3 (M = Ir) and 4 (M = Rh). Endeavors to remove the chloride ligand of 
[M(cod)Cl(CNHC-NH2)] in attempts to synthesize [(LH)M(cod)]+ complexes (M = Rh, Ir) with 
bidentate coordination modes of ligand LH proved complicated due to occurance of several 
side-reactions. For ruthenium, attempts to synthesize  Ru(cod) complexes with ligands LH 
or L- were unsuccessful, but we succeeded in the synthesis of a novel chloro-bridged bis-
ligated dinuclear ruthenium complex [(Ru(k2-C,N-{CNHC-NH})(k2-C,N-{CNHC-NH2})Cl)2(μ-Cl)]
PF6 (5), lacking cod. The complex contains both ligand LH and ligand L-, each coordinating to 
Ru in a bidentate manner. The diamagnetic nature of complex 5 arises from antiferromag-
netic coupling of the two low-spin ruthenium(III) centers over the chloride linker. 

Deprotonation of ligand LH to ligand L- is reversible, and has an impact on both the intra-
ligand structural parameters and the coordination modes of these ligands to Rh, Ir  and 
Ru. The neutral ligand LH is only weakly chelating, and its nitrogen donor is apparently a 
weaker donor than a chlorido ligand in case of rhodium(I) and iridium(I). In ruthenium(III) 
complex 5 ligand LH does bind as a bidentate chelating ligand. As expected, the mono-an-
ionic (deprotonated) ligand L - binds as a bidentate chelating ligand in all cases studied. 
Close inspection of the intra-ligand bond distances of chelating bidentate ligands LH and 
L-, using both the experimental bond lenghts of ruthenium complex 5 and those from the 
DFT optimized [M(cod)(k2-C,N-{CNHC-NH2})]+ and [M(cod)(k2-C,N-{CNHC-NH})] (M = Rh, Ir) 
structures. From these data it is clear that the anionic charge of the L- ligand is delocalized 
over the ligand p-frame, mainly effecting the bond lengths of the anilido ring, partly entering 
the NHC moiety

The fact that the deprotonation of the ligand LH was shown to be reversible, together with 
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the interesting electronic reactivity of the ligand gives potential applications of this type of 
ligands and complexes. For example, the complex can function as a base, reversibly proto-
nating and deprotonating a substrate. An example of this type of application for this new 
monoanionic bidentate ligand will be given in Chapter 6, where the M(cod) complexes are 
applied in direct α-alkylation catalysis.

4.4 Experimental Section

General Remarks

All experiments were carried out under an atmosphere of purified nitrogen using standard 
Schlenk techniques. Solvents were freshly distilled under an argon atmosphere from so-
dium benzophenoneketyl (toluene, THF, pentane and diethyl ether) and from CaH2 (CH2Cl2 
and MeCN). MeOH and i-prop were distilled from CaH2 under a nitrogen atmosphere and 
were stored over 4Å molecular sieves. Acetophenone was vacuum-distilled from P2O5 and 
was stored over 4Å molecular sieves under a nitrogen atmosphere. Deuterated solvents 
(CDCl3 and CD2Cl2) were distilled from CaH2 under a nitrogen atmosphere and stored over 
4Å molecular sieves. DMSO was purchased as dry solvent. [Rh(cod)Cl]2

[29] and imidazole 
aniline[30] were prepared according to literature procedures. Other reagents were obtained 
commercially and used as received. NMR spectra were recorded on either a Bruker AMX 
400 MHz, Bruker DRX 300 MHz, Varian Mercury 300 MHz or Varian INOVA 500 MHz. 1H and 
13C{1H} chemical shifts are reported in parts per million (δ, ppm) downfield from TMS, and 
31P{1H} chemical shifts are reported in ppm downfield from 85% H3PO4. Abbreviations used 
in the reporting of NMR spectra are b= broad, s = singlet, d = doublet, t = triplet, q = quartet 
and m = multiplet. High resolution mass spectra were recorded on a JEOL JMS SX/SX102A 
four-sector mass spectrometer coupled to a JEOL MSMP7000 data system for FAB measure-
ments. High-resolution electrospray ionization mass spectra (HR-ESI MS) were recorded on 
Bruker MicroTOFQ, ESI positive mode, capillary voltage 4.5 kV. Cyclic voltammograms were 
obtained with an autolab pgstad 10 under inert conditions using a silver electrode as work-
ing electrode and platinum as the reference and control electrode. 

Preparation of (1-(2-aminophenyl)-3-(n-butyl)imidazolium PF6) (CNHC-NH2) LH based on a 
procedure from ref [31]  
Imidazole aniline (0.72 gr, 4.54 mmol) was weighed in a pressure tube and suspended in 20 
mL MeCN. 1-Bromobutane (0.61 gr, 4.54 mmol) was added and after sealing the tube the 
mixture was heated to 90 °C for 4 days. The mixture was then cooled to RT, and the volatiles 
were removed in vacuo. Purification was performed by dissolving the product in a small 
amount of MeOH and adding this dropwise to 200 mL Et2O. Light to dark-brown solids were 
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obtained. To exchange the bromide for a PF6 anion, the product was stirred with an excess 
of KPF6 (4.18 gr, 22.7 mmol) in 20 mL CH2Cl2 overnight at RT. The salts were removed by fil-
tration over a pad of celite and the product was dried in vacuo. In case an oily solid was ob-
tained a washing with Et2O was performed and the product was obtained as a brown solid 
in 91% yield. 1H-NMR (300 MHz, CD2Cl2) δ = 8.60 (s, 1H, im-H), 7.48 (t, J = 1.6 Hz, 2H, im 
=CH), 7.36 (m, 1H, HAr), 7.18 (dd, J = 7.9, 1.4 Hz, 1H, HAr), 6.95 (d, J = 8.2 Hz, 1H, HAr), 6.90 (m, 
1H, HAr), 4.32 (t, J = 7.5 Hz, 2H, NCH2), 4.07 (bs, 2H, NH2), 1.96 (m, 2H, CH2), 1.45 (m, 2H, CH2), 
1.01 (t, J = 7.4 Hz, 3H, CH3) ppm. 19F-NMR (282 MHz, CD2Cl2) δ = -72.95 (d, J = 711.3 Hz) ppm.

Preparation of [Ir(cod)Cl(k1-C-{CNHC-NH2})] 1 based on a procedure from ref [22]
[Ir(cod)Cl]2 (268 mg, 0.4 mmol) and KOtBu (98 mg, 0.84 mmol) were dissolved in 7 ml THF 
and stirred for 1.5 hr at RT. To this, CNHC-NH2 ligand LH (290 mg, 0.8 mmol) was added slowly 
in 7 mL THF and the mixture was stirred at RT for 3 hr. Subsequently, the THF solvent was 
evaporated in vacuo and the residue was redissolved in 5 mL DCM, quickly filtered over 
celite and dried in vacuo. 5 ml MeCN was added and the mixture was cooled to -20 °C to pre-
cipitate the product, which was then collected and dried in vacuo to yield 53% of a yellow 
powder. Suitable crystals for X-ray diffraction were grown from slow diffusion of pentane 
into a THF solution. 1H-NMR (300 MHz, THF-d8) δ = 7.28 (d, J = 1.8 Hz, 1H, im=CH), 7.22 (br, 
1H, HAr), 7.15 (m, 2H, im=CH and HAr), 6.81 (d, J = 8.0 Hz, 1H, HAr), 6.67 (m, 1H, HAr), 4.78 (br 
s, 2H, cod-CH) 4.59 (ddd, J = 13.5, 9.6, 6.0 Hz, 1H, NCH2), 4.35 (ddd, J = 13.2, 9.4, 6.2 Hz, 3H, 
NCH 2 and NH2), 2.95 (br s, 1H, cod-CH), 2.80 (br s, 1H, cod-CH), 2.08 (m, 4H, cod-CH2), 1.92 
(m, 2H, CH2), 1.47 (m, 6H, CH2and cod-CH2), 1.03 (t, J = 7.4 Hz, 3H, CH3) ppm. 1H-NMR (300 
MHz, Benzene-d6) δ = 7.03 (td, J = 8.1, 1.5 Hz, 1H, HAr), 6.82 (br s, 1H, HAr), 6.55 (t, J = 7.0 Hz, 
1H, HAr), 6.37 (dd, J = 8.1, 1.3 Hz, 1H, HAr), 6.25 (d, J = 1.8 Hz, 1H, im=CH), 6.13 (d, J = 2.0 Hz, 
1H, im=CH), 4.85 (bs, 2H, cod =CH), 4.52 (bs, 2H, NH2) 4.38 (ddd, J = 13.4, 9.6, 5.9 Hz, 1H, 
NCH2), 4.10 (ddd, J = 13.4, 9.5, 6.1 Hz, 1H, NCH2), 3.06 (bs, 1H, cod =CH), 2.98 (bs, 1H, cod 
=CH), 2.11(bs, 2H, NH2), 1.94-1.69(m, 3H, cod-CH2), 1.66-1.32 (m, 5H, cod-CH2), 1.17 (h, J = 
7.6 Hz, 2H, CH2) 0.82 (t, J = 7.3 Hz, 3H) ppm. 13C-NMR (75 MHz, Benzene-d6) δ = 155.16 (s, 
Ccarb), 147.69 (s, Cq), 129.66 (s, CAr), 127.60 (s, CAr), 126.50 (s, Cq), 122.85 (s, C=C), 119.81 (s, 
C=C), 117.51 (s, CAr), 117.01 (s, CAr), 84.35(s, CH cod), 83.44 (s, CH cod), 52.64 (s, CH cod), 
51.37 (s, CH cod), 50.63 (s, NCH2 ligand), 33.99 (s, CH2 cod), 33.33 (s, CH2 cod), 32.61 (s, CH2 
ligand), 29.66 (s, CH2 cod), 29.38 (s, CH2 cod), 19.95 (s, CH2 ligand), 13.68 (s, CH3 ligand) 
ppm. 13C-APT, 13C-1H and COSY NMR spectroscopy have been used in the identification of the 
peaks. FAB+-MS (CH2Cl2) for C21H29N3Ir: m/z calculated 516.1992 (100%) [M-Cl]+, observed 
516.2000. Elem. An. (CHN) calcd for C21H29ClIrN3 . H2O: C 44.29%, H 5.49%, N 7.38% Found: 
C 44.49%, H 5.47%,  N 7.49%.
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Preparation of [Rh(cod)Cl(k1-C-{CNHC-NH2})] 2 based on a procedure from ref [32]
[Rh(cod)Cl]2 (140 mg, 0.28 mmol), KOtBu (76 mg, 0.64 mmol) and CNHC-NH2 ligand A (202 
mg, 0.56 mmol) were weighed in a schlenk and dissolved in 2 mL THF and 10 mL DCM. The 
mixture was stirred at RT for 4 hr, after which all solvents were removed. The residue was 
redissolved in 5 mL DCM and filtered over a pad of celite. After evaporation of the solvent a 
yellow-brown product remained. To this 8 mL MeCN was added and the mixture was cooled 
to -20°C for 1 hr to precipitate the product. The MeCN was removed and the yellow solid 
dried in vacuo (45% yield). 1H-NMR (300 MHz, CD2Cl2) δ = 7.36 – 7.17 (m, 2H, HAr), 7.03 (d, J 
= 1.9 Hz, 1H, im=CH), 6.97 (d, J = 1.7 Hz, 1H, im=CH), 6.90 (m, 1H, HAr), 6.81 (t, J = 7.5 Hz, 1H, 
HAr), 4.85 (m, 1H, NCH2), 4.77 (s, 2H, cod-CH), 4.46 (bs, 2H, NH2), 4.39 (m, 1H, NCH2), 3.40 
(br, 1H, cod-CH), 3.09 (br, 1H, cod-CH), 2.48 – 1.88 (m, 6H, CH2 and cod-CH2), 1.77– 1.42 (m, 
6H, CH2 and cod-CH2), 1.06 (t, J = 7.4 Hz, 3H, CH3) ppm. 13C-NMR (75 MHz, CD2Cl2) δ = 143.11 
(d, J = 54.9 Hz, Ccarb), 130.24 (s, Cq), 129.15 (s, CAr), 128.84 (s, CAr), 127.16 (s, Cq), 123.97 (s, 
C=C), 121.07 (s, C=C), 118.15 (s, CAr), 117.73 (s, CAr), 98.08 (d, J = 7.43 Hz, CH cod), 97.44 (d, 
J = 7.00 Hz, CH cod), 70.05 (br, CH cod), 69.08 (br, CH cod), 51.75 (s, NCH2 ligand), 33.79 (s, 
CH2 cod), 33.37 (s, CH2 cod), 32.49 (s, CH2 ligand), 29.16 (d, J = 15.9 Hz, long range interac-
tion of this CH2 with Rh, CH2 cod), 28.56 (s, CH2 cod), 20.76 (s, CH2 ligand), 14.27 (s, CH3 
ligand) ppm. FAB+-MS (CH2Cl2) for C21H29N3Rh: m/z calculated  426.1417 (100%) [M-Cl]+, 
observed 426.1416. Anal. Calcd. (CHN) for C21H29ClN3Rh . H2O: C 52.54%, H 6.51%, N 8.76% 
Found: C 52.14%, H 6.04%, N 8.85%.

Preparation of [Ir(cod)(k2-C,N-{CNHC-NH})] 3
Complex 1 [Ir(cod)Cl(k1-C-{CNHC-NH2})] (10 mg, 0.018 mmol) and KOtBu (2.4 mg, 0.02 
mmol) were dissolved in 3 mL THF and left stirring for in a Schelnk tube at RT for 30 min. 
The solution turned clear orange immediately. The solvent was evaporated and the residue 
was redissolved in 5 mL DCM and filtered over a pad of celite. The filtrate was then again 
evaporated, the product washed with pentane and dried in vacuo to yield a yellow-brown 
solid (±70% yield). 1H-NMR (500 MHz, THF-d8) δ = 8.02 (d, J = 2.1 Hz, 1H, im=CH), 7.47 (d, J 
= 8.3 Hz, 1H, HAr), 7.30 (d, J = 2.1 Hz, 1H, im=CH), 6.85 (m, 1H, HAr), 6.83 (dd, J = 8.1, 1.3 Hz, 
1H, HAr),  6.38 (t, J = 7.3 Hz, 1H, HAr), 6.16 (bs, 1H, NH), 4.01 (m, 2H, cod CH), 3.89 (m, 2H, 
NCH2), 3.71 (m, 2H, cod CH), 2.21 (m, 2H, cod-CH2), 2.10 (m, 2H, cod-CH2) 1.90 (m, 6H, cod-
CH2 and CH2), 1.38 (dq, J = 14.9, 7.4 Hz, 3H, CH2), 0.96 (t, J = 7.4 Hz, 3H, CH3) ppm. 13C-NMR 
(75 MHz, CD2Cl2) δ = 187.00 (s, Ccarb), 155.75 (s, Cq), 130.24 (s, CAr), 126.78 (s, CAr), 126.30 
(s, Cq), 123.49 (s, C=C), 120.93 (s, C=C), 118.79 (s, CAr), 118.20 (s, CAr), 83.52(br, CH cod), 
76.85 (br, CH cod), 66.22 (s, CH cod), 61.85 (s, CH cod), 50.63 (s, NCH2 ligand), 35.06 (s, CH2 

cod), 33.38 (s, CH2 cod), 30.26 (s, CH2 cod), 29.56 (s, CH2 cod), 28.56 (s, CH2 ligand), 20.59 (s, 
CH2 ligand), 14.18 (s, CH3 ligand) ppm. HR-ESI MS for C21H28IrN3: m/z calculated: 516.1990 
(100%) [M+H]+, observed: 516.1992.
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Preparation of [Rh(cod)(k2-C,N-{CNHC-NH})] 4
Complex 2 [Rh(cod)Cl(k2-C,N-{CNHC-NH2})](46 mg, 0.1 mmol) and KOtBu (14.6 mg, 0.12 
mmol) were dissolved in 5 ml THF and left stirring in a Schlenk tube for 30 min at RT. The 
solvent was evaporated and the residue was redissolved in 5 mL DCM and filtered over a 
pad of celite. The filtrate was then again evaporated, the product washed with pentane and 
dried in vacuo to yield a brown solid (±70% yield). 1H NMR (500 MHz, THF-d8) δ = 7.81 (d, J 
= 2.0 Hz, 1H, im=CH), 7.28 (d, J = 7.8 Hz, 1H, HAr), 7.25 (d, J = 2.0 Hz, 1H, im=CH), 6.77 (ddd, 
J = 8.2, 7.0, 1.4 Hz, 1H, HAr), 6.62 (dd, J = 8.1, 1.4 Hz, 1H, HAr), 6.23 (ddd, J = 8.2, 7.0, 1.4 Hz, 
1H, HAr), 4.37 (d, J = 2.4 Hz, 2H, cod-CH), 4.34 (s, 1H, NH), 4.11 (d, J = 2.6 Hz, 2H, cod-CH), 
3.91 (m, 2H, NCH2), 2.42 – 2.26 (m, 4H, cod-CH2), 2.08 – 2.02 (m, 2H, cod-CH2), 1.95 (m, 4H, 
cod-CH2 and CH2), 1.43 (dq, J = 14.9, 7.4 Hz, 2H, CH2), 1.03 (t, J = 7.4 Hz, 3H, CH3) ppm. 13C 
NMR (126 MHz, THF-d8) δ = 173.04 (d, J = 55.5 Hz, Ccarb, 147.35 (s, Cq), 128.18 (s, CAr), 125.71 
(s, CAr), 122.32 (s, Cq), 119.35 (s, C=C), 117.32 (s, C=C), 116.67 (s, CAr), 109.64 (s, CAr), 88.43 
(d, J = 9.0 Hz, 2 x CH cod), 67.70 (d, J = 11.3 Hz, 2 x CH cod), 49.32 (s, NCH2 ligand), 34.34 (s, 
CH2 cod), 32.84 (s, CH2 ligand), 28.73 (s, CH2 cod), 27.83 (s, CH2 cod), 19.80 (s, CH2 ligand), 
13.17 (s, CH3 ligand)  ppm. HMBC, HSQC and 13C-apt NMR spectroscopy have been used in 
the identification of the peaks. HR-ESI MS for C21H28RhN3: m/z calculated: 426.1416 (100%) 
[M+H]+, observed 426.1417.

Preparation of [(Ru((k2-C,N-{CNHC-NH})(k2-C,N-{CNHC-NH2})Cl)2(μ-Cl)] PF6  5
[Ru(cod)Cl2]n (280 mg, 1 mmol) was refluxed under N2 in 10 mL MeOH with NaH (24 mg, 1.1 
mmol) for 60 min. Subsequently, ligand LH (361 mg, 1 mmol) was added and the mixture 
was refluxed overnight. The brown solid that was formed was separated from the blue solu-
tion via filtration and dried in vacuo. The product was then redissolved in 10 mL of DCM 
and filtered over a pad of celite. Evaporating the solvent gave a dark green solid, which was 
washed with benzene and dried in vacuo (yield ~50%). Reaction mixture has to slightly 
come into contact with oxygen in order to oxidize. The solvent used during work-up (DCM) 
or contact with air likely oxidized ruthenium(II) to ruthenium(III). Crystals suitable for X-
ray diffraction were grown by slow diffusion of cyclohexane into a THF solution. Assign-
ment of the signals below involves half of the centrosymmetric dinuclear complex.  The two 
different alkyl-tail signals arising from the two ligands coordinated to one Ru-center are 
not appointed to the neutral or anionic ligand due to inambiguity, except for 1 to 4 a and 
b(1 = CH3 end, 4 = NCH2). COSY NMR spectroscopy has been used in the identification of the 
peaks.  1H-NMR (300 MHz, CD2Cl2): δ = 8.23 (d, J = 7.19 Hz, 1H, im=CH or HAr), 8.02 (d, J = 
9.66 Hz, 1H, NH2), 7.50 – 6.75 (m, 10H, im=CH and/or HAr), 5.74 (d, J = 7.71 Hz, 1H, im=CH 
or HAr), 5.21 (m, 1H, NCH2 (4b)), 5.10 (d, J = 8.98 Hz, 1H, NH2), 4.62 (m, 1H, NCH2 (4b)), 4.45 
(bs, 1H, NH), 3.67 (m, 2H, CH2 (4a)), 2.59 (bs, 1H, H2O interacting with NH), 2.18 – 1.79 (m, 
2H, CH2 (3b)), 1.60 (m, 2H, CH2 (2b)), 1.46 (m, 2H, CH2 (3a)), 1.15 (m, 2H, CH2 (2a)), 1.01 (t, 
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J = 7.34, 3H, CH3 (1b)), 0.92 (t, J = 6.94, 3H, CH3 (1b)) ppm. 13C-NMR (75 MHz, CD2Cl2) δ = 
169.88 (s, Ccarb), 137.65 (s, CAr or C=C), 136.25 (s, CAr or C=C), 134.23 (s, CAr or C=C), 133.63 
(s, CAr or C=C), 128.26 (s, CAr or C=C), 126.78 (s, CAr or C=C), 126.48 (s, CAr or C=C), 125.40 
(s, CAr or C=C), 125.16 (s, CAr or C=C), 123.87 (s, CAr or C=C), 123.09 (s, CAr or C=C), 122.87 
(s, CAr or C=C), 121.83 (s, CAr or C=C), 120.90 (s, CAr or C=C), 120.21 (s, CAr or C=C), 118.58 
(s, CAr or C=C), 50.50 (s, NCH2 ligand), 49.62 (s, NCH2 ligand), 33.90 (s, CH2 ligand), 32.43 (s, 
CH2 ligand), 20.66 (s, CH2 ligand), 20.26 (s, CH2 ligand), 13.96 (s, CH3 ligand), 13.69 (s, CH3 

ligand) ppm. One carbene signal was not found. 19F-NMR (282 MHz, CD2Cl2) δ = -73.34 (d, J 
= 710.6 Hz). 31P NMR (121 MHz, CD2Cl2) δ = -144.49 (septet, J = 707.85 Hz) ppm. HR-ESI MS 
for C52H66Cl3N12Ru2: m/z calculated: 1167.2685 [M-PF6]+, observed 1167.2688.

X-ray crystal structure determinations
X-ray intensities were measured on a Bruker Kappa ApexII diffractometer with sealed 
tube and Triumph monochromator (λ = 0.71073 Å). The intensities were integrated us-
ing Eval15[40] (compounds 1 and 5) or Saint[41] (compound 2). Absorption correction and 
scaling was performed with SADABS.[42] The structures were solved using the programs 
SHELXT[43] (1 and 2) and SHELXS-97[44] (5). Least-squares refinement was performed with 
SHELXL-97[44] (1 and 2) or SHELXL-2013[44] (5) against F2 of all reflections. Non-hydrogen 
atoms were refined with anisotropic displacement parameters. All hydrogen atoms in the 
metal complexes were located in difference Fourier maps. The hydrogen atoms in the sol-
vent molecules were included in calculated positions. N-H hydrogen atoms were refined 
freely with isotropic displacement parameters, C-H hydrogen atoms were refined with a 
riding model. Geometry calculations and checking for higher symmetry was performed 
with the PLATON program.[45]

Compound 1 [Ir(cod)Cl(CNHC-NH2)]: C21H29ClIrN3, Fw = 551.12, green block, 0.37 x 0.26 x 
0.24 mm3, monoclinic, P21/c (no. 14), a = 10.4751(3), b = 19.6170(6), c = 10.2855(4) Å, b = 
108.739(2)°, V = 2001.55(11) Å3, Z = 4, Dx = 1.829 g/cm3, μ = 6.81 mm-1. 32160 Reflections 
were measured at T = 150(2) K up to a resolution of (sin θ/λ)max = 0.65 Å-1. 4602 Reflections 
were unique (Rint = 0.021), of which 4272 were observed [I>2σ(I)]. 260 Parameters were 
refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0134 / 0.0287. R1/wR2 [all refl.]: 0.0154 / 
0.0291. S = 1.075. Residual electron density between -0.63 and 1.29 e/Å3.

Compound 2 [Rh(cod)Cl(CNHC-NH2)]: C21H29ClN3Rh, Fw = 461.83, yellow block, 0.21 x 0.19 x 
0.06 mm3, monoclinic, P21/c (no. 14), a = 10.3576(5), b = 19.6165(9), c = 10.2949(5) Å, b 
= 108.7153(9) °, V = 1981.12(16) Å3, Z = 4, Dx = 1.548 g/cm3, μ = 1.01 mm-1. 35439 Reflec-
tions were measured at T = 110(2) K up to a resolution of (sin θ/λ)max = 0.65 Å-1. 4532 Re-
flections were unique (Rint = 0.017), of which 4170 were observed [I>2σ(I)]. 260 Parameters 
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were refined with no restraints. R1/wR2 [I > 2σ(I)]: 0.0163 / 0.0401. R1/wR2 [all refl.]: 
0.0192 / 0.0420. S = 1.070. Residual electron density between -0.34 and 0.37 e/Å3.

Table 5. Hydrogen bonding interactions in 1 and 2.

D-H•••A D-H [Å] H•••A [Å] D•••A [Å] D-H-A [°]
1 N3-H3A•••Cl1 0.90(3) 2.57(3) 3.426(2) 159(2)

N3-H3B•••Cl1i 0.85(3) 2.62(3) 3.472(2) 176(2)
2 N3-H3A•••Cl1 0.86(2) 2.59(2) 3.4011(14) 159.3(17)

N3-H3B•••Cl1i 0.87(2) 2.59(2) 3.4533(14) 176.2(17)
Symmetry operation i: 1-x, 1-y, 1-z.

Compound 5 [Ru((CNHC-NH)(CNHC-NH2))Cl(μ-Cl)]2 PF6: [C52H66Cl3N12Ru2](PF6) • 2 C4H8O, Fw = 
1456.83, blue-green block, 0.31 x 0.22 x 0.10 mm3, triclinic, P-1  (no. 2), a = 14.6524(3), b = 
15.6351(2), c = 15.7371(2) Å, a = 72.473(1), b = 76.223(1), g = 69.686(1) °, V = 3187.87(9) 
Å3, Z = 2, Dx = 1.518 g/cm3, μ = 0.70 mm-1. 54212 Reflections were measured at T = 150(2) 
K up to a resolution of (sin θ/λ)max = 0.65 Å-1. 14639 Reflections were unique (Rint = 0.021), 
of which 12471 were observed [I>2σ(I)]. The THF solvent molecules were refined with a 
disorder model. 832 Parameters were refined with 124 restraints (for distances, angles and 
displacement parameters of the THF molecules). R1/wR2 [I > 2σ(I)]: 0.0306 / 0.0774. R1/
wR2 [all refl.]: 0.0386 / 0.0814. S = 1.030. Residual electron density between -0.58 and 0.85 
e/Å3.

DFT calculations
Geometry optimizations were carried out with the Turbomole program package[33] coupled 
to the PQS Baker optimizer[34] via the BOpt package,[35] at the DFT/b3-lyp[36] level. We used 
the def2-TZVP basis set[37] (small-core pseudopotentials on Ru[38]) for the geometry optimi-
zations. Scalar relativistic effects were included implicitly through the use of the Ru ECPs. 
All minima (no imaginary frequencies) were characterized by calculating the Hessian ma-
trix. ZPE and gas-phase thermal corrections (entropy and enthalpy, 298 K, 1 bar) from these 
analyses were calculated. The nature of the transition states was confirmed by IRC calcula-
tions. 

The open-shell singlet electronic structure of 5 was evaluated employing the broken-sym-
metry protocol. The ‘real’ energy es of the (multi-determinant) open-shell singlet species 5 
was estimated from the e0 energies of the optimized single-determinant broken symmetry 
solutions and the e1 energies from a separate unrestricted triplet (ms = 1) calculations at the 
same geometry with the same functional and basis set, using the approximate spin correc-
tion formula proposed by Yamagushi:[39]
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Catalytic Hydrogenation of Polar 
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Abstract

The use of a series of Ru, Rh and Ir half-sandwich complexes, bearing different bidentate 
NHC-amine ligands, in the hydrogenation of ketones and hydrogenolysis of esters was ex-
plored. Structural variations in the chelate ring size of the bidentate NHC-amine-type li-
gands revealed that smaller chelate ring-sizes in combination with ring-conjugation in the 
ligand is beneficial for the activity of these types of catalysts. Clear mechanistic differences 
between (p-cym)Ru(NHC-amine) and (Cp*)M(NHC-amine) complexes (M = Rh, Ir) were ob-
served in the catalytic H2-hydrogenation of acetophenone. Our results are consistent with 
reported calculations that p-cymene containing complexes favor an inner-sphere coordi-
nation pathway, while the Cp* containing complexes favor an outer-sphere coordination 
pathway. Additionally, increasing the steric bulk of the alkyl substituent on the NHC aided 
the reaction, showing almost no induction period and formation of a more active catalyst for 
the n-Bu complex compared to complexes with smaller Me and Et substituents. As is com-
mon in hydrogenation reactions, the activity of the complexes decreases in the order Ru > 
Ir > Rh. The application of complex 1, [Ru(p-cym)Cl(NHC-amine)]PF6 which outperforms 
its reported analogues, was successfully extended to hydrogenation of more challenging 
biomass-inspired substrates.

5.1 Introduction

As was described in the general introduction, hydrogenation of polar bonds can take place 
via an outer-sphere or an inner-sphere mechanism. Generally, reactions proceeding through 
outer sphere mechanisms are much faster since the reaction can take place without coordi-
nation of the substrate to the metal center, usually assisted by a bifunctional ligand.[1] In this 
chapter, we focus on the hydrogenation of polar bonds and investigate the performance of 
several late transition metal complexes containing the potentially bifunctional NHC-amine 
(CNHC-NH2) ligand A, described in Chapter 3 (shown in Figure 1). 

Figure 1. The types of CNHC-NH2 ligands referred to in this chapter. Ligand A is the NHC-aniline ligand 
synthesized by us, as described in Chapter 3. Ligand B and C were previously reported by Morris.[2,3] B 
is not reported in this form as the free ligand but is reduced on the transmetallating agent via reduc-
tion of an isonitrile group. 
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Our research is supported and complemented by reports of the group of Morris,[2-6] who 
showed that, based on DFT calculations, a ruthenium complex of general structure I (Figure 
2) containing CNHC-NH2 ligand B in the H2-hydrogenation of acetophenone favors an inner 
sphere bifunctional mechanism, while a ruthenium complex of general structure II, with a 
Cp* substituent instead of a p-cymene, facilitates a much faster outer sphere bifunctional 
mechanism. Illustratively, for the Ru-complexes I-B and II-B in the hydrogenation of ace-
tophenone with H2, TOFs of 213 and 10800 mmol• mmol-1•hr-1 respectively, have been re-
ported.[7,4]

Figure 2. General structures of two types of complexes containing different chelate ring size CNHC-NH2 

ligands. Complexes I contain the neutral p-cymene as ancillary ligand and complexes II contain the 
anionic Cp*.

Building on this work, we investigate the effect of structural variations of the catalyst on 
catalytic activity in H2-hydrogenation of ketones in more detail. In general, the activity of a 
catalyst is closely related to its structure: a small structural change can bring about large dif-
ferences in activity and selectivity. To this end, we studied the influence of the chelate ring 
size of ligand A, B and C when coordinated to a metal center, the size of the alkyl substituent 
on the ligand and we varied the metal, correlating the structural parameters as reported in 
Chapter 2 to catalyst activity.

Based on the calculations of Morris, we can anticipate that also other complexes of general 
structure I follow the inner sphere route, and complexes of general structure II follow an 
outer sphere mechanism. This means that we anticipate to observe two possible trends in 
the catalytic reactions for general structures I and II when changing the ligand structure: 

1 – The difference in chelate ring size is not expected to significantly influence the outer 
sphere mechanism, since the pre-organization of the substrate takes place in the second 
coordination sphere. The structure of the ligand and the smaller chelate will therefore only 
have minor influence on the catalytic performance. This will be seen for complexes with 
general structure II.
 
2 – The difference in chelate ring size is, however, expected to influence the inner sphere 
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mechanism significantly since the structure of the ligand and the smaller chelate push a 
lot of electron density into the NHC, enlarging the electron donating effect of the carbene.
[8] The possibility that the orbital overlap between amine and metal is less optimal due to 
the strained chelate ring[9] can influence the coordination / decoordination of the amine 
which is needed if the substrate has to bind to the metal. This influence should be most 
pronounced for the complexes of general structure I.

Additionally, to rule out the influence of the different alkyl substituent on the NHC which is 
found between our complexes (nBu) and Morris (Me) we synthesized complexes with dif-
fering alkyl substituent and evaluated their catalytic activity as well. 

The benchmark reaction that was used to investigate these influences is the hydrogena-
tion of acetophenone. To evaluate the potential of the NHC-amine motif, we investigated 
the performance of these types of catalysts on more challenging compounds: biomass in-
spired model substrates such as cinnamaldehyde, and actual platform chemicals[10] such as 
levulinic acid (LA) and hydroxymethyl furfural (HMF). Additionally, esters such as methyl 
butyrate (MB) or dimethyl oxalate (DMO) were tested. In doing so, we initiate broadening 
of the substrate scope of these NHC-amine containing complexes to include these platform 
chemicals. These substrates are of particular interest in the fine-chemical and pharmaceu-
tical sector since they are all key building blocks or precursors for sustainable chemicals, 
materials and biofuels.[11,12]

5.2 Results and Discussion

The Influence of Chelate Ring Size and Ligand Structure

First, we evaluated the influence of the chelate ring size of Ru-complexes of general struc-
ture II combined with ligands A, B and C in catalysis. The complexes are depicted in Figure 3.

Figure 3. [Ru(p-cym)Cl(CNHC-NH2)]PF6 complexes with different CNHC-NH2 ligands. The synthesis of 1, 
containing ligand A is described in Chapter 3. Complexes 2 and 3 have been reported in literature,[2,3] 

containing ligand C and B respectively.
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The results we obtained by applying 1 were compared with the activity reported for 2[3] and 
3.[7] In Chapter 3 we investigated the structural parameters of the catalysts shown in Figure 
3. The chelate ring size of these complexes decreases in the order 3 > 2 > 1 and the NHC 
ligands for complexes 1 and 2 appear to be more electron rich than 3 (for further structural 
details see Chapter 3).

Scheme 1. Benchmark catalytic hydrogenation of acetophenone with H2.

As a benchmark reaction, the catalytic hydrogenation of acetophenone with H2 in the pres-
ence of KOtBu in THF to 1-phenylethanol was investigated (see Scheme 1 and Table 1). The 
results in Table 1 show that the TOF value increases with decreasing chelate ring size:  TOF 
(3) = 213 h-1, TOF (2) = 298 h-1 and TOF (1) = 548 h-1 (entry 6, 4 and 1 respectively). Ad-
ditionally, increasing the substrate loading leads to a linear increase of the TOF (entry 1-3, 
548 vs 1202 vs 3609 h-1) within the (limited) range studied. Such a high activity is unprec-
edented for this type of halfsandwich NHC-amine complexes in this reaction. 

Table 1. H2-hydrogenation of acetophenone with ruthenium complexes 1-3 of various chelating ring 
size.

Entry[a] Complex C/B/S[b] Conv (%/hr)[c] TOF[d]

1 1 1/8/100 99/0.5 548
2 1 1/8/200 99/0.5 1202
3 1 1/8/600 99/0.5 3609
4 2 1/8/200 99/1 298
5 2 1/8/600 99/2 595
6 3 1/8/200 99/2 213
7 3 1/8/600 57/2.5 122

General Conditions: [a] Reactions (Scheme 1) were carried out at 25 bar H2 and at 50 °C, in 15 ml THF 
using KOtBu as base. [b] C/B/S = catalyst/base/substrate ratio. [c] Conversions were determined by 
GC using p-xylene as an internal standard. [d] TOF = turnover frequency in mmol•mmol-1•hr-1 deter-
mined in steepest part of the plot (between 40-60% conversion). Details from complex 2[3]and 3[7] 

were taken from literature. 

A linear dependence of the TOF with respect to the substrate concentration was also ob-
served for complex 2 (entry 4 and 5, from 298 to 595 h-1). Curiously, the opposite has been 
reported for complex 3.[7] The reported sandwich species RuCp*Cl(η6-(CNHC-NH2)) species 
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(see Chapter 3) was also tested in a catalysis run. In absence of a coordinating, electron 
donating NHC the catalytic activity of this Ru-sandwich species is low, converting 84% of 
acetophenone in 17 hr at 50°C and 25 bar H2. To further investigate the effect of the chelate 
ring size, we turned our attention to the iridium and rhodium complexes 4, 5 and 6 shown 
in Figure 4. The chelate ring size of the Ir-complexes decreases in the order 5 > 4 and also 
here structural parameters indicate that the NHC of 4 is more electron rich compared to 5 
(see Chapter 3).

Figure 4. [MCp*Cl(CNHC-NH2)]PF6 complexes (M = Ir, Rh). Complexes 4 and 6 contain ligand A and the 
synthesis is described in Chapter 3. Ir-complex 5, containing ligand B, was reported in literature.[5]

While the iridium systems are less active than the ruthenium catalysts, indeed a similar 
relation between the TOF and the chelate ring effect was observed between the IrCp* com-
plexes 4 and 5 (Table 2, entry 8 and 9). The effect is, however, much less pronounced. For 
the even less active rhodium complex 6 (entry 10, 11) we lack comparison with the larger 
7-membered ring-sized equivalent. 

Table 2. H2-hydrogenation of acetophenone with iridium and rhodium complexes 4-6 of different 
chelating ring size

Entry[a] Complex C/B/S[b] Conv (%/hr)[c] TOF[d]

8 4 1/8/200 95/4 190
9 5 1/8/200 98/3 154
10 6 1/8/200 0 nd
11[e] 6 1/8/200 98/3 nd

General Conditions: [a] Reactions (Scheme 1) were carried out at 25 bar H2 and at 50 °C, in 15 ml THF 
using KOtBu as base. [b] C/B/S = catalyst/base/substrate ratio. [c] Conversions were determined by 
GC using p-xylene as an internal standard. [d] TOF = turnover frequency in mmol•mmol-1•hr-1 deter-
mined in steepest part of the plot (between 40-60% conversion). [e] p(H2)=50 bar. Details from com-
plex 5 were taken from literature.[5]

Besides Cross,[13] another related rhodium example containing a secondary amino tethered 
NHC, [Rh(cod)(L)] (L = 1-Mes-3-(2-(Mes-NH)ethyl)imidazolium), was reported by Fryzuk.
[14] This complex did not show any activity in hydrogenation of polar bonds at all and only 
alkene hydrogenation was reported. Complex 6 thus seems to be the first Rh-NHC-amine 
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complex reported to be active in the direct hydrogenation of ketones.
It becomes apparent that the influence of the structural variation in the NHC-amine ligand 
motif is smallest for the IrCp* complexes 4 and 5, that are assumed to follow an outer-
sphere coordination pathway, and are largest for the Ru(p-cym) complexes 1-3, which are 
assumed to follow an inner-sphere coordination pathway, as was described in the introduc-
tion. The coordination of the substrate in the outer sphere is apparently less susceptible for 
the structural variations, and the electron donating strength of the NHC is in that case only 
of minor influence.
The increased TOF for the Ru(p-cym) complexes (largest for complex 1, containing our CNHC-
NH2 ligand) can be explained by two contributing effects: 

1 – The smaller chelating ring size can account for a less tightly bound amine, since the sys-
tem is more strained. The aniline is also less basic than the benzyl amine (pKa 4.6 vs 9.3)[15] 

and both factors could cause the amine to dissociate more readily (necessary when follow-
ing an inner-sphere pathway) thereby promoting coordination of the substrate. 

2 – Additionally, the conjugated system renders the NHC more electron rich, therefore mak-
ing it a stronger donor. 

Variation of the Alkyl N-Substituent

Figure 5 depicts a series of synthesized complexes of general structure I with varying N-
alkyl substituents on the NHC. The structure of 7c is identical to 1 except for the anion: PF6

- 

is replaced by I-, which is also the anion for structures 7a and 7b.

We evaluated the influence of the N-alkyl substituent on the ligand, by testing complexes 
7a-c in the H2-hydrogenation of acetophenone (Scheme 1, Table 3). This was initially done 
to rule out any influence of the differently substituted NHC of 3 (Me) and 1 (nBu) but, sur-
prisingly, a substantial increase of the TOF was observed on going from the Me/Et com-
plexes 7a/b to the nBu complex 7c (see Table 3). 

Figure 5. [Ru(p-cym)Cl(CNHC-NH2)]I complexes with differently N-alkyl substituted CNHC-NH2 ligands. 
The synthesis of 7a (R = Me), 7b (R = Et) and 7c (R = nBu) is described in Chapter 3.
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Table 3. H2-hydrogenation of acetophenone with Ru-complexes 7a-c with varying alkyl substituents.

Entry[a] Complex C/B/S[b] Conv (%/hr)[c] TOF[d]

12 7a (R = Me) 1/8/200 99/0.5 909
13 7b (R = Et) 1/8/200 99/0.5 915
14 7c (R = nBu) 1/8/200 99/0.5 1543

General conditions: [a] Reactions (Scheme 2) were carried out at 25 bar H2 and at 50 °C, in 15 ml THF 
using KOtBu as base. [b] C/B/S = catalyst/base/substrate ratio. [c] Conversions were determined by 
GC using p-xylene as an internal standard. [d] TOF = turnover frequency in mmol•mmol-1•hr-1 deter-
mined in steepest part of the plot (between 40-60% conversion) and as an average of two runs.

Probably, this effect is primarily caused by differences in catalyst activation rates. Inspec-
tion of the reaction profile indeed reveals that the induction period for all complexes is dif-
ferent (Figure 6).

Figure 6. Performance in time of Ru(p-cym)Cl(CNHC-NH2)I complexes 7a-7c in H2-hydrogenation of 
acetophenone with varying alkyl substituents on the ligand. R = Me (red triangles), Et (green circles), 
nBu (blue squares). 

At t = 0 the reaction mixture containing deprotonated complex and substrate is pressurized 
with H2, forming the active species (Scheme 2). Going from nBu to Me the induction period 
becomes much longer, clearly pointing to differences in the rates of formation of the active 
species in each case. The larger bulk of the nBu group with respect to Me and Et substituents 
likely influences the spatial positioning of the ligand in such a way that the amine is tilted 
into a position closer to the metal center, rendering the complex better suited for activa-
tion of the incoming dihydrogen reagent, thus leading to more efficient catalyst activation 
(Scheme 2). Alternatively, the bulk of the nBu group might help to speed up elimination of 
the product in order to regenerate a new active species.[16] 
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Scheme 2. Catalyst activation by amine deprotonation followed by (bifunctional) dihydrogen activa-
tion involving heterolytic splitting of H2 over the M-amine bond leading to the proposed activated 
species.

Complex 1 was shown to be the most active complex of the ones tested in acetophenone 
hydrogenation. Although we did not investigate the kinetics of this reaction, the fact that 
the electron donating strength of CNHC-NH2 ligand A has a large influence on the catalytic 
activity suggests that the reaction proceeds via an inner sphere coordination pathway (see 
Scheme 3). This points to a classical mechanism in which the substrate coordinates directly 
to the metal and in which a stronger ligand donor leads to an enhanced ‘hydridic character’ 
beneficial for migration to the coordinated ketone substrate, which is a key step in the inner 
sphere catalytic cycle.

Scheme 3. A putative reaction scheme for the hydrogenation of a polar substrate (here acetophenone) 
for the [Ru(p-cym)Cl(CNHC-NH2)]PF6 complex 1. After formation of the active species decoordination of 
the amine is needed to facilitate binding of the substrate, which is subsequently hydrogenated.

Conversion of Platform Chemicals and Model Compounds Thereof 

To further investigate the performance of 1, several relevant types of biomass inspired sub-
strates have been subjected to hydrogenation. More challenging and with a higher degree 
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of functionalization than acetophenone, these substrates are a good measure of the capaci-
ties of this type of NHC-amine containing catalysts for application in biomass conversion. 
The results are summarized in Table 4. When using levulinic acid (LA) as the substrate, 
only minor conversion to the ring-closed product γ-valerolactone was observed (Table 4, 
entry 1a), probably due to incompatibility of the acid with the amine functionality of the 
catalyst. Upon mixing the deprotonated complex with this acid, a color change from brown 
to green was observed showing that the conditions become acidic enough to protonate the 
amino-functionality[17] to form a different active species. Raising the temperature as well as 
the pressure does improve the conversion (entry 1b) but increasing the substrate loading 
(entry 1c and 1b) does not. Applying the methyl ester of LA, methyl levulinate, in hydro-
genation also showed selective conversion of the ketone functionality (Table 4, entry 2).

Table 4. Biomass inspired substrates tested in H2-hydrogenation using [Ru(p-cym)Cl(CNHC-NH2)]PF6 

1 as catalyst.

Entry[a] Substrate Conditions Product Conversion[b]                 
%                   hr

1a 50 °C
25 bar H2

15 17

1b 70 °C
50 bar H2

85 17

1c[c] 70 °C
50 bar H2

15 17

1d[d] 70 °C
50 bar H2

35 17

2 70 °C
50 bar H2

86 17

3[e] 80 °C
80 bar H2

0 17

4 80 °C
80 bar H2

29 24

5 70 °C
50 bar H2

99 2

6 70 °C
50 bar H2

47/2/38
 8/0/90

6
24

General conditions: [a] Reactions were carried out at 25 bar H2 and at 50 °C, in 15 ml THF using KOtBu 
as base and complex 1 as cat; C/B/S = 1/8/200. [b] Conversions were determined by GC using p-
xylene as an internal standard. [c] C/B/S = 1/8/2000 in 2 ml THF. [d] C/B/S = 1/8/1000. [e] C/B/S/ 
= 1/8/600.

O
OH

O

OO

O
O

O

OO

O

O
OH

O O

OO

O O

HO

OO OH OHO OH

Ph O

Ph OH

Ph OH

Ph O



115

Chapter 5

Again, higher temperatures and pressures than those used in the benchmark reaction with 
acetophenone were required, resulting in 86% conversion overnight. The lower activity 
might be attributed to competition between coordination of the ketone and the ester func-
tionality. 

Substrates with linear ester functionalities are an important class of esters when it comes to 
biomass, as they are frequently found in natural oils. There have been several reports of the 
conversion of natural oils using ruthenium systems[18,19] but, as is clear from entry 3, linear 
ester functionalities such as those in methyl butyrate are not converted by 1. However, the 
conjungated diester dimethyl oxalate (DMO), where one ester functionality activates the 
other one for hydrogenation, is converted slowly (29% conversion in 24 hr) to methyl glyco-
late (Table 4, entry 4). This is slower than previously reported activity from our group[20,21] 

using a ruthenium system (Ru(acac)3 / triphos, see Chapter 2), but for this NHC-amine motif 
it’s a promising result, partly because no additives were needed and THF instead of fluori-
nated alcohols was used. The highly functionalized aldehyde HMF is converted to the bishy-
droxy compound furan-2,5-dimethanol in 2 hr at 70 °C and 50 bar H2 (Table 4, entry 5). 
Application of the α,β-unsaturated compound cinnamaldehyde is a good measure for the 
selectivity of the catalyst. After 6 hr at elevated temperature and pressure, a roughly 50:50 
product distribution of the hydrogenated ketone and the completely hydrogenated product 
was detected. The latter is probably formed by hydrogenation of the hydrocinnamaldehyde 
intermediate, which is only present in trace amounts throughout the entire reaction (Table 
4, entry 6).

5.3 Summary and Conclusions

In conclusion, we have shown that half-sandwich complexes with an amino-tethered NHC, 
most notably ruthenium complexes, show good activity in hydrogenation of polar function-
alities. Acetophenone is hydrogenated by [Ru(p-cym)Cl(CNHC-NH2)]A (1, 7a-c) which likely 
proceeds via an inner-sphere mechanism showing excellent activity with TOFs as high as 
3600 hr-1 for complex 1 (Table 1). We are also the first to report a Rh-NHC-amine species 
of this type, [RhCp*Cl(CNHC-NH2)]PF6 6, to be active in the direct hydrogenation of ketones. 

From the results we can conclude that the activity of this type of catalyst is influenced by 
the type of chelating ligand and the N-substituent on the NHC : a conjugating, small chelate 
ring is beneficial for the activity. However, the influence is significantly more pronounced 
for catalysts that follow inner-sphere mechanism, the Ru(p-cym) complexes 1 and 7a-c. The 
catalysts that follow an outer-sphere mechanism, IrCp* 4 (and RhCp* 6) only have minor 
benefit from the structure of our ligand. This indicates that the most significant change, in 
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this case, is the additional electron density that stems from the conjugated aniline and is 
pushed into the NHC. A larger alkyl substituent on the NHC promoted the formation of the 
active species and thereby greatly reduces the induction period. Also, the bulk can help in 
the elimination of the formed product, thereby speeding up the reaction.

The applicability of complex 1 was successfully extended to key biomass derived substrates. 
Functionalized aldehydes, ketones and activated diesters were (partially) converted at 
moderate pressures and temperatures (50-80 bar H2, 70-80 °C).

The combined results from this chapter and Chapter 3 have provided more thorough knowl-
edge concerning the workings of Ru-, Ir- and Rh NHC-amine complexes in direct hydro-
genation of polar functionalities, which will aid the future rational design of hydrogenation 
catalysts for conversion of biomass into useful and/or added-value compounds.

5.4 Experimental Section

General Remarks

All experiments were carried out under an atmosphere of purified nitrogen using standard 
Schlenk techniques. Solvents were freshly distilled under an argon atmosphere from so-
dium benzophenoneketyl (Toluene, THF, pentane and diethyl ether) and from CaH2 (CH2Cl2 
and MeCN). MeOH and i-prop were distilled from CaH2 under a nitrogen atmosphere and 
were stored over 4Å molecular sieves. Acetophenone, methyl butyrate and methyl levuli-
nate were distilled from CaH2 under reduced pressure and stored in a dry nitrogen atmos-
phere over 4Å molsieves prior to use. Dimethyl oxalate was repeatedly crystallized from 
EtOH, dried under high vacuum and stored under a dry nitrogen atmosphere. Levulinic acid, 
hydroxymethylfurfural and cinnamaldehyde were degassed and stored under a dried ni-
trogen atmosphere prior to use. Hydrogen gas (purity 5.0) was obtained from Hoek Loos 
B.V. Holland, and used without additional purification or drying. Other reagents were ob-
tained commercially and were used as received. Deuterated solvents (CDCl3 and CD2Cl2) 
were distilled from CaH2 under a nitrogen atmosphere and stored over 4Å molecular sieves. 
Synthetic procedures for 1, 4, 5, 6 and 7a-c are described in Chapter 3. Other reagents were 
obtained commercially and used as received. NMR spectra were recorded on either a Bruker 
AMX400 MHz, Bruker DRX 300 MHz, Varian Mercury 300 MHz or Varian INOVA 500 MHz. 
Products were determined with gas chromatography using p-xylene as internal standard, 
on a Thermo Scientific Trace GC Ultra system with a Restek RTX®-200 (30 meters, 0.25 
mmID) capillary column with a split injecting method.
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General Procedure for Hydrogenations
Catalyst (0.014 mmol) and KOtBu (0.12 mmol) were weighed in a Schlenk tube, dissolved in 
15 ml THF and stirred for 30 min to ensure formation of the deprotonated complex. The ap-
propriate amount of substrate and p-xylene (internal standard, 1.4 mmol) were then added. 
A homebuilt stainless steel autoclave (with a volume of 200 ml; equipped with sample port, 
manometer and sample inlet) was flushed three times with nitrogen and the mixture was 
inserted into the autoclave under an outflow of nitrogen. The autoclave was then heated till 
the desired temperature (50-80 °C) was reached, flushed three times with H2 and filled with 
hydrogen gas until the appropriate pressure was reached (25-80 bar H2). If the reaction was 
monitored in time, samples were taken via a sample port (1st aliquot was discarded). After 
the reaction the autoclave was cooled to about 20 °C with an ice bath and the autoclave was 
vented carefully. The products were determined with gas chromatography using p-xylene 
as internal standard, on a Thermo Scientific Trace GC Ultra system with a Restek RTX®-200 
(30 meters, 0.25 mmID) capillary column with a split injecting method. Additional charac-
terization of several of the known products obtained from conversion of biomass inspired 
substrates was performed using 1H-NMR. The spectra of γ-valerolactone[22], n-butanol[23] 

and  furan-2,5-dimethanol[24] were used for identification. 
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Abstract

The application of Ru, Ir and Rh complexes, containing an NHC-amine ligand (CNHC-NH2), 
as hydrogen-borrowing catalyst in the direct α-alkylation of ketones with alcohols was 
screened. All complexes showed activity in this reaction, but good selectivity remained an 
issue. It was found that the selectivity of the reaction strongly depended on two factors: 
1) The hydrogenation activity of the catalyst and 2) the choice of substrate. A multitude of 
side-products was formed due to the fact that either the hydrogenation catalyst was too fast 
(hydrogenating the product ketone further towards the alcohol) or too slow, leaving the in-
termediate formed exposed to further alkylation. The reactivity of the substrate determined 
the degree of higher alkylation that took place.

Screening of the substrate scope showed that sterically more demanding substrates, in par-
ticular the substrate alcohol, ensured a lower degree of alkylation products. The catalyst 
Ir(cod)Cl(CNHC-NH2) C was found to be of the right “intermediate” hydrogenation activity, 
showing the most consistency in conversion and selectivity. We also screened the appli-
cation of complexes with a deprotonated, anionic form of the NHC-amine motif, where a 
coordinated amine could function as internal base, omitting the need of addition of KOH. 
This approach proved successful, obtaining up to 45% conversion and 25% of the desired 
product using Rh(cod)(CNHC-NH) before decomposition of the catalyst. The selectivity of the 
reaction did not increase.

The application of the catalysts was also extended to include biomass-inspired substrates 
ethylene glycol and geraniol. The functionalization of ethylene glycol was unsuccessful and 
resulted in poly-aldol products. Instead, geraniol could be successfully functionalized.

6.1 Introduction 

The growing interest in sustainable chemistry is accompanied by a substantial develop-
ment of the role of organometallic chemistry in this field. This is of no surprise, since much 
of the progress in organometallic catalysis has ‘green’ implications. The development of 
bifunctional catalysis and its application in, among others, hydrogenation reactions (see 
Chapter 5) is one example. Another example is the development of the hydrogen-borrowing 
concept. Hydrogen-borrowing activation of alcohols obviates the need for alkylating agents 
in an alkylation.[1,2] Alcohols are frequently used as starting materials but are unreactive due 
to the poor leaving group ability of the OH-group. Traditionally, alcohols were activated by 
replacing them with a halide (or a sulfonate) but this brings about the problems of toxicity 
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(of alkylbromides for example), the need of an additional reaction step and the waste gener-
ated when ultimately the halide needs to be removed as a salt. Instead, an organometallic 
catalyst can be applied to dehydrogenate the alcohol, thereby creating an aldehyde or a ke-
tone which can subsequently undergo a reaction, such as a condensation reaction, as shown 
in Scheme 1.

Scheme 1. Representation of the hydrogen borrowing system. The inactive substrate is activated by 
the catalyst via temporary removal of hydrogen. This allows a condensation reaction (in this case with 
an amine) after which the hydrogen is returned to yield the product.

The hydrogen is then returned in a hydrogenation step (via the hydride species created in 
the first oxidation) to yield the product. The hydrogens are essentially borrowed from the 
starting material and returned in the final step, creating an overall redox-neutral reaction 
pathway. 

There are several catalytic reactions that employ this hydrogen-borrowing system. Dehydro-
genative coupling of two alcohols[3-5] or an alcohol with an amine[6] and direct α-alkylation of 
ketones with alcohols[7,8] are just a few examples (see Scheme 2).

Scheme 2. Overview of recent developments obtained using hydrogen-borrowing systems.
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In the direct α-alkylation of ketones with alcohols, shown in more detail in Scheme 3. The 
first step is the dehydrogenation of the substrate alcohol (1). This is followed by a base 
catalyzed aldol condensation (2) where an α,β-unsaturated ketone is formed. Subsequent 
hydrogenation of the alkene bond (3) by the oxidized catalyst species generated in the first 
step, yields the desired product. Work-up in between steps is unnecessary – an additional 
advantage when three reaction steps are combined in one reaction.

Scheme 3. Reaction pathway of the direct α-alkylation of ketones with alcohols: Dehydrogenation of 
the alcohol (1), base catalyzed aldol condensation (2), shown in more detail in the frame, and hydro-
genation of the alkene bond (3).

The fact that, in general, a hydrogenation catalyst is present in the reaction mixture means 
that the formed ketone can also be hydrogenated further, to provide the corresponding alco-
hol as a side product. Additionally, the α,β-unsaturated ketone formed in the aldol conden-
sation can be further alkylated before the hydrogenation step.

The direct α-alkylation of ketones with alcohols is a variation on the Guerbet reaction, where 
two dehydrogenated alcohol substrates perform a homocoupling and the presence of two 
equivalents of oxidized catalyst ensures complete reduction of the formed ketone into  the 
product alcohol.[10] Cho,[11,12] Yus[13,14] and Ishii[7] were among the first to develop this reaction 
into the α-alkylation reaction between ketones and alcohols. All three investigated the sub-
strate scope of the reaction, a very short summary of which is given in Table 1. Cho reported 
on the addition of a hydrogen acceptor 1-dodecene to suppress further hydrogenation of 
the ketone to the alcohol. Good yields were obtained when aryl substrates were applied, but 
the selectivity dropped when smaller substrates were used. Ishii reported good selectivi-
ties for both aryl and aliphatic combinations, using the commercially available [Ir(cod)Cl]2 
and PPh3. However, no explanation was given for the found selectivities. Yus performed the 
reactions in dioxane with stoichiometric amounts of KOH, obtaining fair selectivity towards 
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the product ketones when aryl substrates were used, but the reaction failed when using 
aliphatic methyl ketones. 

The application of α,ω-diols as substrate has also been investigated by Ishii. An excess of 
ketone with an α,ω-diol would produces diketones, whereas an excess of diol would be ex-
pected to yield ω-hydroxy ketones. For long-chain α,ω-diols this seems to work. However, 
smaller 1,3-, 1,4- and 1,5-diols, with an excess of methyl ketones have been reported not to 
produce diketones at all.[16] The aldehydes derived from these diols are believed to undergo 
a homo-aldol reaction instead of the presumed cross-aldol condensation reaction, resulting 
in a complex mixture of poly-aldol products. Most catalysts that have been applied in these 
α-alkylation reactions have been standard precursors that are commercially available, such 
as [Ir(cod)Cl]2, [Rh(cod)Cl]2,  IrCl(CO)(PPh3)2, RuCl2(dmso)4 or RuCl2(PPh3)3. 

Table 1. Overview of results obtained in the direct α-alkylation of ketones with alcohols by Cho, Ishii 
and Yus with a set of substrates containing both arylic and aliphatic ketones and alcohols. 

Ketone Alcohol Catalyst Yield (%) 
product ketone

Cho 2002[11]

Acetophenone n-Butanol RuCl2(PPh3)3 70
Acetophenone Benzyl alcohol RuCl2(PPh3)3 82
Me-iPr ketone Benzyl alcohol RuCl2(PPh3)3 48

Ishii 2004[7]

Benzyl alcohol n-Butanol [Ir(cod)Cl]2 88
Acetophenone Benzyl alcohol [Ir(cod)Cl]2 86
Me-iPr-ketone n-Butanol [Ir(cod)Cl]2 80

Yus 2006[15]

Acetophenone Benzyl alcohol RuCl2(dmso)4 72
Me-nBu-ketone Benzyl alcohol RuCl2(dmso)4 <5

Data taken from indicated references. Cho applied a hydrogen acceptor to prevent further hydrogena-
tion to the alcohol. Ishii added 4 equiv. of PPh3 for 1 equiv. cat. Yus performed the reactions in dioxane.

There has only been one other report where bidentate cyclometallated iridium pyrimidine 
complexes have been used, but application of these complexes did not significantly improve 
the activity or the selectivity of the  reaction.[17] Also, there is only one related example in 
literature where the authors attempt to introduce enantioselectivity in this type of reaction. 
This was done by adding a second, chiral catalyst to hydrogenate the product ketone into 
a chiral alcohol.[18] Formation of the product ketone is achieved using an Ir-catalyst and at 
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the end of the reaction the second chiral Ru-catalyst was added to reduce the ketone to an 
alcohol.

The fact that the direct α-alkylation encompasses a halogen-free coupling route sparked 
our interest. Since iridium, rhodium and ruthenium were frequently reported as catalysts 
for these reactions, we were curious how our Ru, Ir and Rh catalysts, containing an CNHC-NH2 

moiety allowing bidentate, hemilabile and/or bifunctional behavior, would perform in this 
reaction. We decided to investigate the performance of several selected catalysts, contain-
ing both the M-arene and M-cod motif (described in Chapter 3 and 4 respectively). Their 
general structure is depicted in Figure 1. 

Figure 1. General structures of the M(arene) and M(cod) complexes containing a CNHC-NH2 ligand ap-
plied in this chapter.

An additional advantage of the CNHC-NH2 motif is the possibility of the amine functionality to 
act as internal base in its deprotonated form. If the amine is strong enough to deprotonate 
the activated ketone substrate, the addition of KOH as base would become unnecessary, 
thus improving the reaction conditions.
 
The only reports of a similar coupling where addition of a strong base is not required comes 
from Baba,[19] where an enol acetate was used as starting material instead of a ketone, cir-
cumventing the step where a strong base is needed to deprotonate the substrate ketone for 
the aldol condensation. To probe the feasibility of applying a complex with an internal base 
function, a deprotonated form of the M(cod) complexes, developed in Chapter 4, was tested 
in the direct α-alkylation of ketones with alcohols. Additionally, we investigated the per-
formance of our complexes for several types of substrates, including the more bio-inspired 
alcohols such as geraniol and the 1,2-diol ethylene glycol as alcohol substrate. 

6.2 Results and Discussion

In order to investigate the activity and applicability of an NHC-amine moiety, complexes 
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alcohols. First, we chose to use [Ru(p-cym)Cl(CNHC-NH2)]PF6 (A), IrCp*Cl(CNHC-NH2)]PF6 (B; 
developed and described in Chapter 3), Ir(cod)Cl(CNHC-NH2) (C) and Rh(cod)Cl(CNHC-NH2) 
(D; developed and described in Chapter 4) as the most suitable catalysts to employ in this 
initial investigation. The complexes, shown in Figure 2, are the complexes that were devel-
oped containing the neutral CNHC-NH2 ligand.

Figure 2. Complexes with a charge-neutral CNHC-NH2 ligand that were applied in in the direct 
α-alkylation catalysis runs: [Ru(p-cym)Cl(CNHC-NH2)]PF6 (A),  IrCp*Cl(CNHC-NH2)]PF6 (B), Ir(cod)
Cl(CNHC-NH2) (C) and Rh(cod)Cl(CNHC-NH2) (D).

Application of CNHC-NH2 Containing Complexes in the Direct α-Alkylation of 
Acetophenone and Benzyl Alcohol

As a benchmark reaction the direct α-alkylation of acetophenone with benzyl alcohol was 
studied (see Scheme 4). In this reaction, acetophenone 1 is reacted with benzyl alcohol 2 to 
form the ketone 1,3-diphenylpropanone 3 as the desired product and the further hydrogen-
ated alcohol 1,3-diphenyl propanol 4 as side product. From literature the optimum ratio 
of substrate ketone to alcohol was reported to be 1:2, which we used as starting point for 
our investigations. As was explained in the introduction, the side products are composed 
of higher alkylated products, of which 1,3,4-triphenylbutanone 5 was the major side prod-
uct. Intermediate structures t-chalcone 6 and phenylethenol 7 were also observed in trace 
amounts in catalysis runs. The results of these runs are shown in Table 2.

Scheme 4. The benchmark direct α-alkylation of acetophenone 1 and benzyl alcohol 2 to form 3, 4 
and 5, and intermediate structures t-chalcone 6 and phenylethenol 7.
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All complexes show activity and (almost) fully convert acetophenone, but do not lead to 
high selectivities. Besides the products specified in Table 2, the remainder of the formed 
product is constituted of trace amounts of 6, 7 and unidentified compounds at higher reten-
tion times, indicating a higher degree of alkylation, or a non-completed aldol condensation 
(-OH group still present).

Table 2. Results of the direct α-alkylation of acetophenone 1 and benzyl alcohol 2 using complexes 
A-D.

Entry[a] Catalyst Conversion[b] (%) Yield[c] (%)
3 4 5 Other

1 A 98 65 2 3 28
2 B 100 57 - 21 22
3 C 99 68 4 13 14
4 D 100 47 41 8 4

General conditions: [a] 2 mmol acetophenone 1 : 4 mmol benzyl alcohol 2, 1 mol% cat, 10 mol% KOH, 
100 °C for 3 hr, neat. [b] Conversion is based on amount of 1 converted. [c] Yields determined based 
on GC-area%.

Ru(p-cym) complex A produces 3 in a good yield (entry 1, Table 2) but the product distri-
bution shows that there are a lot of unidentified / higher functionalized products at higher 
retention time. Ir complexes B and C (entry 2 and 3) have less of these higher functional-
ized products, but B is more active in forming doubly alkylated product 5. Surprisingly, ap-
plication of Rh(cod) complex D results in the highest yield of alcohol 4, indicating that it 
most actively hydrogenates product ketone 3, and also doesn’t form too much unidentified 
side-products. The complexes in Figure 2 are relatively stable and are probably resistant to 
the H2O that is formed during the aldol condensation and which is present when standard 
grade KOH (around 85% KOH / 15% H2O due to its hygroscopic nature) is used. When a 
pure batch of KOH (99%, stored under N2) was applied, we saw a drop in activity, but similar 
products ratios were achieved. This led us to the notion that the water present in stand-
ard grade KOH could also have played a role in dissolving the base in the reaction mixture, 
speeding up the reaction. 

Further investigation of the catalytic performance was done using M(cod)(CNHC-NH) com-
plexes E and F shown in Figure 3, which were also applied in the benchmark reaction shown 
in Scheme 4. These complexes were developed in Chapter 4 and contain a monoanionic 
form of the CNHC-NH2 ligand and are M(cod) complexes in which the amine is coordinated to 
the metal center (in contrast to Ir(cod)Cl and Rh(cod)Cl). The results of these reactions are 
shown in Table 3.
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Figure 3. Complexes with a monoanionic, deprotonated, form of the CNHC-NH2 ligand that were applied 
in in the direct α-alkylation catalysis runs: Ir(cod)(CNHC-NH) (E) and Rh(cod)(CNHC-NH) (F).

Rhodium complex F shows only 37% yield of the desired product 3 (entry 2, Table 3), be-
sides a large amount of higher alkylated products (18 % of 5 and 45 % of unidentified prod-
ucts). Additionally, we also found quite a large amount of non-hydrogenated intermediate 6 
(9%) and 7 (8%, deprotonated 1). In the results shown in Table 1, these were only found in 
trace amounts. This indicates that the Rh species is not very active as hydrogenation cata-
lyst and facilitates subsequent aldol condensations or Michael additions to form the higher 
alkylated products. 

Table 3. Results of the direct α-alkylation of acetophenone 1 and benzyl alcohol 2 using Ir(cod)NH E 
and Rh(cod)NH F.

Entry[a] Catalyst Ratio Conversion[b] (%) Yield[c] (%)
ket : alc 3 4 5 Other

1 E 1:1 99 71 - 19 9
2 F 1:2 100 37 - 18 45

General conditions: [a] 2 mmol acetophenone 1 : 1 or 2 mmol benzyl alcohol 2, 1 mol% cat, 10 mol% 
KOH, 100 °C for 3 hr, neat. [b] Conversion is based on amount of 1 converted. [c] Yields determined 
based on GC-area%.

To avoid these large amounts of higher alkylated products, we decided to change the ratio 
of ketone:alcohol to 1:1 when we applied Ir complex E (entry 1, Table 3). This resulted in 
highest yield of 3 obtained so far (71%). With both these catalysts it was found that using 
pure KOH, which contained less water and was stored under N2, the reaction went faster. In 
Chapter 4 we already described that these catalysts are not very robust, and water / traces 
of O2 would probably deactivate the catalyst. 

Application of the M(cod)(CNHC-NH) complexes as Internal Base

Complexes E and F contain the deprotonated form of the CNHC-NH2 ligand which, as we sug-
gested, could also function as an internal base and replace the role of KOH in the base cata-
lyzed aldol condensation. A suggested mode of action is shown in Scheme 5. If the amine 
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deprotonates the ketone substrate it would dissociate and facilitate binding of the substrate 
as enolate. 

Scheme 5. Suggested role of the M(cod)(CNHC-NH) complex in the aldol condensation, where the coor-
dinated amine functions as internal base, deprotonating the substrate ketone.

The amine moiety of complexes A and B could in principle also be deprotonated, but these 
complexes were only developed and isolated in their protonated form. To test if our idea 
worked, we applied complexes E and F, and a deprotonated version of B in the direct 
α-alkylation of acetophenone 1 and benzyl alcohol 2 (Scheme 3).

The results of this are shown in Table 4. To obtain a deprotonated version of complex B, a 
standard procedure was followed. B was stirred with 1,2 equiv. of KOtBu in THF to abstract 
the chloride and deprotonate the amine, forming KCl and HOtBu. After removal of the salts, 
the resulting complex was immediately used in catalysis (entry 1). This procedure, however, 
did not result in the coupling of the acetophenone 1 and benzyl alcohol 2. 

Table 4. Results of the direct α-alkylation of acetophenone 1 and benzyl alcohol 2 using Ir-complex E, 
Rh-complex F and deprotonated B, without the addition of KOH.

Entry[a] Catalyst Conversion[b] (%) Yield[c] (%)
3 4 5 Other

1[d] B + KOtBu 0 - - - -
2 E 29 5 12 <1 12
3 F 43 19 <1 1 22
4[e] F 47 25 5 3 14

General conditions: [a] 2 mmol acetophenone 1 : 2 mmol benzyl alcohol 2 and 1 mol% cat at 100 °C 
for 3 hr, neat. [b] Conversion is based on amount of acetophenone 1 converted. [c] Yields determined 
based on GC-area%. [d] catalyst B was stirred with 1,2 eq of KOtBu to obtain the deprotonated form of 
the CNHC-NH2 ligand. [e] reaction time was 24 hr.

We did not proceed in trying to obtain an isolated version of the deprotonated B, but instead 
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we applied complexes E and F displayed in Figure 3. Both complexes proved to be success-
ful in the direct α-alkylation of acetophenone 1 with benzyl alcohol 2 without the need of 
adding base (entry 2-4, Table 4). When Rh complex F was used as catalyst under standard 
conditions (entry 3) acetophenone 1 was converted for 43%, of which 19% towards the 
desired product 3. Higher alkylated products (5 and unidentified) constituted about 15%, 
and the other 7% was identified as phenylethenol 7. 

he decreased amount of higher alkylation products in favor of the mono-alkylated products 
is likely due to the applied 1:1 alcohol:ketone ratio. Increasing the reaction time to 24 hr 
(entry 4) did not significantly  increase the conversion, indicating that at some point the 
catalyst apparently becomes inactive or decomposes. This is supported by the formation of 
a black film on the Schlenk wall. The Ir complex E (entry 2) is less successful than its rho-
dium counterpart in converting acetophenone 1 and creating the desired product 3, but the 
yield of 4 is increased, indicating that E is a more active hydrogenation catalyst, but perhaps 
decomposes more quickly. 

If we examine the total number of side products obtained in the catalytic reactions without 
base, using complex E and F (Table 4), we see a similar amount as compared to when com-
plex C-F are applied with base (Table 2 and 3). Removing the external base KOH from the 
reaction apparently has no influence on the side product formation. This can indicate two 
things: 

1) The formation of the side products is metal-catalyzed or 

2) the internal base functions in a very similar manner in the aldol-condensation as a nor-
mal added base. 

The first option can be explained by the fact that E and F are generated from C and D by 
applying a base able to remove the chloride and deprotonate the amine (as described in 
Chapter 4). When E and F function as internal base a suggested intermediate can be formed, 
as shown above in Scheme 5. 

Essentially, applying C and D in a catalytic reaction with KOH and substrate can result, di-
rectly or indirectly, in a similar intermediate which in turn might be the reason that in a 
similar number of side products is formed, see Scheme 6. However, these options are purely 
hypothetical and no further experiments have been performed to investigate the two pos-
sibilities.
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Scheme 6. M(cod)Cl(CNHC-NH2) complexes C and D forming a similar suggested intermediate via the 
addition of KOH and the presence of substrate ketone as the one mentioned in Scheme 5.

Extending the Substrate Scope

The protocol was extended to include other substrates. We decided to first include the lin-
ear alcohol n-butanol 8 and methyl-i-propylketone 12 and apply these together with 1 and 
2 to explore which substrate combinations work well (see Scheme 7-9). Alkylating 1 with n-
butanol 8 should yield hexanophenone 9 as the main product, shown in Scheme 7 together 
with the main side products. The results of this reaction are reported in Table 5. From these 
results it quickly becomes clear that changing the substrate alcohol to the linear n-butanol 8 
makes the reaction less selective. In all cases the total amount of 1 converted is satisfactory, 
but only complexes A, B and C (entry 1-3) show to preferably form desired product 9. Typi-
cally, the Ru-complex A and Ir-complexes C and E quickly hydrogenate the product ketone 
to alcohol, yielding 10 (entry 1, 3 and 5) in larger amounts. Except for Ru(p-cym) A (entry 
1), between 4 and 10% of homocoupled acetophenone 11 was observed. For Ir complexes 
B, E and Rh complex F (entry 2, 5 and 6) a large amount of higher alkylated products was 
observed. 

Scheme 7. Direct α-alkylation of acetophenone 1 and n-butanol 8, forming products 9, 10, homocou-
pled acetophenone 11 and a multitude of higher alkylated and unidentified products.
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Table 5. Results of the direct α-alkylation of acetophenone 1 and n-butanol 8 using the selected cata-
lysts.

Entry[a] Catalyst Conversion[b] (%) Yield[c] (%)
9 10 11 Other

1 A 89 24 43 - 22
2 B 69 26 1 9 33
3 C 98 35 40 1 22
4 D 70 10 1 5 54
5 E 99 16 34 5 44
6 F 71 8 1 4 56

General conditions: [a] 2 mmol acetophenone 1 : 4 mmol n-butanol 8, 10 mol% KOH and 1 mol% cat 
at 100 °C for 3 hr, neat. [b] Conversion is based on amount of 1 converted. [c] Yields determined based 
on GC-area%.

Formation of these products was probably partially promoted by the excess of substrate 
alcohol present (ketone:alcohol 1:2, Table 5). For this reason, we decided to continue our 
investigation with a 1:1 ratio of substrate ketone:alcohol. Alkylating methyl-i-propylketone 
12 with benzyl alcohol 2 should mainly yield 4-methyl-1-phenylpentanone 13 as product. 
In Scheme 8 the possible products and side-products found for this reaction are displayed. 
In Table 6 we report the results this combination of substrates. A clear preference for the 
desired product 13 was observed for all catalysts. However, except for when Ru(p-cym) A 
(entry 1) was used, there is a significant amount of 15 formed, where a second molecule of 
methyl-i-propylketone 12 is incorporated. In general however, no higher alkylated products 
were observed.

Scheme 8. Direct α-alkylation of methyl-i-propylketone 12 and benzyl alcohol 2 forming 13, 14 and 
15 and several other unidentified products.
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Table 6. Results of the direct α-alkylation of methyl-isopropylketone 12 and benzyl alcohol 2 using 
the selected catalysts.

Entry[a] Catalyst Conversion[b] (%) Yield [c] (%)
13 14 15 Other

1 A 87 67 19 3 -
2 B 74 55 2 17 -
3 C 94 62 5 27 -
4 D 88 54 8 26 -
5 E 96 48 3 22 23
6 F 95 56 4 30 5

General Conditions: [a] 2 mmol methyl-i-propylketone 12 : 2 mmol  benzyl alcohol 2, 10 mol% KOH 
and 1 mol% cat at 100 °C for 3 hr, neat. [b] Conversion is based on amount of 12 converted. [c] Yields 
determined based on GC-area%.

We then proceeded to combine the two non-aromatic substrates methyl-i-propylketone 12 
and n-butanol 8 in the direct alkylation reaction, shown in Scheme 9 and Table 7.

Scheme 9. Direct α-alkylation of methyl-i-propylketone 12 and n-butanol 8 forming 16-19 and a mul-
titude of unidentified peaks.

Now that n-butanol 8 is applied as substrate alcohol, the reaction returns to being very 
unselective. For the Ru and Ir catalysts (entry 1-3 and 5, Table 7) only 20 to 25% methyloc-
tanone 16 was yielded, while application of the Rh catalysts (entry 4 and 6) yields around 
40-50% of 16. For this reaction in particular, a very large number of side products was 
formed. For entry 5 and 6 especially, there is an incredible amount (>30) of small peaks that 
together constitute an estimate of 5% of the conversion.
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Table 7. Results of the direct α-alkylation of methyl-i-propylketone 12 and n-butanol 8 using the 
selected catalysts.

Entry[a] Catalyst Conversion[b]  (%) Yield[c] (%)
16 17 18 19 Other

1 A 60 20 - 2 6 32
2 B 37 16 3 8 3 7
3 C 61 14 <1 16 11 20
4 D 85 39 5 16 20 5
5[d] E 86 25 8 21 18 14
6[d] F 93 50 5 12 15 11

General Conditions: [a] 2 mmol methyl-i-propylketone 12 : 2 mmol n-butanol 8, 10 mol% KOH and 
1 mol% cat at 100 °C for 3 hr, neat. [b] Conversion is based on amount of 12 converted. [c] Yields de-
termined based on GC-area%. [d] A very large amount of side-products (>30) form around 5% of the 
total GC-area% in these reactions.

From the previous examples we can conclude that, using our catalysts A-F, the direct 
α-alkylation of ketones with alcohols is in general not a very selective reaction. Higher se-
lectivity has been obtained for some specific substrates though. For example, using benzyl 
alcohol 2 instead of n-butanol 8 appeared to yield much less side products. Complexes E and 
F should be tested without KOH for these substrates to obtain more data on the formation 
of side products and on the substrate scope of the reaction without base. The selectivity 
of the reaction, using our complexes, seems to be heavily depending on an ideal substrate 
combination, with a preference for bulkier substrates.

Conversion of Natural Substrates

Nonetheless, we were still intrigued if this catalytic system could be extended to include 
biomass inspired or natural substrates. We therefore decided to screen two additional al-
cohol substrates: the diol ethylene glycol 20 and geraniol 22. We already encountered eth-
ylene glycol as the product of the fully hydrogenolysed ester dimethyl oxalate. Additionally, 
it can be obtained directly from cellulose via a heterogeneous process[20] and is a common 
derivative of platform chemicals.[21] In industry it finds widespread application as precursor 
to polymers.  Geraniol (3,7-dimethylocta-trans-2,6-dienol) is a terpene alcohol that can be 
isolated from certain aromatic plants. It is known to exhibit insecticidal properties, has an-
timicrobial, antioxidant and anti-inflammatory activity and sparked interest in the pharma-
ceutical industry as, amongst others, a chemoprevention agent for cancer.[22]  Both are thus 
interesting substrates to functionalize. The anticipated reactions are displayed in Scheme 
10.
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Scheme 10. The envisaged direct α-alkylation of acetophenone 2 with biomass inspired and natural 
substrates ethylene glycol 20 and geraniol 22.

Similar reaction conditions as used above were applied for these two reactions. Ketone and 
alcohol were reacted neat, using 10 mol% KOH and 1 mol% Ru(p-cym) A for 3 hr at 100 °C. 
When 20 was reacted with one or two equivalents of 2, however, it appeared that  under 
these conditions 20 mostly polymerizes or dimerizes. GC and NMR of the mixture after 3 
hr revealed only the presence of unreacted 2, together with an insoluble white film on the 
inside of the Schlenk tube. We did not attempt to further identify the white polymer but, in 
analogy to literature reports, one can imagine that due to the presence of KOH and the dehy-
drogenating/hydrogenating catalyst, poly-aldol products were formed. Compound 20 can 
be dehydrogenated to hydroxyacetaldehyde after which dimerization or polymerization can 
take place. Additionally, the product was filtered over silica, which in this case can promote 
aldol condensation and removal of the polymer from the final analyzed reaction mixture.

The larger substrate geraniol 22, however, reacted in a somewhat controlled manner with 2 
under the standard conditions and in a 1:1 ratio. Investigation of the reaction products with 
GC showed full conversion of 22 into only four main products (see Scheme 11) and only a 
trace-amount of 11, the homocoupled product of 2, was observed (±1%). 

1H-NMR of the crude product mixture showed complete disappearance of the doublet at d = 
4.2 ppm belonging to the alcoholic CH2 protons characteristic of 22. The appearance of two 
signals at d = 2,4 ppm and 3.0 ppm, belonging to the bond formed via the aldol condensation 
and subsequent hydrogenation, indicate the successful coupling of 22 and 2 to form prod-
uct. All signals are rather broad, which is due to the fact that the signals of the four products 
overlap. Two of the four products were found to both have m/z = 256.173, which could in-
dicate two structural isomers of the desired product 23. The other two products peaks cor-
relate to the product 24 where an additional double bond is hydrogenated. The formation 
of the different isomers can be ascribed to unselective hydrogenation of one or two of the 
three double bonds that the aldol p[roduct contains (step 2), and the hydrogenation catalyst 
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Scheme 11. Catalytic scheme of the direct α-alkylation of acetophenone 2 with geraniol 22 forming 
four different products as observed by GC-MS. Multiple isomers of 23 and 24 are possible but not 
shown in this scheme.

Since these last two experiments only concerned a superficial screening of the potential of 
biomass inspired and natural substrates, there are several ambiguities and questions still 
to be answered and no proper product isolation was performed. For example, we did not 
test biogenic substrates where more functionalities are present (such as methyl levulinate 
which has an extra ester moiety, or hydroxymethylfurfural, which has an ether oxygen). We 
also did not test these biogenic substrates in a catalytic run without KOH, using a complex 
with an internal base. However, functionalization of geraniol 22 via this pathway is an op-
tion that could be considered and explored further, while small diols like ethylene glycol 20 
should be excluded from the substrate scope. 

6.3 Summary and Conclusions

The selected catalysts A-F all show activity in the direct α-alkylation of ketones with al-
cohols. Both conversions and selectivities that were obtained were similar to levels as re-
ported in literature. The general aselectivity of this reaction stems from the fact that two 
different catalytic cycles are at work. The first is a hydrogen-borrowing system, where the 
selected catalysts function as dehydrogenation and hydrogenation catalysts. This can cause 
further hydrogenation of the product ketone to an alcohol. The second is the base catalyzed 
aldol condensation, where coupling of the ketone with the dehydrogenated alcohol takes 
place. For this step, a strong base is needed and further alkylation of the aldol product via a 
Michael addition or another aldol condensation, before it is hydrogenated, can give rise to 
a large part of the higher alkylated side-products that were observed. The selectivity of the 
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reaction is thus balanced by a combination of two factors: 

1) the hydrogenation activity of the catalyst

2) the choice of substrate.

Specific substrate-catalyst combinations lead to reasonable selectivity in this reaction. How-
ever, Ir(cod) complex C showed to have quite a constant activity and selectivity for all the 
applied substrates. C therefore could be said to have a correct intermediate hydrogenation 
activity: not too fast and not too slow. From the screening of different types of substrates 
it became clear that small, linear substrate alcohols such as n-butanol 8, (and to a lesser 
degree also small ketones) sterically allow multiple alkylations, creating an abundance of 
side-products both in combination with acetophenone 1 and methyl-i-propylketone 12. Ap-
plying, a 1:1 ratio of substrate ketone and alcohol instead of a 1:2 ratio diminishes the pres-
ence of side-products as well.

We succeeded to demonstrate that an internal base functionality, as is present in the depro-
tonated form of M(cod) complexes E and F, can replace an external base such as KOH. The 
stability of the catalyst needs to be improved to prevent its decomposition under the reac-
tion conditions. We did not see improvement in selectivity when applying these catalysts 
without base. This means we cannot exclude the possibility that formation of the higher 
alkylated side products is metal-catalyzed, since complexes C and D can form similar inter-
mediate structures in the presence of KOH and substrate ketone.  If that is the case, further 
design of the complex with an internal base moiety might improve the selectivity. The sub-
strate scope was extended and the natural alcohol geraniol was successfully functionalized.

A possible future development for the direct α-alkylation of ketones with alcohols is to 
make the last hydrogenation step enantioselective, by using a secondary alcohol combined 
with a chiral hydrogen-borrowing catalyst. This would generate a stereocenter after hydro-
genation of the aldol-condensated product. The prospect of being able to incorporate enan-
tioselectivity into this reaction and the ability to functionalize biogenic substrates, without 
the use of an external base, opens up opportunities for the application of this conversion in 
the field of sustainable chemistry. First, however, serious improvements on the selectivity 
issue have to be made.
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6.4 Experimental Section

General Remarks

All experiments were carried out under an atmosphere of purified nitrogen using stand-
ard Schlenk techniques. p-xylene was distilled from CaCl2 under a nitrogen atmosphere and 
stored over 4Å molecular sieves. Deuterated solvents (CDCl3 and CD2Cl2), acetophenone and 
benzyl alcohol were distilled from CaH2 under a nitrogen atmosphere and stored over 4Å 
molecular sieves prior to use. Methyl-i-propylketone, n-butanol, ethylene glycol and geran-
iol were degassed by three freeze-pump-thaw cycles and stored under a dried nitrogen at-
mosphere prior to use. Products were determined with gas chromatography using p-xylene 
as internal standard, on a Thermo Scientific Trace GC Ultra system with a Restek RTX®-
200 (30 meters, 0.25 mmID) capillary column with a split injecting method. 3, 4, 5, 6, 7, 
9, 10, 11, 13, 14 and 16 were known in literature and identified using either 1H-NMR, GC 
and/or GC-MS. 15, 17, 18, 19 and 23 were not previously reported in literature, but have 
not been isolated in this research. Their identity has been reasoned based on the structure 
of their starting materials and the catalytic cycle combined with GC-MS and 1H-NMR data. 
NMR spectra were recorded on either a Bruker AMX400 MHz, Bruker DRX 300 MHz, Varian 
Mercury 300 MHz or Varian INOVA 500 MHz. GC-MS was performed on a JEOL AccuTOF 4G 
GCv with a HP-5 MS (30 meters, 0.25 mmID) capillary column.

The synthesis of [Ru(p-cym)Cl(CNHC-NH2)]PF6 (A) and  IrCp*Cl(CNHC-NH2)]PF6 (B) are de-
scribed in Chapter 3. The synthesis of Ir(cod)Cl(CNHC-NH2) (C), Rh(cod)Cl(CNHC-NH2) (D), 
Ir(cod)(CNHC-NH) (E) and Rh(cod)(CNHC-NH) (F) are described in Chapter 4. 

General Procedure for Direct Alkylation Catalysis 
Catalyst (0.02 mmol) and KOH (11.2 mg, 0.2 mmol) were weighed in a schlenk flask and 
ketone (2 mmol), alcohol (2 or 4 mmol) and p-xylene (17.2 μl, 0.14 mmol) were added. The 
schlenk flask was closed using a septum and a tie wrap. The mixture was immediately placed 
in a pre-heated oil-bath of 100 °C and stirred for 3 hr. The septum allowed sampling in time 
using a needle and a syringe, and samples were filtered over a short silica column. Conver-
sions were determined with gas chromatography using the GC-area%. Several known or 
commercially available products were calibrated using p-xylene as internal standard. These 
calibrated products and substrates were used to check the reported conversions based on 
GC area%, as far as possible, to not deviate in a large extent: Numbers are accurate within 
5 %. In none of the cases it was attempted to isolate the product or report isolated yields. 
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Contemporary society relies heavily on fossil fuels to produce energy, fuels and chemicals. 
The growing scarcity of the fossil fuel supply together with environmental concerns stem-
ming from pollution and increasing energy consumption initiated a demand for renewable 
resources. Governments and industries are now looking into ways for sustainable materials 
to replace a significant fraction of petroleum-derived fuels and chemicals with biomass-
based alternatives. Biomass is the feedstock of choice when it comes to finding a renewable 
carbon source. Especially lignocellulosic biomass provides components that can be trans-
formed into a considerable range of chemical building blocks with high application poten-
tial. 

Catalytic transformations play a crucial role converting biomass into high-value products. 
For the fine-chemical and pharmaceutical industries, where highly functionalized special 
molecules are the target,  it is important to have very active and selective catalysts in or-
der to create the desired product in an economically and environmentally viable way. Mo-
lecularly defined homogeneous catalysts are top-candidates where selectivity is concerned 
and the design of the ancillary ligands involved in the formation of such catalytically active 
complexes plays a major role in steering reactivity and selectivity. The research underlying 
this thesis tries to contribute to the development of such systems by the design of suitable 
ligands and catalysts and evaluating these in catalytic transformations that are relevant for 
conversion and functionalization of biogenic substrates.

In Chapter 1 a general introduction to the specific topics in this thesis is provided. First, 
the properties and the role of N-Heterocyclic carbenes (NHCs) as ligands for homogene-
ous catalysts are discussed. Next, the development of hemi-labile or bifunctional ligands 
is described and several successful examples of the application of complexes containing 
cooperative ligands are reviewed. Then, the topic of biomass and the role it plays is briefly 
introduced. Driven by the functionalities that occur in biomass-inspired substrates, we an-
ticipated three types of catalytic conversions to be relevant in this project, which are briefly 
discussed and reviewed: hydrogenation of polar substrates in general, hydrogenolysis of 
esters and direct α-alkylation of ketones with unsaturated alcohols.

At the start of this project, attention was directed towards the conversion of esters into 
alcohols. In Chapter 2 a re-evaluation is given of a system that was reported to successfully 
convert esters, a Ru(acac)3 / triphos system (see Figure 1) previously reported in the El-
sevier group. It was found that previous results obtained using a system without additives 
and without fluorinated alcohols, that was able to quantitatively convert esters, were not 
reproducible. We found that replacing the environmentally harmful fluorinated alcohols for 
dioxane gives a reasonably well-performing system. Applying low pressures and high tem-
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peratures, some of the ruthenium hydrogenolysis catalysts are active catalysts for the hy-
drogenolysis of several esters into their constituting alcohols. None, however, improved on 
the results obtained with the reported fluorinated systems. A second part of this investiga-
tion concerned the synthesis and application of tridentate diphosphino-NHC (PCNHCP) and 
diNHC-phosphine (CNHCPCNHC) ligands, in which stronger donor NHC moieties replace one or 
two of the phosphine moieties of triphos (Figure 1). The Ru(CNHCPCNHC) system showed no 
activity in ester hydrogenolysis at all, whereas the Ru(PCNHCP) system appeared to be less 
active than the Ru-triphos system.

Figure 1. Schematic hydrogenolysis of esters and the ligands applied in this catalysis.

Chapters 3-6 concern the development of a bidentate NHC-amine ligand and application of 
several of its late transition metal complexes in catalytic hydrogenation and C-C coupling 
reactions, relevant for biomass conversion.

In Chapter 3 we discuss the synthesis of a novel NHC-amine ligand (CNHC-NH2) and of a series 
of M-half sandwich complexes (M = Ru, Ir and Rh), shown in Figure 2. These complexes are 
spectroscopically and structurally compared with analogous complexes, using mainly NMR 
spectroscopy and X-ray diffraction studies. These investigations revealed that the combina-
tion of the small chelate ring size and resonance conjugation in the new CNHC-NH2 ligand 
increases the electron-donating capacities of the NHC compared to non-conjugated and/
or seven-membered ring chelates. Therefore, the small chelate CNHC-NH2 ligand is a stronger 
donating ligand when coordinated to a metal than its larger ring analogues. Additionally, 
the non-optimal orbital overlap caused by the smaller and somewhat strained six-mem-
bered ring chelate in the developed complexes with CNHC-NH2 can promote dissociation of 
the amine.

Figure 2. The CNHC-NH2 ligand and M-half sandwich complexes [Ru(p-cym)Cl(CNHC-NH2)]A (A- = coun-
ter anion) and [MCp*Cl(CNHC-NH2)]PF6 (M = Ir, Rh).
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Chapter 4 deals with the development of another set of complexes (Ru, Ir and Rh) contain-
ing the CNHC-NH2 ligand, where in some cases cod is applied as ancillary ligand (see Figure 
3). Using these complexes, three coordination modes of the CNHC-NH2 ligand were studied: 
neutral monodentate, neutral bidentate and anionic bidentate. The structural parameters 
of these differently coordinated ligands were examined using NMR spectroscopy, X-ray dif-
fraction studies and DFT calculations. It was shown that  the conjugation within the aniline 
ring plays a major role in determining ligand properties. Bond distances that were found for 
the aromatic bonds within the aniline ring became inequivalent when a charge was created 
on the ligand, correlating to the influence of a delocalized structure. For M(cod) complex-
es (M = Ir, Rh), the ligand coordination mode was found to be reversible between neutral 
monodentate and anionic bidentate upon deprotonation with base and protonation with 
acid. The neutral bidentate coordination mode was only achieved via a direct synthesis. 
An interesting mono-chlorobridged Ru-dimer was developed containing two forms of the 
CNHC-NH2 ligand: the neutral bidentate and the anionic bidentate coordination mode. This 
results in a bis-ruthenium(III) species which was anticipated to be paramagnetic. However, 
strong antiferromagnetic coupling between the two S = ½ ruthenium centers leads to an 
open-shell singlet state and effects diamagnetic behavior. The mono-chloro bridged dimer 
is further stabilized via two hydrogen bonds between an amine proton at one and a chloride 
at the other ruthenium center.

Figure 3. Synthesized complexes with the CNHC-NH2 ligand in three different coordination modes. 
M(cod) (M = Ir, Rh) complexes with a monodentate neutral and bidentate monoanionic ligand, and an 
unusual diamagnetic bis-ruthenium(III)-complex with bidentate neutral and bidentate monoanionic 
ligands. 

Chapter 5 details the application of half-sandwich complexes in the hydrogenation of po-
lar bonds (see Figure 4). The structural variations in the chelate ring size of the CNHC-NH2 
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counter anion) complexes, higher TOFs were observed than for the larger ring analogues. A 
similar, but much smaller effect was found for analogous MCp* (M = Ir, Rh) complexes with 
different chelate ring sizes. The smaller influence of the structural variation stems from 
mechanistic differences of CNHC-NH2 complexes bearing a p-cymene moiety and complex-
es bearing a Cp* moiety. The p-cymene complexes are believed to follow an inner-sphere 
mechanism, whereas the Cp* complexes are believed to follow an outer-sphere mechanism. 
Increasing the steric bulk of the alkyl substituent on the NHC aided the reaction, showing al-
most no induction period and formation of a more active catalyst for the nBu complex com-
pared to complexes with smaller Me and Et substituents. Additionally, the most successful 
complex [Ru(p-cym)Cl(CNHC-NH2)]PF6 was applied in the hydrogenation of biomass-inspired 
substrates (Figure 4), showing the applicability of this motif in hydrogenation reactions for 
biomass conversion.

Figure 4. Schematic hydrogenation of polar bonds (left) and the substrates used in this chapter (right).

Chapter 6 contains the results obtained with a selection of complexes containing the CNHC-
NH2 ligand, either with half-sandwich or cod as ancillary ligand, in the direct α-alkylation of 
ketones with alcohols, shown in Figure 5. 

Figure 5. Direct α-alkylation of ketones with alcohols, and the general structure of the catalysts that 
were applied in this transformation. M(cod) complexes with a coordinating NH moiety were shown to 
function as internal base.

Although all catalysts were active in this alkylation reaction, it was found that the selec-
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tivity of the reaction strongly depended on the hydrogenation activity of the catalyst and 
the choice of substrate. Small substrates sterically allowed for a faster formation of higher 
alkylated products, while the more bulky substrates led to less side products. For M(cod) (M 
= Ir, Rh) complexes the ligands were found to function as internal base, when coordinating 
in a monoanionic bidentate fashion, replacing the external base needed for this reaction. 
Two biomass inspired / natural alcohols (ethylene glycol and geraniol) were tested to evalu-
ate the applicability of this reaction in the functionalization of biomass. Although the larger 
alcohol substrate geraniol was successfully applied in this reaction, selectivity remains an 
issue that needs to be improved upon in future studies.

The research described in thesis provides an increased insight in the applicability of the 
NHC-amine ligand scaffold. The fact that the NHC is in conjugation with an amine was 
shown to make a clear difference in catalytic properties compared to similar non-conju-
gated systems. Conjugation even influences the intrinsic reactivity, determining whether a 
complex can be made or not. This understanding of the influence on donor strength of our 
conjugated NHC-amine contributes to future rational design of catalysts. Furthermore, the 
application of NHC-amine containing complexes in conversion of polar bonds and direct 
alkylation reactions functions as basis for further research concerning the application of 
homogeneous catalysts in the transformation of biomass derived compounds.
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De hedendaagse maatschappij leunt zwaar op het gebruik van fossiele grondstoffen voor de 
productie van energie, brandstof en chemicaliën. De voorraden fossiele grondstoffen raken 
echter uitgeput en de zorgen om milieuvervuiling, samen met een stijgende energiecon-
sumptie hebben ervoor gezorgd dat er een vraag is ontstaan naar duurzame alternatieven. 
Overheden en industrieën hebben de handen ineen geslagen en besteden veel aandacht aan 
onderzoek naar duurzaamheid, met als doel om een groot deel van de fossiele brandstoffen 
en chemicaliën te vervangen door ‘groene’ alternatieven, bijvoorbeeld gebaseerd op bio-
massa. Als een hernieuwbare koolstofbron is biomassa bij uitstek geschikt om op termijn 
fossiele bronnen voor chemicaliën (aardolie, steenkool, etc.) te vervangen. Lignocellulosi-
sche biomassa heeft de juiste structuur die omgezet kan worden in een uitgebreide lijn van 
chemische bouwstenen met een hoog toepassingspotentieel.

Katalytische reacties spelen een cruciale rol bij de omzetting van biomassa naar kostbare 
eindproducten. Voor de farmaceutische en fijnchemicaliën industrieën, waar een hoog ge-
halte van gefunctionaliseerde en specialistische moleculen gefabriceerd moeten worden, 
is het belangrijk om zeer actieve maar vooral selectieve katalysatoren te hebben om het 
gewenste product te maken. De moleculair gedefinieerde homogene katalysatoren zijn wat 
dat betreft top-kandidaten. Hierbij speelt de keuze van het ligand een grote rol: het beïn-
vloedt het sturen van de activiteit en selectiviteit van de katalysator. Dit proefschrift levert 
een bijdrage aan dit onderzoeksveld door zich specifiek te richten op het ontwikkelen van 
dergelijke systemen. De ontwikkeling van liganden en katalysatoren en de toepassing hier-
van in katalytische transformaties die relevant zijn voor de omzetting van biogene substra-
ten wordt beschreven en aan de hand van de prestaties in de katalytische reacties wordt de 
toepasbaarheid bekeken.

In Hoofdstuk 1 wordt een introductie en achtergrond gegeven over de onderwerpen die be-
handeld gaan worden in dit proefschrift. De eigenschappen en de rol van N-Heterocyclische 
Carbenen (NHCs) als liganden worden besproken. De verdere ontwikkeling van liganden 
in coöperatieve (hemi-labiele of bifunctionele) liganden  wordt uitgelegd en verscheidene 
succesvolle voorbeelden worden gegeven van de toepassing van complexen met zulke ligan-
den. Het onderwerp biomassa en de rol die het speelt wordt kort geïntroduceerd, en geïn-
spireerd door de functionaliteiten die aanwezig zijn in van biomassa afkomstige moleculen 
worden er drie verschillende katalytische reacties besproken die een rol spelen in dit pro-
ject: de omzetting van polaire substraten door middel van hydrogenolyse en hydrogenering, 
en de directe α-alkylering van ketonen met alcoholen.

Aanvankelijk lag de focus van dit project op de omzetting van esters naar alcoholen. In 
hoofdstuk 2 beschrijven we een re-evaluatie van het systeem dat eerder was beschreven in 
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de Elsevier groep voor een succesvolle omzetting van esters: een Ru(acac)3 / triphos sys-
teem (zie Figuur 1). Resultaten die waren verkregen met dit systeem, in niet gefluoreerde 
oplosmiddelen en zonder additieven maar die wel kwantitatief ester omzetten, bleken niet 
reproduceerbaar. Uit ons onderzoek bleek dat het vervangen van de milieu onvriendelijke 
gefluoreerde alcoholen door dioxaan resulteerde in een redelijk werkend systeem. Het toe-
passen van lagere druk en hogere temperaturen leidde tot activiteit van verscheidene ru-
thenium hydrogenolyse katalysatoren  in de hydrogenolyse van esters tot alcoholen. Geen 
van deze katalysatoren gaf echter betere resultaten dan verkregen met gefluoreerde syste-
men. Een tweede deel van dit onderzoek richtte zich op de synthese en de toepassing van 
tridentaat difosfine-NHC (PCNHCP) en diNHC-fosfine (CNHCPCNHC) liganden, waarin de sterke-
re NHC donor een of twee van de fosfines in triphos (Figuur 1) vervangt. Het Ru(CNHCPCNHC) 
systeem vertoonde geen enkele activiteit in ester hydrogenolyse reacties, in tegenstelling 
tot het Ru(PCNHCP) systeem dat wel activiteit vertoonde. 

Figuur 1. Schematische hydrogenolyse van esters (links) en de liganden die gebruikt zijn in de kata-
lyse (rechts).

In het overige deel van dit proefschrift, Hoofdstuk 3-6, ligt de focus op de ontwikkeling van 
een bidentaat NHC-amine ligand, en de toepassing van complexen hiervan in verschillende 
katalytische reacties relevant voor biomassa conversie.

Hoofdstuk 3 gaat over de synthese van dit nieuwe NHC-amine ligand (CNHC-NH2) en een serie 
van M-half-sandwich complexen (M = Ru, Ir en Rh) gebaseerd op dit ligand, zoals weerge-
geven in Figuur 2. 

Figuur 2. Het CNHC-NH2 ligand en M-halfsandwich complexen [Ru(p-cym)Cl(CNHC-NH2)]A (A- = anion) 
en [MCp*Cl(CNHC-NH2)]PF6 (M = Ir, Rh).
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data van analoge, eerder gerapporteerde complexen, waarbij voornamelijk gebruik is ge-
maakt van NMR spectroscopie en Röntgen diffractie studies. Uit dit onderzoek blijkt dat een 
kleinere chelaatring in combinatie met de conjugatie die plaatsvindt in het nieuwe CNHC-NH2 

ligand ervoor zorgt dat de elektron donatie in complexen toeneemt in vergelijking met li-
ganden met een niet-geconjugeerde of grotere chelaatring. Tevens is er sprake van een niet-
optimale overlap van orbitalen, veroorzaakt door de kleinere chelaatring, die er voor zorgt 
dat de geometrie enigzins  geforceerd is. Hierdoor is er een grotere kans op dissociatie van 
de amine, en dit is over het algemeen bevorderlijk voor katalytische reacties.
 
In Hoofdstuk 4 wordt de ontwikkeling van een tweede set van complexen (Ru, Ir en Rh) 
met het CNHC-NH2 ligand besproken waar, indien nodig, een cod ligand als bijkomend ligand 
wordt gebruikt. Met deze complexen worden drie verschillende coordinatie wijzes van het 
CNHC-NH2 ligand onderzocht: een neutrale monodentaat coördinatie, een neutrale bidentaat 
coordinatie en een monoanionische bidentaat coördinatie. 

De structurele parameters van de op de verchillende wijze coordinerende liganden zijn in 
kaart gebracht met behulp van NMR spectroscopie, Röntgen diffractie studies en DFT be-
rekeningen om structuren te simuleren. De conjugatie van de aniline bleek een grote rol 
te spelen in het bepalen van de structurele eigenschappen van de liganden. De bindingsaf-
standen van de aromatische ring van de aniline werden inequivalent wanneer het ligand in 
monoanionische vorm coordineerde, wat correleert met de contributie van de geconjun-
geerde, gedelocalizeerde structuur. Voor de M(cod) complexen (M = Ir, Rh) werd aange-
toond dat de coordinatie wijze van het ligand reversibel is van neutraal monodentaat naar 
monoanionisch bidentaat, wat bereikt werd door deprotoneren / protoneren. De neutrale 
bidentaat coordinatie modus van het ligand was alleen verkregen via een directe synthese. 
Een interessant mono-chloor-gebrugd bis-ruthenium(III)-dimeer was verkregen waarin 
twee verschillende coordinatie wijzes van het ligand werden geconstateerd: neutraal bi-
dentaat en monoanionisch bidentaat. In eerste instantie zou men verwachten dat zo’n com-
plex paramagnetisch gedrag vertoont, maar het complex blijkt diamagnetisch te zijn (NMR). 
Dit kan verklaard worden door een sterke antiferromagnetische koppeling tussen de twee 
ongepaarde electronen op beide Ru-centra. DFT berekeningen duiden inderdaad een open-
shell singlet grondtoestand. Het mono-chloor-gebrugde dimeer is verder gestabiliseerd 
door twee waterstofbindingen die gevormd worden tussen een amine proton en een chloor 
atoom die zo ook een brug vormen tussen de twee Ru-centra.

In Hoofdstuk 5 wordt de toepassing van de half-sandwich complexen in de hydrogenering 
van polaire bindingen beschreven. De structurele variaties van de liganden die besproken 
waren in Hoofdstuk 3 blijken invloed te hebben op de katalytische activiteit: kleinere che-
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laatringen in combinatie met een geconjugeerd systeem in de CNHC-NH2 liganden hebben 
positieve invloed op de katalytische reactie. Toepassing van het [Ru(p-cym)Cl(CNHC-NH2)]A 
(A- = anion) complex met een kleine chelaat ring resulteerde in hogere TOFs dan de verge-
lijkbare, grotere chelaatring, complexen. 

Figuur 3. Gesynthetiseerde complexen waarin het CNHC-NH2 ligand in drie verschillende coordinatie 
modes voorkomt. M(cod) (M = Ir, Rh) complexen met een monodentaat neutraal en bidentaat mono-
anionisch ligand, en een Ru-complex met bidentaat neutrale en bidentaat monoanionische liganden.

Eenzelfde trend werd gevonden voor analoge  MCp* complexen (M = Ir, Rh) met verschil-
lende groottes van chelaatringen. Echter werd er een veel kleinere invloed van de grootte 
van de chelaatring op de TOF waargenomen. Dit kan verklaard worden door het feit dat 
p-cymeen complexen waarschijnlijk een “inner-sphere” mechanisme volgen, waarin sterke 
electrondonerende liganden een positieve invloed hebben op het verloop, terwijl Cp* com-
plexen de voorkeur geven aan een “outer-sphere” mechanisme. Een grotere sterische bulk 
als N-substituent op de NHC had ook een gunstig effect op de reactiesnelheid. Als nBu werd 
gebruikt als substituent in plaats van Me of Et, werd een kleinere inductieperiode waar-
genomen en was de katalysator het meest actief. Aanvullend op deze resultaten werd het 
meest successvolle complex, [Ru(p-cym)Cl(CNHC-NH2)]PF6 , toegepast in een screening van 
de hydrogenering van op biomassa geïnspireerde substraten, en werd de toepasbaarheid 
van het NHC-amine ligand getest.

Figuur 4. Schematische hydrogenering van polaire bindingen (links) en de substraten die gebruikt 
worden in dit hoofdstuk (rechts).
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Het laatste hoofdstuk, Hoofdstuk 6, omvat de toepassing van een selectie van de ontwik-
kelde complexen die het CNHC-NH2 bevatten naast een half-sandwich of cod ligand, in de di-
recte α-alkylering van ketonen met alcoholen. Alle katalysatoren vertoonden activiteit in 
deze reactie, maar de selectiviteit bleek sterk af te hangen van zowel de hydrogenerings-
activiteit van de katalysator als de substraatkeuze. Sterische redenen leidden ertoe dat er 
poly-gealkyleerde bijproducten ontstaan in het geval van substraten met een kleinere alkyl-
groep vergeleken met substraten met een grotere alkylgroep. De monoanionische bidentaat 
liganden in de M(cod) (M = Ir, Rh) complexen bleken in deze reactie te kunnen functioneren 
als interne base, waardoor de toevoeging van een externe base overbodig wordt gemaakt. 
Twee biomassa-geïnspireerde / natuurlijke alcoholen (ethyleen glycol en geraniol) werden 
getest om te kijken in hoeverre deze reactie toegepast kon worden in het functionaliseren 
van biogene substraten. Hoewel het grotere substraat geraniol gemakkelijker gebruikt kan 

worden in deze reactie, blijft de selectiviteit een kwestie die voor verbetering vatbaar is.
Figuur 5. Directe α-alkylering van ketonen met alcoholen (links), en de algemene structuur van de 
toegepaste katalysatoren (rechts). M(cod) complexen met een coordinerende NH functie konden wor-
den toegepast als interne base.

Met het onderzoek dat in dit proefschrift beschreven is, is meer inzicht verkregen in de al-
gemene toepasbaarheid van een NHC-amine ligand. Het feit dat in het door ons beschreven 
ligand de amine in conjugatie is met de NHC zorgt voor een duidelijke invloed op de kataly-
tische eigenschappen. Het heeft zelfs gevolgen voor de uiteindelijke maakbaarheid van een 
complex. Door zoveel mogelijk te begrijpen over de invloed van dit geconjugeerde amine 
op, onder andere, de donor sterkte van het ligand wordt bijgedragen aan een toekomstig 
rationeel ontwerp van katalysatoren. Ook fungeert het onderzoek naar de toepasbaarheid 
van de NHC-amine bevattende complexen in de reductie van polaire bindingen en de directe 
alkylering reacties als basis voor verder onderzoek naar de toepassing van homogene kata-
lysatoren in de omzetting van biogene substraten.
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Promoveren, dat het dan toch uiteindelijk is gelukt .... daar moeten veel bedankjes voor 
gedaan worden.

Als eerste wil ik hier de gelegenheid nemen om mijn promotores te bedanken. Kees, bedankt 
dat je me de mogelijkheid hebt geboden om in Mol-InC mijn promotietraject te doen. Werk-
en bij jou in de groep is een uitermate zelfstandige onderneming en hoewel dat niet altijd 
even makkelijk was (met een project als het mijne) heb ik er erg veel van geleerd. Zowel op 
het wetenschappelijk vlak maar eigenlijk vooral als persoon. Ik vond je een erg fijne bege-
leider die zich altijd erg inzet voor de groep. Bedankt voor het vertrouwen dat je steeds in 
me hebt gesteld. Bas, ik ben je veel dank verschuldigd! Je ideeën voor mijn project en jouw 
eigenschap om aan bijna ieder resultaat een positieve interpretatie te geven hebben er denk 
ik voor gezorgd dat ik deze hele onderneming uiteindelijk voltooid heb. Ik vind het fijn dat 
je mijn tweede promotor wilde zijn en dat je je in de afgelopen periode zo voor mij (en Mol-
InC) hebt ingezet. Ook ben ik erg dankbaar voor alle DFT berekeningen die je me uit handen 
hebt genomen!
  
Ook de overige leden van mijn commissie wil ik hartelijk bedanken. David, thank you for 
being a part of my committee. Also, thank you for the opportunity you gave me to work 
in the lab in St. Andrews. I really enjoyed my time there and although we didn’t manage 
to find the amazing breakthrough I so longed for then, our discussions have always been 
very helpful. Hans, ook jouw ideeën en input (samen met de rest van onze CatchBio user 
committee) hebben me tijdens onze vele bijeenkomsten altijd weer gemotiveerd. Bedankt 
dan ook dat je deel wilde zijn van de commissie en ik wens je veel success en plezier met 
de nieuwe uitdaging in Rostock. Henk en Gadi, jullie hebben me allebei vanaf het begin in 
de collegebanken meegemaakt en ik vind het dan ook leuk dat jullie er nu ook bij zijn. Jarl, 
jij ook bedankt dat je deel wilde zijn van mijn commissie, en voor het altijd doorspelen van 
relevante publicaties en informatie.
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Mol-InC, toch wel de leukste groep om in te promoveren aan de UvA! Lieve Ruby, je was 
meer dan 3 jaar mijn uitzicht van achter de computer! Gelukkig zijn er nog genoeg extra-
universitaire activiteiten waar we elkaar tegen zullen komen, maar ik zal je missen. Zelfs 
je geduldig priemende blik als je weer eens iets over palladium wilde vertellen. Soraya, je 
bent echt de meest enthousiaste altijd-overal-voor-in collega ooit! Ik zal je missen maar 
ook jou kom ik vast nog wel vaker tegen. Ik vind bijvoorbeeld dat we halloween erin moe-
ten houden. Ties, aan jou draag ik de CatchBio-vaandel, het UCM-stokje en het esterproject 
met gerust hart over. Bedankt voor je InDesign input en ik wens je heel veel success met je 
onderzoek, maar volgens mij werkt het nu al beter dan dat het ooit bij mij gedaan heeft...! 
Joen, onze PAinT-infiltrant, het was ook echt heel erg gezellig om jou nog n klein jaartje erbij 
te hebben. Ik hoop dat al je R2 waardes altijd 0.9999 ipv 0.9998 zullen zijn haha. Andrea, I 
hope you take good care of my inspirational workplace and I hope chemistry doesn’t kick 
you in the ass all the time. Dorette, onze go-to persoon om te weten wat-waar-geregeld-
moet-worden. Bedankt voor je hulp bij een deel van mijn project en heel veel success met 
je eigen werk. Jan Meine, je bent nooit van je stuk te brengen en altijd in voor de activiteiten 
die we met de groep ondernamen – geweldige combinatie. Heel erg bedankt voor alle NMR 
hulp en het vijf keer uitleggen van vanalles. Els, ook jij was even onderdeel van onze NMR 
afdeling en ik vond je een fijne collega, bedankt voor je hulp. En dan de terrible two in wiens 
gezelschap mijn promotie begon: Stefan W & Peter H. Allebei zo lekker bezig nu! Stefan, su-
perveel success met je aanvraag en ik heb zin in NoT als Dr. Peter, nog steeds hyper als altijd 
maar nu going global. Aan jullie ook de credit voor de inspiratie die tot de EHBO whiskey 
leidde. Ook wil ik hier mijn studenten Claes, Sander en Paul bedanken voor hun bijdrage aan 
mijn project en hun werk in het lab.

En dan zijn er ook nog allemaal andere groepen waar ik altijd terecht kon voor vragen, voor 
apparatuur en faciliteiten en uiteraard voor de broodnodige afleiding. Een kantoortje ver-
derop: HetKat! Allereerst wil ik hier Marjo bedanken die werkelijk altijd oplossingen had 
voor al mijn autoclaaf problemen en situaties. Jouw kennis van zaken en handige connecties 
kwamen altijd van pas. Dankjewel, en ik wens je nog al het beste in de toekomst. Paul, ook 
jij erg bedankt voor het fixen van alles wat met electronica te maken had (computeraan-
vragen, thermocouples). Norbert, ook jij zorgt ervoor dat alles in de HetKat groep zo goed 
op rolletjes loopt, bedankt. Santi, Paula and Carlos, we had a lot of fun hanging out in and 
around the university. I hope to keep seeing you guys (so stay in Holland… or come back!). 
Shiju, Stefania, Neetika, Albert “Appie” Alberts (Breaking Bad!), Manuel, Ana, Enrique and 
Helias, thanks for the lunches, the coffee, and the company.

Een verdieping daarboven: HomKat en InCAT. Joost, het uiteindelijk startpunt van deze 
onderneming was toch wel Survival of the Weakest. Bedankt voor je input door de jaren 
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heen. Sander K en Remko, ook jullie hebben me echt goede feedback en puntjes-tot-naden-
ken gegeven, dank! Lidy, altijd als ik langskwam had je wel een handig item om te gebruiken 
in het lab. Geniet nog van alle reizen die je gaat maken. Lieve Bart, ook jou ga ik erg missen 
maar ook jou ga ik tegen blijven komen. Etentjes, feestjes, parkjes, the usual! Linda, niet al-
leen was je een hele gezellige student, je hebt ook nog eens de basis gelegd voor 80% van 
mijn boekje door middel van je ligand ontwerp. Best wel leuk heh? (en ook heel fijn voor 
mij!) Heel veel success met je eigen project maar ik geloof dat dat wel goed komt. Paulien, 
chérie, flat tire, I’m happy I got to know you and I’m looking forward to a party rendez-vous! 
Dan zijn er nog een heleboel andere leuke (ex)bewoners van de eerste verdieping waar het 
altijd gezellig mee was op borrels en conferenties: Sandra, Wojchiech, Julien, Yann (studio 
80 haha, this one will never go away), Sofia, Rafa, Pawel, Sander O, Danny (met al je goede 
verhalen), Stefan L, Martin, Vincent, Yasmine (CatchBioBuddy), Renee, Paul, Monalisa, Fred-
eric (also finished!), Esther, Fenna, Riccardo, Ping, Zhou, Christophe, Colet, Miguel R (thanks 
for Madrid), Jeroen W (dankzij jou toch t promoveren ingerold), Tehila (soepjes & filmpjes), 
Fabrizio M (still bumping into you in the usual places!), Erica, Sara C (ow the fun we had! I 
will still come to Barcelona guapa!), Sara A (muakk) en de grote steun en toeverlaten van de 
eerste: Erik, Taasje en Fatna. Erg veel dank voor de metingen, de hulp, de info en de gezellig-
heid. Er zijn vast mensen die ik vergeten ben of die ondertussen bij de groep gekomen zijn 
die ik nog niet zo goed ken, maar ook naar hun gaat een thankyouverymuch! 

En bijna op het dak: Organisch. Ook hier ken ik niet iedereen  meer maar ik wil de volgende 
mensen zeker bedanken: Als eerste Jan G! (ik hoor je nog steeds van verre aankomen en 
we genieten nog steeds van de platenspeler) Jan v M, Steen, Martin W en Hans B voor alle 
synthetische tips & tricks en het gluhwein recept, Linde (ik vind het fijn om te horen dat al-
les zo goed gaat in Zurich! Hoop je snel weer te zien), Arjen, Stani, Jochem (goodluck with 
finishing!) en Roel.

Er zijn een paar (bijna) onmisbare personen die hebben geholpen bij mijn onderzoek en 
met metingen die ik graag bij naam wil noemen: Han (de massaman), dankjewel voor alles 
wat je voor me hebt gemeten, ik vond het ook altijd gezellig om even langs te komen en wat 
te kletsen. Massa meten bij t HIMS is niet meer hetzelfde! Martin Lutz, erg bedankt voor het 
meten en ophelderen van de kristalstructuren, en voor de kritische blik en input voor mijn 
manuscript. Ook de Mannen van de Werkplaats (Wim & Wim!) stonden altijd klaar om mn 
autoclaaf te upgraden, creatieve oplossingen te bedenken voor problemen en vooral voor 
gezelligheid! Ron en Johan, ik vond het leuk om practicum te krijgen en uiteindelijk ook te 
geven met jullie.

Dan heb ik ook nog eens een groot deel van mijn tijd doorgebracht op de talloze meetings 
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van CatchBio waar dan ook als vanzelfsprekend een hecht bar-visitatie-team is ontstaan: 
Annelie (ok wij gaan al veel langer terug, ik vond t super om je paranimf te zijn, om samen 
even werkeloos te zijn en nooit tijd te hebben en vast ook om later weer werk te hebben 
en biertjes te doen!), komisch duo Rob Gos (mmm whiskey) en Stefan H (meer nederland-
stalige serenades graag!), Ilona, Peter M, Wenhao en Frits. Ook Aditya, Dennis en Harry B 
bedankt voor de altijd leuke praatjes en goed gezelschap tijdens de druk bezochte post-
ersessies. Dit is ook de plek om de overigen van mijn usercommittee te bedanken voor hun 
input en hun interesse: Paul, Hans, Bernhard en Lavinia.

Vele leuke tijden breng ik nog steeds door met oude studievriendjes: Guido, Roffa-maatje, 
samen t langste-paranimfen-duo-ooit, ik kijk uit naar ons toekomstige geklier en alle andere 
leukigheid. Carien, je blijft een heel lief vriendinnetje en ik verheug me op alle kaartjes, wc-
rollen, theetjes en fijne momenten die nog komen gaan. Romy, Ik vind het ook heel leuk dat 
wij elkaar nog steeds blijven zien, vaak onder het genot van sushi en cocktails. Ik wens je alle 
geluk met promoveren (ben benieuwd naar de stand van zaken!) en met je leven samen met 
Richard. Carolien, nog een sushi buddy, ook wij blijven afspreken. Rutger en Peter S, gaan 
we nog steeds feesten? Stampen? Hakken? Ook blijft er gezelligheid met Jan-Hein, Niels (het 
61ste!), Arthur (ik ben bijna begonnen aan de brief) en Ester, Tibert en Susanne. Dankjewel!

Onmisbaar voor mij is alles wat er buiten de UvA gebeurt. Zoveel mensen wil ik bedanken 
voor de momenten die absoluut geheel NIETS met werk te maken hadden (op een kleine 
overlap na) en die ik o-zo-nodig had. Ik vrees ook dat ik heel veel mensen ga vergeten – 
maar ik ga ervanuit dat men  wel weet hoe fijn ik het vind ze te kennen. Dus, hier gaan we 
dan... samengevat: Alle mensen van de befaamde Party People die ik als familie beschouw, 
the Spanish and Portuguese delegation, the Israeli delegation incl lieve Elles en Alinda, alle 
lieverds die ik ken uit Roffa en de hele Club C gang. En dan de vriendjes-exceptionnel: Zinzi, 
van dwarsfluit naar de tropen en tot in het bejaardentehuis. Wij zullen altijd twee handjes 
en één buik zijn, ik ben zo blij met ons! Fré, zeer getalenteerd en dierbaar vriendinnetje, 
door jou voelt Berlijn altijd weer als thuiskomen. Dankjewel voor alle hulp en het design van 
mijn geweldige cover (koffer), ik kijk uit naar nog vele trash-russian geinduceerde avon-
turen samen! 

Mijn geweldige paranimfjes behoren ook tot de topklasse. Annemarie, stralend zonnetje 
van savonds tot sochtends, ik hoop dat je voor een zeer lange tijd door mijn toekomst heen 
zal zingen. Je weet hoe bijzonder en leuk ik jou vind! Zea, I cherish our friendship immense-
ly and I love how we can have the same outlook on things. We will find each other wherever 
in the world our travels (or scooty) will take us. Thank you both for helping out, sharing 
frustrations, understanding and being there. En voor mij geldt het ook: als ik een derde 
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paranimf kon hebben dan was jij het Zohar! Ik vind je een heel mooi en bijzonder persoon 
en ben heel blij met onze vriendschap. Ik zal je fysieke aanwezigheid erg missen op mn pro-
motiedag, maar ik weet hoe zeer je aan me zal denken.

Aan de bron staat uiteraard mijn familie. Lieve mam en pap, diep geworteld in en gesteund 
door jullie onvoorwaardelijke vertrouwen, vrijheid, liefde en relativeringsvermogen ben ik 
wie ik ben, en doe ik de dingen hoe ik ze doe. Dankje keer duizend, ik hou van jullie. Drie 
fijne oudere broers wandelen ook als rode draad door mijn leven. Geert (van ooit lang ge-
leden mij scheikunde uitleggen tot het zelfs willen bekijken van mijn manuscript), Wouter 
en Jacko – dankjewel lieverds! En dan tot slot de allerleukste persoon op deze aardbol. Colin, 
je bent mn maatje in alles. Ik hou van je.




