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Chapter 1

Chapter 1: Introduction to Hydrogen Shuttling and
Related Reactions
The transformation of alcohol moieties, e.g. the substitution by other
functionalities, is an important topic in chemistry since long. As the hydroxy
group itself is a very poor leaving group, it is often transferred into a good
leaving group, e.g. by halogen exchange or tosylation. However, this approach
implies additional reaction steps and creates a lot of waste. A pathway in which
the hydroxy group is activated by a catalyst and eventually leaves as water
would reduce the waste problem considerably. This chapter describes how the
so‐called Hydrogen Shuttling concept has come to its foundation. Early and new
examples show the developments towards ‘greener’ alcohol substitution by
amine functionalities.
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1.1 Introduction
The need for a future sustainable economy and pressing environmental issues
create a big desire for the use of renewable and bio‐based feedstocks instead
of fossil resources. The use of bio‐based feedstocks allows for “greener” and
more efficient CO2 recycling in terms of the carbon footprints. In order to
utilize bio‐mass efficiently, new transformations and catalysts have to be
developed. Present technology has been developed and optimized for the
functionalization of hydrocarbons over the past century. However, bio‐based
feedstocks typically contain highly functionalized compounds, bearing
especially hydroxy groups. Therefore new technology is needed for selective
deoxygenation and functional group transformations. Amines are especially
desired as versatile building blocks and play an important role as building
blocks for polymers, surfactants, anti‐corrosion agents, in pharmaceuticals and
other fine chemical fields. Apart from the simple low molecular weight amines
like methyl and ethyl amines, current procedures for the conversion of alcohols
to amines produce a lot of waste caused by the need to convert the alcohol
into a leaving group in the form of a sulfonate ester or a halide. These leaving
groups then become part of the waste stream.
To make the conversion of alcohols to amines industrially viable, the (atom)‐
efficiency of the transformation needs to be improved, with less waste and
cheap, readily available amine sources like ammonia. The direct catalytic
amination of alcohols by ammonia (Scheme 1) fulfills these requirements. In
this reaction the amine is produced with water as the only by‐product. This
process can be referred to as “Hydrogen Shuttling”, as introduced by the group
of Vogt[1] because of the net “transfer” of hydrogen from the alcohol to the
amine.
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Scheme 1. Direct amination of secondary alcohols with ammonia

In this reaction sequence the alcohol is oxidized (dehydrogenated) and the
hydrogen is stored on the catalyst. In the meanwhile the resulting carbonyl
compound can undergo a condensation with e.g. an amine (ammonia in the
scheme) to form an imine. This is subsequently reduced (hydrogenated) by the
same hydrogen that came from the alcohol. Hence, the hydrogen is shuttled
from the alcohol to the amine by the catalyst.
In the literature so far, mainly the term “Borrowing Hydrogen” is used,
referring to donation and use of hydrogen from (more or less) the same
molecule.[2,3]

Furthermore,

hydrogen

autotransfer

also

refers

to

a

[4, 5]

dehydrogenation/hydrogenation mechanism.

Scheme 1 only shows the hydrogen shuttling concept for the direct amination
of alcohols using ammonia. On the other hand, the hydrogen shuttling concept
can be used in a rather broad range of reactions. Transfer hydrogenation,
amine alkylation, alcohol and amine racemization and splitting of secondary to
primary amines are all examples in which the hydrogen shuttling concept is
expected to be followed.
Both transfer hydrogenation[6‐8] and racemization[9‐14] reactions have been
studied extensively. These reactions however do not necessarily follow the
transfer hydrogenation concept. For both it has been proven that the
Meerwein‐Ponndorf‐Verley mechanism is also possible.[15] This is generally
known for the aluminum isopropoxide catalyzed conversion of ketones to
3
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alcohols. The Oppenauer oxidation is considered as the same reaction, though
in the opposite direction, from alcohols to ketones.[16‐18] These mechanisms
will not be further discussed here. The focus will lie mainly on the reactions
involving alkylation of amines with alcohols.

1.2 Conventional Alcohol Replacement
Though alcohols are important in chemistry, these often require modification
in order to have other functionalities at that position. However, alcohol
moieties are bad leaving groups as the hydroxy group is slightly nucleophilic. In
order to create a better leaving group, alcohols are often activated using
sulfonyl derivatives (Figure 1).

Figure 1: Commonly used derivatization groups for alcohol protection and electrophilic activation of
alcohols

Other methods used are via the activation by tertiary phosphines, in which a
phosphine oxide is the leaving group (Scheme 2).[19,20] Noteworthy to mention
is that the reaction gives reversed stereochemistry in the Mitsunobu and Appel
reactions for secondary alcohols.
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Scheme 2: Alcohol replacement by means of PPh3

The direct nucleophilic replacement by halides is also often applied in order to
create a more active compound, the alkyl halide (Scheme 3).

Scheme 3: Alcohol replacement by halides

The major drawback here is that modifying the alcohol, as well as the work‐up
procedures requires much (toxic) solvent and chemicals, i.e. creating a lot of
waste, making these procedures for alcohol activation very atom‐inefficient.[21‐
23]

Moreover, If aimed at amines, and then especially primary amines, even

more waste is produced. For instance as ammonia exhibits lower
nucleophilicity than primary amines, primary (protected) amines are often
used with relatively easy removable protective groups. The product is then a
secondary amine, which subsequently needs to be deprotected to selectively
obtain the primary amine.

5
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1.3 Iridium‐Catalyzed Amine Alkylation with Alcohols
The first example of homogeneously catalyzed amine alkylation by alcohols
was reported by Grigg in 1981.[24]
After Grigg found that RhH(PPh3)4 appeared to be the most active compound in
amine alkylation using alcohols, the research on Ir‐based catalysts stalled. From
that point mainly research into Ruthenium catalysts was performed. It was not
until 2003 that Yamaguchi found a new Iridium‐based complex being able to
alkylate aniline and benzylamine with various alcohols.[25] Based on an Ir(III)
Cp* complex, this was expanded to ammonium‐salt alkylation. Depending on
the type of ammonium salt, the amine could be alkylated selectively two or
three times (Scheme 4).[26]

Scheme 4: Selective alkylation of ammonium salts using an Iridium catalyst

Crabtree proposed a mechanism for the Ir‐catalyzed amine alkylation based on
DFT‐calculations, were the base apparently acted as a ligand. Furthermore,
following the results of the calculations, it was shown that both hydrogen
atoms were indeed temporarily stored on the catalyst; one as a proton on the
carbonate functionality (the base) and one hydrogen as a hydride on the metal
(Scheme 5).[27]
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Scheme 5: Species according to DFT calculations by Crabtree[27]

Later other Iridium catalysts were reported by Kempe, based on Ir(I) precursors
combined with a P^N bidentate ligand (Scheme 6). These showed to be only
active towards alcohols, whereas amine functionalities in the alcohol
molecules remained untouched.[28‐30]

Scheme 6: Synthesis of Ir(I)‐based catalyst for amine alkylation using alcohols

However, in all these catalytic systems, a base was required in order to find any
activity. It was Williams who found a new water soluble catalyst which showed
good activity for the alkylation of amines in water or ionic liquids, without the
use of additives.[31,32] This class of Iridium catalysts was later expanded by
Yamaguchi, and was also based on IrCp*, but now as a cationic complex with a
halide as counter anion and NH3 as additional ligands (Figure 2).[33]

Figure 2: Iridium Cp*‐based catalysts for amine alkylation in water

7
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1.4 Ruthenium‐Catalyzed Amine Alkylation with Alcohols
The search for Ruthenium catalysts started just after Grigg found activity for
RhH(PPh3)4. Watanabe used RuCl2(PPh3)3, employing quite harsh conditions
(180ºC), whereas selectivity was fairly low.[34] Murahashi improved the
catalysis by using RuH2(PPh3)4 though the reaction conditions were similar;
these were mainly carried out at 180ºC. However, the catalyst was mainly used
for the cyclization of amino‐alcohols, which gave good conversions and
appeared to be very selective towards cyclic amines.[35] By applying the same
catalyst, the reaction could later also be steered towards cyclic amides,
employing additives in order to control selectivity. This was however, less
selective (Scheme 7).[36]

Scheme 7: Amino‐Alcohol cyclisation using RuH2(PPh3)4 as a catalyst

In amino‐arene N‐alkylation, the RuH2(PPh3)4 system appeared to be inactive.
For the N‐alkylation of amino‐arenes, RuCl2(PPh3)3 appeared to be a better
choice.[34, 37]
One of the first examples using additional ligands was developed by Watanabe
in 1985, who showed that RuCl3 in combination with an additional phosphine
gave conversion for both aliphatic and aromatic amines with diols.[38] The
nature of the phosphine ligand with respect to both bulk and basicity appeared
to be important.

8

Chapter 1

It was not until 1998 that ligands were used again in combination with
Ruthenium. Van Koten et al. employed newly developed PNP and NN’N pincer
ligands in combination with Ruthenium as well‐defined catalysts also being
able to catalyze the reaction between amines and diols, though not very
selective yet.[39]
Later, Williams developed an elegant new system, based on an air‐stable
ruthenium arene complex in combination with diphosphines.[40, 41] The [Ru(p‐
cymene)Cl2] in combination with DPPF or DPEphos gave high selectivity and
conversion in the N‐alkylation of amines with various alcohols to secondary
and tertiary amines. Though it required bases like K2CO3 or Et3N to activate the
reaction, also diols could be used with amines to form piperidine derivatives.
On the other hand, Beller reported that Ru3(CO)12 in combination with bulky
phosphorus‐based σ‐donor ligands give high conversions and selectivities
towards secondary or tertiary amines in up to 100% conversion and 99%
selectivity under mild conditions.[42‐45] With these systems, amines could be
alkylated by primary alcohols, even with a second, secondary alcohol present in
the same molecule.[46] Moreover, no additives were required in order to
activate the alcohol or the catalyst.
A different example, in which tertiary amines were used to exchange the alkyl
groups with those of an alcohol was shown later, employing RuCl3/DPPF as a
catalyst system (Scheme 8).[47]

Scheme 8: Alkyl exchange between primary alcohols and tertiary amines
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1.5 Other Transition Metal‐Catalyzed Amine Alkylations with
Alcohols
At the moment, several transition metal catalyzed amine alkylation reactions
are being developed, mainly based on the metals copper, palladium and
gold.[48‐50] Though no exact mechanism is known yet, the precursors employed
are basically Lewis‐acidic metal salts. Often a base is required, not to activate
the metal to an unsaturated, active species, but to deprotonate the alcohols.
These conditions therefore often give rise to a different mechanism than the
hydrogen shuttling concept. It is likely that it still involves metal‐hydrides,
though only with one hydride present. The base is required to deprotonate the
alcohol, which then forms the ketone or aldehyde with placing a hydride onto
the metal (Scheme 9).

Scheme 9: Hydride abstraction during the dehydrogenation of alcohols

After the carbonyl intermediate is formed, the mechanism can proceed via two
alternative pathways. In the first option the condensation takes place and the
metal‐hydride reduces the resulting imine to the amine (Scheme 10).
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Scheme 10: The (mono)hydride mechanism for the rehydrogenation of an imine intermediate

The second possible mechanism could be the Meerwein‐Ponndorf‐Verley
mechanism (Scheme 11). In this mechanism the hydride is directly transferred
from the alkoxide to the imine. The reaction is then further catalyzed due to
the Lewis‐acidic metal present.

Scheme 11: Meerwein‐Ponndorf‐Verley mechanism

1.6 Catalyzed Reactions concerning Alcohols with Ammonia
Often the reactions involving ammonia as a substrate are problematic. As the
transition metals employed carry ligands that can dissociate (especially at
elevated temperatures) these become sensitive to ligand exchange. Moreover,
ammonia is a fairly strong coordinating ligand, which might cause the catalyst
to deactivate due to excessive coordination of ammonia.[51‐53]
One of the first homogeneously catalyzed reactions in which ammonia was
used was reported by Pez in 1986.[54] Here Ru3(CO)12 is used as catalyst to form
formamide from synthesis gas and ammonia. Nevertheless, at that point no
11
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catalysts were known yet for the synthesis of primary amines from alcohols
and ammonia.
Only a few examples of homogeneous catalysts are known to catalyze the
direct amination of alcohols. The first one was reported by Milstein, were
several primary alcohols were aminated using a Ru‐PNP pincer complex with
conversions of up to 100% and selectivities of up to 87% for benzylalcohol
(Scheme 12).[55]

Scheme 12: Catalyst for amination of primary alcohols using ammonia, developed by Milstein

The main by‐product is the secondary imine. However, it is important to note
that only primary alcohols and water‐insoluble alcohols were efficiently
aminated using this catalytic system. Using the Ru‐PNP complex on secondary
alcohols under identical conditions yielded neither the amine nor the
corresponding ketone. Furthermore, for primary alcohols considerable
amounts of by‐products such as secondary amines and imines were formed at
higher conversions.
Later, also secondary alcohols could be converted using a different system. Our
group and the group of Beller independently found that the combination of
Ru3(CO)12 with CataCXium PCy gave good conversion of secondary alcohols
with ammonia towards the primary amines.[1, 56] This will be discussed in depth
in Chapter 2 of this thesis. Later the group of Beller found an improved system,
based on RuHCl(CO)(PPh3)3 and Xantphos.[57] This system allowed for easier
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mechanistic studies, which are discussed in chapter 5 and chapter 6 of this
thesis.
Hartwig found an active and enantioselective catalyst for the addition of
ammonia to allylic carbonates. Here the reaction is very likely driven by the
carbonate acting as a leaving group, though the asymmetric addition of the
ammonia is catalytically steered.[58] Moreover, ammonia itself is probably not
nucleophilic enough to spontaneously add to the allylic bond and remove
carbonate from the substrate molecule.
A different catalytic system based on palladium was reported in 2012 by
Mashima.[50] This involved the amination of allylic alcohol using aqueous
ammonia over a Pd/DPEphos or Pd/Xantphos catalyst. This catalyst, however,
is only active in allylic alcohol amination, as palladium is known for the
formation of π‐allyl‐species, which is most likely the electrophilic species in this
reaction.

1.7 Other Catalytic Reactions towards the Synthesis of Amines
Other important reactions concerning the synthesis of amines, which do not
exactly follow the hydrogen shuttling concept, are hydroamination[60‐66] and
hydroaminomethylation.[67‐71] In both reactions amines and preferably
ammonia are used.[72,73]
In the hydroamination, ammonia is added to an alkene double bond, in which a
primary amine is produced and the olefin is reduced at the same time.
Hydroaminomethylation is a reaction which is in fact a tandem
hydroformylation/reductive amination reaction. Though no alcohols are
expected to be involved, the intermediate aldehyde is also present in amine
alkylation using alcohols. Catalysts withstanding ammonia as well as the

13
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hydrogenative/dehydrogenative reaction conditions might show resemblance
in activity. However, also in hydroaminomethylation ammonia appeared to be
problematic and only three examples are known in which ammonia could be
used. Employing a cobalt‐based catalyst known for hydroformylation gave
indeed primary amines, however, in very low yields of only up to 32%.[58] A
two‐phase dual metal (Rh/Ir) system gave better results in primary amines,
though it was still hard to control the reaction and for many substrates still
much secondary amines were observed.[73] Switching here to a reaction in
supercritical ammonia over a similar catalytic system (Rh/Ir) resulted in primary
amine selectivity of up to 60%.[72] Till today, these are the best results obtained
employing homogenous catalysts for the hydroaminomethylation with
ammonia.

Another area, which will not further be addressed in this thesis is the
heterogeneously catalyzed alcohol amination. There are numerous examples
of heterogeneous catalysts performing this reaction,[75‐80] including the use of
naturally derived resources.[74] However, often these produce a mixture of
primary, secondary, and tertiary amines or require temperatures above
200ºC.[76]

14
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1.8 Scope of this research
The initial goal of this research was to develop a catalyst for the direct
amination of alcohols in general. However, after the start of the research
described in this thesis, Milstein reported the acridine‐based system being able
to convert primary alcohols with ammonia to primary amines. This however,
was not applicable for secondary alcohols. For that reason, our initial focus was
to develop a system being able to catalyze the direct amination of secondary
alcohols with ammonia to primary amines. The development of those catalysts
based on Ru3(CO)12 and mono‐phosphine ligands is described in Chapter 2.

Further improvement of this first system ever reported to convert secondary
alcohols and ammonia to primary amines seemed highly possible. Moreover,
as the catalyst loading in this reaction is relatively high it is worthwhile to look
for more active catalysts, for instance by screening a range of different ligands.
Chapter 3 describes a study on bidentate phosphine ligands in combination
with Ru3(CO)12. Also the metal to ligand ratio and the effect of the amount of
ammonia was investigated. With the optimized conditions the range of
substrates could be expanded to naturally occurring alcohols (bio‐alcohols).

At the same time, the group of Beller also found a new catalyst based on
RuHCl(CO)(PPh3)3 and Xantphos. Mechanistic studies and the identification of
active species and resting state seemed much more feasible for this
monometallic system based on a mononuclear precursor and a simple
bidentate phosphine. In Chapter 4 the ligand effects and reaction conditions
employing this system are studied. It was found that it shows a very different
behavior compared to the previously described Ru3(CO)12 system.

15
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Studying the structure and catalytic behavior of this catalyst led us to the
finding that the Xantphos ligand shows dynamic behavior in the ruthenium
complex that was synthesized by us. Moreover, experiments in which an
initially active catalyst was deactivated by the use of additives such as a base
provided information on possible intermediates. Activation of initially inactive
precursors allowed proposing a possible mechanism for the direct amination of
alcohols with ammonia as is described in Chapter 5.

Although the initially found system based on Ru3(CO)12 is less active, it could be
exploited in the efficient, selective cyclization of amino‐alcohols. The
cyclization of these compounds can either result in cyclic amines, which are
achieved by a full hydrogen shuttling cycle, or to cyclic amides, which can only
be achieved if a second hydrogen loss occurs. Chapter 6 shows that by means
of additives, the reaction can be either steered towards the cyclic amine (with
water) or towards the cyclic amide (by a sacrificial ketone).

Finally, in Chapter 7 a different reaction is described. As often secondary
amines can be expected as side‐products in the direct amination of alcohols, a
system was developed being able to split secondary into primary amines using
ammonia. The system is based on a known catalyst for this reaction, namely
Shvo’s catalyst. The catalyst was shown to be sensitive to ammonia, though
further development could provide an active system.

16
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Chapter 2

Chapter 2: Development of the Catalyzed
Alcohol Amination Using Ammonia
This chapter describes the development of a catalytic system for the amination
of alcohols with ammonia, targeting primary amines. The catalyst is based on a
previously reported system using Ru3(CO)12 and CataCXium PCy, both
commercially available compounds. It is shown to be active in the
dehydrogenation of secondary alcohols and hydrogenation of primary imines,
via the “Hydrogen Shuttling” concept. The catalytic system appeared to be very
selective towards primary amines, and from a reaction profile it was found that
the only side product, the secondary imine, goes through a maximum to
eventually split up into the desired product over time. For a range of substrates
it was shown that the selectivity to the primary amine went up over time.
Several additives were screened in order to understand more about the
equilibria involved in the sequence of reactions. Here it was shown that water
has a negative effect on the reaction, as does additional hydrogen. Molsieves
appeared to be beneficial for the selectivity after 21 h.

Parts of this work have been published:
D. Pingen, C. Müller, D. Vogt, Angew. Chem. Int. Ed. 2010, 49, 8130‐8133.
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2.1 Introduction
The use of bio‐based feedstocks for the production of chemicals for fine‐
chemical and pharmaceutical industries is highly desired on the move towards
a sustainable economy. The transformation of alcohol moieties, abundantly
present in bio‐mass is therefore highly important,[1‐3] even in manners that still
produce significant amounts of waste.[4] However, a system producing only
non‐toxic by‐products and no waste would be a leap forward. The production
of primary amines from alcohols and ammonia in one pot would be very
desirable but is still relatively problematic (Scheme 1).

1

1

2
3
1

1

1

1
1

Scheme 1: General reaction equation for the conversion of alcohols to amines with ammonia

The first example in which alcohols are converted to primary amines by a
homogenous catalyst was reported by Milstein (Scheme 2).[5]

Scheme 2: Ru‐PNP pincer complex for primary alcohol amination reported by Milstein[5]

Using this complex, benzylalcohol was converted to benzylamine in 87%
selectivity. Over longer reaction times more of the side product, the secondary
imine, was formed. However, a major drawback of this catalyst was that it
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appeared to be inactive for the amination of secondary alcohols. Though
primary alcohols are also very abundant in bio‐based resources, many of the
natural alcohol moieties are secondary alcohols.
Although there are quite some examples in which alcohols are used for the
alkylation of amines,[6] many homogeneous catalysts do not withstand the
presence of ammonia.[7] Ammonia can act as a ligand, which often causes a
catalyst to deactivate, as ammonia is blocking the active site of the catalyst or
replacing crucial ligands positioned on the catalyst. Hence designing a catalyst
is not straightforward. Nevertheless it makes sense to start from a point where
a similar reaction is performed. It might be that already these types of
catalysts show some activity and will give information on the properties of the
system in the presence of ammonia. Of course we do not want to be limited to
by the existing catalysts, but we also want to explore the use of new
complexes, different ligands and different metal precursors.
The catalyst developed and reported by Milstein uses an acridine‐based PNP‐
pincer ligand (see Scheme 2). The acridine backbone used here, provides more
rigidity to the whole structure. The typical pyridine‐based pincer ligands have
been reported to show the ‘non‐innocent’ behavior, in which the methylene
bridge

can

act

as

proton

donor/acceptor

causing

the

dearomatization/aromatization of the pyridine ring.[8, 9] This behavior gives the
ligand hydrogenation/dehydrogenation possibilities.[10‐12] As the acridine ring
can also be dearomatized/aromatized, a mechanism resembling non‐
innocence has to be taken into account.[13]
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2.2

Catalyst complexes without any additional ligands

The first homogeneous catalysts used for amine alkylation were RuH2(PPh3)4 or
RuCl2(PPh3)3. These showed good conversion in aliphatic amine alkylation and
aromatic amine alkylation respectively.[14‐18] However, these complexes
appeared to be inactive for the amination of alcohols using ammonia.
A previously reported 5‐coordinate precursor (RuHCl(PPh3)3 P1) might be
interesting as it already contains a vacant site for substrate binding, however,
this even appeared to be inactive for amine alkylation reactions, though it
might be an interesting compound to start with in alcohol amination using
ammonia.[19]

Table 1: Direct amination using P1. Conditions: 0.5 mol% P1, 10 mmol substrate, 3 mL toluene, 2 mL
NH3 (78 mmol)

Substrate

Time
(h)

T(ºC)

Conversion
(%)[a]

Primary amine
selectivity (%)

cyclohexanol

48

135

4.2

100

cyclohexanol

20

150

7.8

38.5[b]

benzylalcohol[c]

3

180

14.8

7.4[b]

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b]
secondary amine was the major side product [c] mesitylene was used as solvent for a higher boiling
point

The first results showed little conversions, even after very long reaction times
(Table 1). However, the selectivity was high. Increasing the temperature
resulted in higher conversion thought the selectivity went down below 40%.
Changing the substrate to a primary alcohol at even higher temperature
resulted in higher conversion, though still relatively low. Moreover, only about
7% appeared to be primary amine, the targeted product, while the rest
appeared to be secondary amine.
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2.3

PNP pincer ligand‐based ruthenium complexes

2.3.1 Pyridine‐based pincer ligands
As the precursors without additional ligands showed only low activity, it was
decided to tune the complexes applying PNP pincer ligands. Based on the
properties and possibilities (for reviews on this [20, 21]), the pyridine‐based PNP
pincer ligand was chosen as starting point in the development of a direct
amination of alcohols. As these type of ligands potentially show non‐innocent
behavior, it might be that these ligands would be active in both
dehydrogenation as well as hydrogenation steps. These steps are also the key‐
steps in Hydrogen Shuttling. As no active complexes for alcohol amination, let
alone, mechanistic insight, were reported previously, a wide screening of
potential non‐innocent ligands was needed. Nevertheless, the ligands were
chosen systematically as these all show a resemblance to the ligand Milstein
applied or the ligands had already proven to be non‐innocent.[8]
Phenyl substituted phosphine and isopropyl substituted phosphine PNP ligands
were synthesized, and from these, the corresponding ruthenium complexes
were prepared (Figure 1). As starting point, the reaction conditions as found by
Milstein were applied.[5]

Figure 1: Pyridine‐based PNP pincer ligands and their Ru complexes RuHCl(CO)(L)
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These complexes were tested in the direct amination of benzylalcohol (Table
2). In these reactions the temperature was set to 160ºC using toluene as the
solvent. Here, complex 2 showed activity (entry 1), though the main product
was dibenzylimine and benzylamine was observed in only very low amounts.
The amount of ammonia was lowered but only slightly more conversion and
selectivity was observed (entry 2).

Table 2: Direct amination of benzylalcohol. Conditions: 0.5 mol% complex, 10 mmol benzylalcohol, 3
mL toluene/mesitylene, 6 mL NH3 (234 mmol), 160ºC, 24h

Complex

Solvent

Conversion
(%)[a]

Primary amine
selectivity
(%)[b]

2

Toluene

31.2

14.7

2[c]

Toluene

38.2

24.6

2

Mesitylene

53.5

0

1

Mesitylene

2.4

0

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b]
the major product was the secondary imine. [c] 3 mL NH3 (117 mmol) was used

The solvent was changed to mesitylene, which has a higher boiling point. It is
therefore expected that less solvent is present in the gas phase and more in
the liquid phase. This resulted in somewhat higher conversion though with
even lower selectivity (entry 3). Applying complex 1 appeared to be
unsuccessful; the conversion was dramatically low and the selectivity towards
the primary amine was 0 (entry 4).
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2.3.2 Acridine‐based pincer ligands
As none of the active complexes was found to be selective in any way towards
the primary amine, the ligand system was changed to the acridine‐based
ligands, and phosphine group adjustments were made to compare the
importance of the groups (Figure 2). From these ligands the complexes were
synthesized (Figure 3). Notable is that the complexes appear as air stable
yellow powders, which are easy to handle without the use of a glovebox, while
the free ligands are very air sensitive.

Figure 2: Acridine‐based PNP pincer ligands in screening

Figure 3: Acridine diphosphine‐based complexes in catalyst screening and P‐side group effect

The complexes were applied for the conversion of primary alcohols to the
corresponding primary amines. The reactions were performed at two
temperatures in order to see whether the reaction would start or to speed up
the reaction time. Furthermore, the Milstein catalyst was also tested for its
reactivity in the secondary alcohol cyclohexanol.
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Table 3: Milstein‐type complexes in the direct amination of alcohols. Conditions: 0.1 mol% Complex,
10 mmol substrate, 3 mL solvent (toluene/mesitylene), 6 mL NH3 (234 mmol)

Substrate

T (ºC)

Time
(h)

Conversion
(%)[a]

Primary
Amine
(%)[b]

P2[c]

benzylalcohol

135

24

0

0

P2 [c]

benzylalcohol

180

3

0

0

3

benzylalcohol

180

2

100

90.8

3

benzylalcohol

135

20

86.6

78.3

4

benzylalcohol

180

3

98.8

89.4

5

benzylalcohol

180

3

0

0

5

benzylalcohol

180

3

0

0

3

1‐hexanol

180

3

99.3

92.6

3

1‐hexanol

140

24

100

96.2

4

1‐hexanol

135

17

94.1

86.7

3

cyclohexanol

180

3

0

0

3

cyclohexanol

135

24

0

0

Complex

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b]
Other product is mainly the secondary imine [c] P2 is RuHCl(CO)(PPh3)3

The precursor itself did not show any conversion, as expected. The results
obtained with the dicyclohexylphosphine derived ligand showed comparable
activity and selectivity as to the diisopropylphosphine derivative (Table 3, entry
5 and 10). Both showed full conversion at 135ºC as well as at 180ºC, though
with different reaction times at these temperatures. Interestingly, the tert‐
butyl derived ligand (5) showed no activity at all (Table 3, entry 6 and 7).
Nevertheless it was observed that the ligand does coordinate to the Ru, based
on

31

P chemical shift (62.3 ppm for the complex). Probably, the steric bulk

prevented possible activation of the complex for the catalysis.
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Applying the diisopropylphosphine derived acridine‐based ligand in the
amination of cyclohexanol gave no conversion at all. As the behavior of both
active complexes was very similar, the reaction was not redone applying the
cyclohexyl derived phosphine (Table 3).

2.4 Ruthenium carbonyl as precursor in combination with
phosphine ligands
As no catalyst was found yet that was able to convert secondary alcohols to
primary amines, it was decided to have a look again at the known systems for
amine alkylation. Another catalytic system which might be promising would be
a combination of ruthenium carbonyl (Ru3(CO)12 P3) and a phosphine ligand.
Preliminary results in using ruthenium carbonyl were promising; hexylamine
was alkylated using cyclohexanol, showing the ability of this catalyst system to
oxidize the secondary alcohol.[22, 23]

2.4.1 Initial ligand screening with toluene as solvent
The reaction conditions were based on a combination of reaction conditions as
defined by Beller and Milstein, and toluene was chosen as solvent for the
alcohol aminations with relatively high catalyst loading (3 mol%) and 6 mL of
NH3 (234 mmol).[5, 23] Cyclohexanol was chosen as a benchmark substrate as
this much resembles relatively bulky yet flexible secondary alcohols.
As a start, the Ru cluster alone, without additional ligands, was deployed in the
amination. This showed barely any conversion, giving that a ligand is required.
With using ligands, it was chosen to start from only mono‐phosphines and
then even commercially available mono‐phosphines. As there is still so little
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known about the direct amination reaction, designing a ligand is not very
straightforward.
As P(o‐tolyl)3 (L6, Figure 4) was one of the best performing ligands in the N‐
alkylation of amines with secondary alcohols, this was the first ligand to try.
Remarkably, the conversion was very low. Increasing the amount of solvent did
not improve the conversion though the selectivity was slightly higher (Table 4,
Figure 4).

Figure 4: Ligands applied in the initial screening for direct amination of cyclohexanol using ammonia

Other monodentate phosphine ligands were employed though none of these
gave satisfactory results with respect to conversion. In some cases, the
selectivity was quite good though. However, through the use of the Buchwald
ligand (L11) with the dicyclohexyl phosphine moiety, the conversion went up
to almost 50% with a selectivity of over 85%. Unfortunately, a black precipitate
was observed after the reaction, suggesting that the catalyst decomposed.
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Table 4: Initial ligand screening in the direct amination with ammonia. Conditions: 1 mol% Ru3(CO)12,
10 mmol cyclohexanol, 6 mol% ligand, 6 mL toluene, 6 mL NH3 (234 mmol), 140ºC, 21 h

Ligand (Ru:P)

Conversion (%) [a]

Primary Amine
Selectivity (%)

P3

1.7

0

11.3

32.7

12.6

44.4

L7 (1:1)

11.8

74.6

L8 (1:1)

13.5

64.4

L9 (1:2)

0

0

L10 (1:2)

11.0

7.3

L11 (1:2)

49.8

85.9

L12 (1:2)

57.0

87.7

L13 (1:2)

11.1

27.0

L6 (1:2)
L6 (1:2)

[b]

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b] 3
mL toluene used

When the N‐phenylpyrrole‐based ligand CataCXium PCy (L12) was employed,
the selectivity was also over 85%, at 57% conversion and no black precipitation
was observed. It is noteworthy that this ligand also performed very well in the
N‐alkylation of amines with alcohols.[23, 24]
A first variation to learn more was to switch to the slightly less bulky
isopropylgroup as phosphine substituent. Unexpectedly, this led to low
conversion and low selectivity.
As the CataCXium PCy proved to be the best ligand so far, this was used in
further reactions. As the number of ligands coordinated to the Ru center might
influence the selectivity and also the conversion, the ratio between metal and
ligand was varied. The amount of Ru3(CO)12 remained constant while the
amount of ligand was varied. Changing this ratio resulted in higher
conversions, though the amount of ligand exceeded the solubility at room
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temperature. Moreover, the primary amine selectivity appeared to be lower
with going to 9 mol% ligand loading (Ru:P = 1:3, Table 5, entry 3).

Table 5: Ligand titration and selection for the direct amination of secondary alcohols: 1 mol%
Ru3(CO)12, 10 mmol cyclohexanol, 6 mL toluene, 6 mL NH3 (234 mmol), 140°C

Ligand (Ru:P)

Time (h)

Conversion

Total

Primary

(%)[a]

Amine

Amine

(%)[b]

(%)[c]

L12 (1:1)

21

25.5

24.2

21.8

L12 (1:2)

21

57.0

55.4

49.4

L12 (1:3)

21

72.0

66.6

47.9

[a] Conversion was determined via gas chromatography analyses, based on the consumption of alcohol
and production of amine [b] All amines together, other product was the corresponding ketone [c]
Primary amines compared to total amount of amine

2.4.2 Ligand screening with cyclohexane as solvent
Although the conversion and selectivity was improved already, no full
conversion was observed yet and the selectivity was only moderate. It is
known that arenes such as toluene and mesitylene can coordinate to various
forms of Ru species, especially at high temperatures. The possible formation of
arene complexes might hamper the reaction. In order to prevent this, the
solvent was changed to cyclohexane.
The reaction in cyclohexane applying the CataCXium PCy ligand now gave even
better results; over 90% conversion with a selectivity of about 75% (entry 1,
Table 6). Because the results were improved by only changing the solvent, a
new extended ligand screening was done. All previous ligands were screened
again and additional structurally varied mono‐phosphines were employed. The
reaction conditions were maintained.
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Figure 5: Ligands applied in the direct amination of secondary alcohols with ammonia
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Table 6: Conversions and selectivities in the direct amination of cyclohexanol using different ligands.
Conditions: 10 mmol cyclohexanol, 0.1 mmol Ru3(CO)12, 0.6 mmol ligand, 6 mL cyclohexane, 6 mL NH3
(234 mmol), 140ºC, 21 h (Ru:L:substrate = 1:2:33)

Ligand

Conversion

Total amine

Primary amine

(%) [a]

selectivity (%)[b]

selectivity (%)[c]

L6

8.4

32.1

51.9

L8

1.9

0

0

L9

10.6

43.9

100

L10

39.1

96.7

52.4

L11

36.2

95.6

77.5

L12

90.3

97.9

74.0

L13

75.6

98.6

84.3

L14

51.6

89.4

54.1

L15

21.9

87.7

52.4

L16

29.1

87.5

68.2

L17

84.9

94.4

73.4

L18

62.1

97.0

71.1

L19

38.8

95.6

64.9

L20

61.8

98.2

95.8

L21

90.2

86.6

61.6

L22

45.6

92.2

73.3

L23

13.5

46.1

20.3

L24

8.6

33.2

34.5

L25

41.8

94.7

77.3

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b]
Σ(prim. & sec. amine & sec. imine), the remainder is the intermediate ketone [c] percentage prim.
amine within total amine selectivity

As can be found in Table 6, the results obtained vary significantly. Whereas the
triaryl phosphines do not behave much different in cyclohexane compared to
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toluene (entries 2‐4), the more basic alkyl substituted phosphines PCy3 and
PPhCy2 give better results, both in terms of conversion and selectivity (entries
3 and 4). Varying the phosphine substituents reveals that the electron
donating alkyl substituents influence the conversion strongly, while the
bulkiness of the alkyl‐group apparently influences neither the selectivity nor
the conversion. Repositioning the phosphine moiety from the pyrrole to the
phenyl ring (L20) results in a less active though more selective system (entry
14). If then the phenyl is substituted with a methoxygroup, the conversion is
increased, although, now the selectivity is decreased (L21) (entry 15).
Removing the phenyl from the pyrrole and replacing it by a butyl group (L22)
shows even a further decrease in conversion (entry 16). Both results might
point out that the phenyl ring plays a role. As the plane of the phenyl
substituent is typically oriented perpendicular to the plane of the pyrrole ring,
it could be in an ideal position to coordinate as an arene ligand to the Ru
centre. If the pyrrole moiety is changed to an imidazole (L23), both activity and
selectivity decrease strongly (entry 17).
Out of curiosity, a chiral phosphole (L25) was synthesized to see whether it
could be possible to induce enantioselectivity in a later stage. Although use of
this ligand did not lead to high conversions, the selectivity is acceptable.
However, before applying it to chiral substrates, the reaction conditions need
to be optimized.
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2.4.3 Substrate scope
As the ligand screening revealed, the pyrrole‐based phosphine CataCXium PCy
gave the most active catalyst for the transformation of cyclohexanol to
cyclohexylamine. Using this combination, a range of substrates was converted
to learn the scope and limitations of the system. In the substrate screening,
the focus lie mainly in the secondary alcohols, though a few primary alcohols
were also tried, as a comparison to the system Milstein used for primary
alcohol conversion.
A large range of substrates varying from linear secondary alcohols, cyclic
alcohols but also alcohols with an aromatic moiety were subjected to the
catalytic system and the reaction conditions as were determined for
cyclohexanol. Table 7 shows that the conversions are satisfying for all
substrates. Conversions turned out to be slightly lower for acyclic secondary
alcohols, though still acceptable. Most notable is probably the lower selectivity
for 2‐hexanol and 2‐heptanol. As these are very accessible and closely
resemble linear primary alcohols, it was expected that the secondary imine
would be the major by‐product. In both cases this appears to be true although
significant amounts of ketone were also observed. Going to substrates with
the alcohol moiety closer to the middle of the alkyl chain, the selectivity goes
up again. So the bulk of the substrate helps in the selectivity. Additionally, aryl
substituted and also unsaturated alcohols are converted equally well. Worth
pointing out is that menthol, is also converted with a selectivity of 100%. The
primary alcohols 1‐hexanol and benzylalcohol showed lower conversions but
also lower selectivities, which is due to the higher nucleophilicity of the
primary amine product, compared to NH3, and thus more of the secondary
imine is formed. Nevertheless, only very little of the secondary amine was
observed, typically below 2%.
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Table 7: Different substrates applied in the direct amination of secondary alcohols. Conditions: 10
mmol substrate, 0.1 mmol Ru3(CO)12, 0.6 mmol ligand L12, 6 mL cyclohexane, 6 mL NH3 (234 mmol),
140ºC, 21 h, (Ru:L12:substrate = 1:2:33)

Substrate

Conversion

Total amine

Primary amine

(%)[a]

selectivity

Selectivity (%)[c]

(%)[b]
cyclohexanol

90.3

97.9

74.0

cyclopentanol

94.0

100

63.9

cyclooctanol

81.2

94.6

73.2

2‐hexanol

83.7

56.2

54.5

2‐heptanol

68.7

85.6

54.1

2‐octanol

61.8

77.7

67.1

2‐nonanol

94.9

53.2

51.2

3‐hexanol

78.3

100

83.8

1‐phenyl‐ethanol

53.3

67.5

80.0

2‐cyclohexen‐1‐ol

83.2

100

64.5

trans‐3‐penten‐2‐ol

60.4

95.6

77.5

rac‐menthol

32.0

34.8

100

methyl 3‐

100

100

0 [d]

5.3

100

100

benzylalcohol

80.8

100

30.5

1‐hexanol

57.3

100

47.9

hydroxyhexanoate
1,3‐bis(NMe2)‐
isopropanol

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b]
Σ(prim. & sec. amine & sec. imine), the remainder is the intermediate ketone [c] percentage prim.
amine within total amine selectivity [d] unknown products
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2.5 Equilibria in the direct amination with ammonia
2.5.1. Longer Reaction Times
During the screening for ligands it was observed that in some cases the
selectivity increased with the reaction time. Remarkably, Milstein observed the
opposite effect in the amination of primary alcohols. In order to exclude that
this was only valid for cyclohexanol as substrate, longer reaction times were
applied for more cyclic substrates and also for acyclic secondary alcohols and
alcohols containing an aromatic moiety (Table 8). Mainly the acyclic secondary
alcohols showed relatively low selectivity, thus improving selectivity with only
longer reaction times would be a convenient solution.

Table 8: Increased selectivity for different substrates over longer reaction times. Conditions: 10 mmol
substrate, 0.1 mmol Ru3(CO)12, 0.6 mmol ligand L12, 6 mL cyclohexane, 6 mL NH3 (234 mmol), 140ºC,
64 h, (Ru:L12:substrate = 1:2:33)

Substrate

Conversion

Total amine

Primary amine

(%)[a]

selectivity (%)[b]

Selectivity (%)[c]

cyclohexanol

100

71.9

79.2

cyclopentanol

97.0

100

92.4

cyclooctanol

98.7

100

90.5

2‐hexanol

98.0

100

56.7

2‐heptanol

83.4

89.3

79.8

2‐octanol

89.5

94.8

89.5

1‐phenyl‐ethanol

81.7

91.6

96.4

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b]
Σ(prim. & sec. amine & sec. imine), the remainder is the intermediate ketone [c] percentage prim.
amine within total amine selectivity
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Graph 1: Reaction profile for the conversion of cyclohexanol (for conditions see Table 6),
cyclohexanol,  = cyclohexylamine,  = dicyclohexylimine

=

Apparently, under the given reaction conditions, the formation of the
secondary imine is reversible. This effect was further investigated by analysing
the reaction mixture during the course of the catalytic reaction.
The reaction profile (Graph 1) shows that the secondary imine goes through a
maximum and then decreases again to eventually disappear. In the
meanwhile, the cyclohexylamine production slows down but increases again
after the dicyclohexylimine went through its maximum.
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Graph 2: Time‐dependent selectivity for different substrates. Conditions: 10 mmol substrate, 0.1
mmol Ru3(CO)12, 0.6 mmol ligand L12, 6 mL cyclohexane, 6 mL NH3 (234 mmol), 140ºC,
(Ru:L12:substrate = 1:2:33); For cyclohexanol the selectivities are given after respectively 21 and 92 h

It was found that the selectivity towards the primary amines increases in time
for all secondary alcohol substrates tested (Graph 2). In this process, the
secondary imine can be considered as a reaction intermediate and hence the
primary amine is formed from the secondary imine during the reaction.
In order to gain a better understanding of this phenomenon, a closer look was
taken on the reaction intermediates and products. As can be rationalized, a
number of equilibria will be involved in the total reaction scheme, involving
the alcohol, the corresponding ketone, ammonia, the primary amine product,
corresponding imines, hemiaminals, and aminals, as well as water. Only a few
of those compounds were observed in the reaction mixture by GC due to
limited stability of some of those intermediates. The most important equilibria
for cyclohexanol are shown in Scheme 3.

38

Chapter 2

Scheme 3: Most important equilibria for the reversibility in the direct amination of secondary
alcohols. The structures between brackets are non‐observable intermediates

The secondary imine can be converted back to the ketone or the imine by
reaction with either water or ammonia. Furthermore, the rates of
dehydrogenation and hydrogenation directly influence these equilibria, as
cyclohexanone and cyclohexylamine both participate in the equilibria leading
to the secondary imine, for which the hydrogenation to the secondary amine is
apparently very slow. As Graph 2 suggests, also other substrates are likely to
follow these equilibria since they exhibit similar selectivity patterns. What also
can be found in the equilibrium Scheme 3 is that water might play an
important role. As it can be responsible for the back reaction towards
cyclohexanone it might help in the reverse reaction. On the other hand, it is
the only side product in the reaction so it might hamper the formation of the
imine from the ketone.

2.5.2 Additive effects
Further detailed investigation of these equilibria is required for a complete
understanding, as are studies on the mechanism of the Ru‐catalyzed reaction.
Several additives were investigated for their effect on the final product
distribution of the reaction.
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Table 9: Additive effects on the yields and selectivities in the direct amination of cyclohexanol.
Conditions: 10 mmol cyclohexanol, 0.1 mmol Ru3(CO)12, 0.6 mmol ligand L12, 6 mL cyclohexane, 6 mL
NH3 (234 mmol), 140ºC, 21 h, (Ru:L12:substrate = 1:2:33)

Additive [a]

No additive
H2O
H2 (1 bar)
No Solvent
Et3N
Mol. Sieves

Conversion
(%) [b]
90.3
67.0
51.2
24.2
64.0
69.1

Amine
selectivity
(%) [c]
97.9
67.2
100
35.8
98.2
100

Primary amine
selectivity (%)
[d]

74.0
57.2
70.1
54.6
88.9
90.2

Other
selectivity
(%)
2.1[e] 23.9[f]
32.8 [e]
29.9 [f]
64.2[e]
‐
‐

[a] 1 mmol additive [b] Conversions were determined by GC, based on the alcohol consumption and
amine production [c] Σ(prim. & sec. amine & sec. imine), the remainder is the intermediate ketone [d]
percentage prim. amine within total amine selectivity [e] ketone [f] secondary imine

As water was expected to influence the equilibrium quite strongly, this was
tested first. An equal amount of water, compared to the substrate was added
and the reaction was performed under the previously mentioned reaction
conditions. It was found that water indeed influences the reaction strongly
(Table 9, entry 2). As more or less expected, the water inhibits the
condensation reaction. As the imine formation is inhibited, the equilibrium is
shifted towards the ketone. And indeed, though the conversion is somewhat
lower, much less amine is formed and the ketone is the major by‐product in
this reaction.
As barely any secondary amine was observed, it might be that the secondary
imine is too bulky to be hydrogenated by the catalyst. In that case, it might be
possible to improve the hydrogenation rate of the primary imine by addition of
hydrogen. Even though only 1 bar of hydrogen was added in the reaction
autoclave, the effect was surprising. Instead of having almost no secondary
amine, almost 30% was formed with the additional molecular hydrogen (Table
9, entry 3). Apparently the partial pressure of hydrogen is too low under the
standard reaction conditions to have the fairly bulky secondary imine
hydrogenated.
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Performing the reaction in neat substrate (Table 9, entry 4) resulted in very
low conversion with low amine selectivity. Moreover, the main product was
cyclohexanone.
In case of triethylamine the reaction was influenced negatively on conversion,
though it gave a very good selectivity (Table 9, entry 5). The reason for this is
rather unclear.
Another very interesting effect was seen with the addition of molecular sieves.
These were added in order to remove water from the reaction mixture to
enhance the condensation step. As can be seen in Table 9, entry 6 this has a
positive effect on the selectivity.
In order to see if this could be applied to other substrates as a proof of
principle, molecular sieves were added in the conversion of 2‐hexanol. This
substrate gave very low selectivity under normal reaction conditions. Upon
longer reaction time the selectivity did improve, though not much. Addition of
the molecular sieves pushed the selectivity up to 80% (Graph 3).

100

Conversion
Selectivity

80

%

60

40

20

0

21 h

64 h

21 h mol sieves

Graph 3: 10 mmol 2‐hexanol, 6 mL cyclohexane, 0.1 mmol Ru3(CO)12, 0.6 mmol ligand L12, 6 mL NH3
(234 mmol), 140ºC
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2.6 Conclusions
A new catalytic system was developed for the direct amination of secondary
alcohols. This Ru3(CO)12/L12 based system was able to selectively convert a
range of substrates in moderate to good conversions and selectivities towards
the primary amine. Interestingly and in contrast to the system reported by
Milstein for the conversion of primary alcohols, the selectivity increased upon
longer reaction times. The key intermediate appeared to be the secondary
imine, first thought to be a by‐product. However, after consumption of all
alcohol, the secondary imine was split back to exclusively give the primary
amine.
Additionally, additives to the reaction revealed the importance of partial
pressure of hydrogen. Even with low amounts of molecular hydrogen present,
also the secondary amine is produced. Furthermore, water is an inhibitor;
additional water led to mainly ketone while the removal of water with
molecular sieves gave increased primary amine selectivity.
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2.7 Experimental
2.7.1 General Considerations
Chemicals were purchased from Sigma‐Aldrich and Acros, Ru3(CO)12 was purchased from Strem and all
chemicals were used as received. Synthesis and catalysis reactions were performed in an inert
atmosphere under argon using standard Schlenk techniques. Product distribution and yield analyses
were performed on a Shimadzu GC‐17A instrument with an Ultra 2 column (25 m 0.2 mm id). 1H NMR,
31
P NMR, 13C NMR spectra were recorded on 200 MHz and 400 MHz Varian Mercury spectrometers. The
1
H and 13C chemical shifts are reported in ppm (parts per million) downfield from TMS
(tetramethylsilane), 31P chemical shifts are reported in ppm downfield from 85% H3PO4. GC/MS analyses
were conducted on a Leco Pegasus II chromatograph with a DB‐1 MS column (10 m 0.1 mm id) and
Shimadzu GCMS‐QP2010 SE with a DB‐1 MS column (10 mP0.1 mm). Liquid ammonia was dosed using a
Bronkhorst Liqui‐Flow mass flow meter/controller. Direct amination of alcohols were performed in an
in house developed 75 mL stainless steel autoclave equipped with a manometer and a sampling unit for
50 µL samples.
General procedure for the direct amination of secondary alcohols using Ru3(CO)12 with phosphine
ligands:
Ru3(CO)12 (1 mol%) was weighed into a Schlenk tube and was purged with Argon. To this, 6 mL dry
degassed cyclohexane or toluene was added. Subsequently, ligand (6 mol%) and the alcohol (10 mmol)
was added and the whole was heated gently to dissolve. The bright red solution was transferred to a
homemade 75 mL stainless steel autoclave which was purged with Argon. The autoclave was charged
with 6 mL liquid NH3 (234 mmol) and then heated to 140ºC for the appropriate time.
2.7.2 Synthesis:
[30, 25]
2,6‐bis((diphenylphosphino)methyl)pyridine (L1):
A solution of 2,6‐lutidine (1072 mg, 10 mmol) in diethyl ether (5 mL) was cooled to
0ºC. To this, a solution of 2.5 M n‐BuLi in hexanes (8.4 mL, 21 mmol) was added
dropwise. The mixture turned red and was heated to 50ºC and was stirred at his
temperature for 24 h. After that, the reaction was cooled to ‐78ºC, and ClPPh2 (4.42
g, 21 mmol) was added slowly. The mixture was stirred an additional 2 h before quenching with water.
The product was extracted with Et2O (2x15 mL) and the organic layer was dried over MgSO4 before
filtration. Evaporating all solvent yielded a white powder in 60% yield.
31 1
P{ H} NMR (81 MHz, C6D6,  = ppm): 0.9 (s). 1H NMR (200 MHz, C6D6, =ppm): 4.8 (m, 4 H, CH2), 7.3‐7.7
(m, 23 H, phenyl, pyridine).
RuHCl(CO)(2,6‐bis((diphenylphosphino)methyl)pyridine) complex (1):
This compound was prepared following a modified literature procedure.[26]
Compound L1 (285 mg, 0.6 mmol) was dissolved in benzene (1 mL) and added to a
suspension of RuHCl(CO)(PPh3)3 (571, 0.6 mmol) in benzene (20 mL). The mixture was
allowed to reflux for 20 h and the mixture turned yellow upon heating. After 20 h, the
mixture was cooled down and the solvent was removed in vacuo. The remainder was
dissolved in a minimum of CH2Cl2. To this, Et2O was added to precipitate the product. After filtration,
the filtrate was washed with pentane yielding a yellowish powder (58%).
31 1
P{ H} (81 MHz, C6D6,  = ppm): 26.8 (s).
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2,6‐bis((di‐isopropylphosphino)methyl)pyridine (L2):[27]
A solution of 2,6‐lutidine (615 mg, 5.7 mmol) in diethyl ether (3 mL) was cooled to
0ºC. To this, a solution of 2.5 M n‐BuLi in hexanes (4.6 mL, 11.5 mmol) was added
dropwise. The mixture turned red and was heated to 50ºC and was stirred at his
temperature for 24 h. After that, the reaction was cooled to ‐78ºC, and ClPiPr2 (1.74
g, 11.4 mmol) was added slowly. The mixture was stirred an additional 2 h before quenching with
water. The product was extracted with Et2O (2x15 mL) and the organic layer was dried over MgSO4
before filtration. Evaporating all solvent yielded a white powder in 68% yield.
31 1
1
P{ H} NMR (81 MHz, C6D6,  = ppm): 11.9 (s). H NMR (200 MHz, C6D6,  = ppm): 0.8‐1.21 (m, 24 H,
i
i
Me‐ Pr), 1,09 (m, 4 H, CH‐ Pr), 3.8 (m, 4 H, CH2), 6.97‐7.03 (m, 3 H, pyridine).
RuHCl(CO)(2,6‐bis((di‐isopropylphosphino)methyl)pyridine) complex (2):
This compound was prepared following a modified literature procedure.[10]
Compound L2 (132 mg, 0.39 mmol) was dissolved in THF (1 mL) and added to a
suspension of RuHCl(CO)(PPh3)3 (371, 0.39 mmol) in THF (20 mL). The mixture was
allowed to reflux for 20 h and the mixture turned yellow upon heating. After 20 h,
the mixture was cooled down and the solvent was removed in vacuo. The
remainder was dissolved in a minimum of THF. To this, pentane was added to precipitate the product.
After filtration, the filtrate was washed with EtOH yielding a yellowish powder (28%).
31 1
P{ H} NMR (81 MHz, C6D6,  = ppm): 58.7 (s).
4,5‐bis(bromomethyl)acridine (6):
[5]
This compound was prepared following a literature procedure.
In a Schlenk tube, in concentrated H2SO4 (25 mL) acridine (2.51 g, 14 mmol), was
dissolved and heated to 50ºC. To this, bromomethyl methylether (5 g, 40 mmol) was
added and the Schlenk was closed. After 24 h at 50ºC, the mixture was cooled to r.t.
and poured onto ice. A bright yellow precipitate was formed and the mixture was filtered. The residue
was redissolved in CHCl3 and filtered again. The solvent was evaporated yielding a bright yellow powder
(63%).
1
H NMR (200 MHz, CDCl3,  = ppm), 5.42 (s, 4H, CH2), 7.4‐7.54 (dd, 2H, H1 and H8, acridine, 3J = 6.9, 8.4
3
Hz), 7.91‐7.99 (m, 4H, H2/H3 and H6/H7 acridine, J = 1.2 Hz, 8.4 Hz), 8.75 (s, 1H, H9, acridine).
4,5‐bis((diisopropylphosphino)methyl)acridine (L3):
This compound was prepared following a literature procedure.[5]
Compound 6 (1.09 g, 3 mmol) was dissolved in dry degassed MeOH (15 mL). To
this, a 10% w/w solution of PHiPr2 in hexanes (11.67 g, 9.9 mmol) was added. The
i
i
mixture was heated to 50ºC and stirred at this temperature for 2 days. After
2
2
cooling down, Et3N (1.7 mL, 12 mmol) was added. The mixture was stirred for an
additional hour before evaporating the remaining solvents. The remaining yellow solid was washed
with Et2O (2 x 15 mL) and dried in vacuo. A bright yellow solid was yielded (1.05 g, 80%).
31 1
P{ H} (162 MHz C6D6,  = ppm): 11.4 (s). 1H (400 MHz, C6D6,  = ppm): 0.73 (d, 6H, CH3, 3J = 7.2 Hz),
3
3
3
0.77 (d, 6H, CH3, J = 7.2 Hz), 0.91 (d, 6H, CH3, J = 7.2 Hz), 0.95 (d, 6H, CH3, J = 7.2 Hz), 1.10 (m, 4H, CH
isopropyl, 3J = 7.2 Hz), 3.99 (m, 4H, CH2), 6.95‐7.01 (m, 4H, acridine), 7.32‐7.36 (m, 1H, acridine),
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RuHCl(CO)(4,5‐bis((diisopropylphosphino)methyl)acridine) (3):
This compound was prepared following a literature procedure.[5]
Compound L3 (225 mg, 0.45 mmol) was dissolved in dry degassed toluene (30
N
H
mL) in a Schlenk tube. To this, RuHCl(CO)(PPh3)3 (428 mg, 0.45 mmol) was
Ru
(iPr)2P
P(iPr)2
added. The Schlenk tube was closed, and the mixture was heated to 75ºC and
Cl
CO
maintained at this temperature for 3 h. After cooling down, solvents were
evaporated and the remaining solid was dissolved in a minimum of THF. Pentane was slowly added to
precipitate the desired complex. The solvents were decanted and the remaining solid was dried in
vacuo yielding a brown‐yellow powder (quantitative).
31 1
P{ H} (81 MHz, C6D6,  = ppm): 68.2 (s).
4,5‐bis((dicyclohexylphosphino)methyl)acridine (L4):
[5]
This compound was prepared following a modified literature procedure.
Compound 6 (1 g, 2.74 mmol) was dissolved in dry degassed MeOH (15 mL). To
this, PHCy2 (1.190 g, 6 mmol) was added. The mixture was heated to 50ºC and
stirred at this temperature for 2 days. After cooling down, Et3N (1.7 mL, 12 mmol)
2
2
was added. The mixture was stirred for an additional hour before evaporating the remaining solvents.
The remaining yellow solid was washed with Et2O (2 x 15 mL) and dried in vacuo. A bright yellow solid
was obtained in 80% yield (1.3 g).
31 1
1
P{ H} (81 MHz, C6D6,  = ppm): 5.0 (s). H (400 MHz, C6D6,  = ppm): 1.15‐1.24 (m, 23H, cyclohexyl),
1.71‐1.74 (m, 23 H, cyclohexyl), 2.16 (m, 2H, cyclohexyl), 3.4‐3.7 (m, 4H, CH2), 7.45 (m, 2H, acridine),
7.83 (m, 4H, acridine), 8.65(m, 1H, acridine).
RuHCl(CO)(4,5‐bis((dicyclohexylphosphino)methyl)acridine) (4):
This compound was prepared following a modified literature procedure.[5]
Compound L4 (325 mg, 0.54 mmol) was dissolved in dry degassed toluene (30
mL) in a Schlenk tube. To this, RuHCl(CO)(PPh3)3 (517 mg, 0.54 mmol) was added.
The Schlenk tube was closed, and the mixture was heated to 75ºC and
maintained at this temperature for 3 h. After cooling down, solvents were evaporated and the
remaining solid was dissolved in a minimum of THF. Pentane was slowly added to precipitate the
desired complex. The solvents were decanted and the remaining solid was dried in vacuo yielding a
brown‐yellow powder (quantitative).
31 1
P{ H} (81 MHz, C6D6,  = ppm): 71.6 (s). 1H (400 MHz, C6D6,  = ppm): ‐6.7 (m, 1H, hydride), 0.25‐1.61
(m, 44H, cyclohexyl), 4.27 (m, 4H, CH2), 6.95 (m, 14H, acridine/PPh3), 7.39 (m, 3H, acridine/PPh3),
7.56(m, 5H, acridine/PPh3). IR (cm‐1): 2927, 2852, 1949 (CO), 1437, 1118, 722.
4,5‐bis((di‐tert‐butylphosphino)methyl)acridine (L5):
This compound was prepared following a modified literature procedure.[5]
Compound 6 (548 mg, 1.5 mmol) was dissolved in dry degassed MeOH (5 mL).
To this, a 10% w/w solution of PHtBu2 in hexanes (5.4 g, 3.7 mmol) was added.
The mixture was heated to 50ºC and stirred at this temperature for 2 days.
After cooling down, Et3N (0.8 mL, 5.5 mmol) was added. The mixture was stirred for an additional hour
before evaporating the remaining solvents. The remaining yellow solid was washed with Et2O (2 x 10
mL) and dried in vacuo. A quantitative yield of bright yellow solid was achieved.
31 1
1
P{ H} (81 MHz, C6D6,  = ppm): 18.6 (s). H (200 MHz, C6D6,  = ppm): 0.88 (s, 9H, t‐butyl), 0.95 (s, 9H,
t‐butyl), 1.18 (s, 9H, t‐butyl), 1.23 (s, 9H, t‐butyl), 3.93 (m, 4H, CH2), 7.01 (m, 2H, acridine), 7.35 (m, 4H,
acridine), 8.42 (m, 1H, acridine).
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RuHCl(CO)( 4,5‐bis((di‐tert‐butylphosphino)methyl)acridine) (5):
This compound was prepared following a modified literature procedure.[5]
Compound L5 (225 mg, 0.45 mmol) was dissolved in dry degassed toluene (30
N
H
mL) in a Schlenk tube. To this, RuHCl(CO)(PPh3)3 (410 mg, 0.43 mmol) was
Ru
(tBu)2P
P(tBu)2
Cl
added. The Schlenk tube was closed, and the mixture was heated to 75ºC and
CO
maintained at this temperature for 3 h. After cooling down, solvents were evaporated and the
remaining solid was dissolved in a minimum of THF. Pentane was slowly added to precipitate the
desired complex. The solvents were decanted and the remaining solid was dried in vacuo yielding a
brown‐yellow powder (quantitative).
31 1
P{ H} (81 MHz, C6D6,  = ppm): 62.3 (s).
1‐phenyl‐2‐(dicyclohexylphosphino)‐1H‐pyrrole (L12):
[28]
This compound was prepared following a modified literature procedure.
In a 3‐neck round‐bottom Schlenk flask, 1‐phenylpyrrole (1.432 g, 10 mmol) was
P
N
dissolved in dry degassed hexane (30 mL). To this, TMEDA (2.25 mL, 15 mmol) was
added followed by a 2.5 M solution of n‐BuLi in hexane (4 mL, 10 mmol). The mixture
was refluxed until a clear bright red solution was obtained. Chlorodicyclohexylphosphine
(2.2 g, 10 mmol) was then added dropwise at reflux temperature. After addition, the mixture was
refluxed for an additional hour and then cooled down to room temperature. Degassed water was then
added to quench the reaction. The layers were separated and the aqueous layer was washed twice with
hexane (2 x 15 mL). All hexane fractions were combined, dried over Na2SO4 and filtered. The solvents
were evaporated and pure ligand was obtained as an off‐white solid (99%, 3310 mg).
31 1
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐28.8 (s). 1H NMR (400 MHz, C6D6,  = ppm): 7.29 (t, 2H phenyl,
3
J = 7.2 Hz), 7.04‐7.13 (m, 2H phenyl), 6.94‐6.99 (m, 1H phenyl), 6.89 (m, 1H pyrrole), 6.60 (m, 1H
pyrrole), 6.44 (m, 1H pyrrole), 1.76 (m, 2H cyclohexyl), 1.71‐1.52 (m, 10H cyclohexyl), 1.20‐1.04 (m, 10H
cyclohexyl). ). 13C{1H} NMR (100 MHz, C6D6,  = ppm): 26.5 (CH2), 26.9 (CH2), 27.0 (CH2), 27.1 (CH2), 28.9
(CH2), 29.0 (CH2), 30.4 (CH2), 30.5 (CH2), 34.4 (CH cyclohexyl), 34.5 (CH cyclohexyl), 109.5 (CH pyrrole),
117.3 (d, 1J = 39 Hz, CP pyrrole), 118.9 (CH pyrrole), 125.8 (CH phenyl), 126.7 (CH phenyl), 127.8 (CH
‐1
phenyl), 127.5 (CH pyrrole), 128.2 (2 x CH phenyl), 141.3 (C‐N phenyl). IR (cm ): 2919, 2847, 1597,
1509, 1496, 1446, 1420, 1319, 761, 717, 692.
2‐(diisopropylphosphino)‐1‐phenyl‐1H‐pyrrole (L13):
This compound was prepared following a modified literature procedure.[28]
In a 3‐neck round‐bottom Schlenk flask, 1‐phenylpyrrole (1.432 g, 10 mmol) was
dissolved in dry degassed hexane (30 mL). To this, TMEDA (2.25 mL, 15 mmol) was
added followed by a 2.5 M solution of n‐BuLi in hexane (4 mL, 10 mmol). The mixture
was refluxed until a clear bright red solution was obtained. Chlorodiisopropylphosphine
(1.53 g, 10 mmol) was then added dropwise at reflux temperature. After addition, the mixture was
refluxed for an additional hour and then cooled down to room temperature. Degassed water was then
added to quench the reaction. The layers were separated and the aqueous layer was washed twice with
hexane (2 x 15 mL). All hexane fractions were combined, dried over Na2SO4 and filtered. The solvents
were evaporated and pure ligand was obtained as a yellow oil (99%, 2560 mg).
31 1
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐19.5 (s). 1H NMR (400 MHz, C6D6,  = ppm): 0.91‐1.03 (4x dd, 2J
3
3
= 1.2 Hz, J = 6.8 Hz, 12 H, CH3 isopropyl), 1.99 (h, J = 6.8 Hz, CH isopropyl), 6.37 (dt, J = 8.8 Hz, J = 3.6
Hz, 1H pyrrole), 6.56 (dt, J = 3.6 Hz, J=1.2 Hz, 1H, pyrrole), 7.01 (dt, J = 1.6 Hz, J = 2.8 Hz, 1H phenyl).
13 1
C{ H} NMR (100 MHz, C6D6,  = ppm): 18.8 (CH3), 18.9 (CH3), 19.9 (CH3), 20.0 (CH3), 24.3 (CH iPr), 24.4
i
1
(CH Pr), 109.5 (CH pyrrole) 117.3 (d, J = 43 Hz, CP pyrrole), 118.9 (CH pyrrole), 120.1 (CH pyrrole),
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126.7 (CH phenyl), 127.7 (CH phenyl), 127.8 (CH phenyl), 128.2 (CH phenyl), 129.3 (CH phenyl) 141.1 (C‐
N). IR (cm‐1): 2948, 2924, 2864, 1597, 1510, 1496, 1456, 1420, 1319, 760, 719, 691.
2‐(dicyclohexylphosphino)pyridine (L16):
This compound was prepared following a modified literature procedure.[29]
In a Schlenk tube, dry degassed Et2O (5 mL) was placed and cooled to ‐100ºC with a
mixture of liquid nitrogen and ethanol. To this, n‐BuLi (2.5 M in hexane, 2 mL, 5 mmol)
was added and the mixture was stirred for 10 minutes. Subsequently, 2‐
bromopyridine (476 µL, 5 mmol) was added slowly to the cold solution. The resulting
reddish mixture was stirred for 2 hours at ‐90ºC until a bright red solution was obtained. Remaining at
this temperature, chlorodicyclohexylphosphine (1119 µL, 5 mmol) was added slowly and stirred for 2
hours. After that, the solution was slowly warmed to room temperature resulting in a yellow solution.
To quench the reaction, degassed concentrated H2SO4 was added. After separation of the two layers, a
saturated solution of NaOH was added to neutralize the solution. Layers were separated again and the
remaining ether later was dried over Na2SO4. After filtration, the solvents were evaporated yielding a
yellow oil in 94% yield (1290 mg)
31 1
1
3
P{ H} NMR (162 MHz, C6D6,  = ppm): 6.4 (s). H NMR (400 MHz, C6D6,  = ppm): 8.54 (dt, J = 4.8 Hz,
3
3
0.8 Hz, 1H, NCH pyridine), 7.37 (tt, J = 6.4 Hz, 1.2 Hz, 1H, CH pyridine), 7.01 (tt, J = 7.8 Hz, 2.0 Hz, 1H,
3
CH pyridine), 6.61 (tt, J = 4.8 Hz, 1.2 Hz, 1H, CH pyridine), 2.29 (m, 2 H, CH cyclohexyl), 1.49‐1.58 (m,
8H, CH2 cyclohexyl), 1.29‐1.19 (m, 8H, cyclohexyl) 1.01 (m, 4H, CH2 cyclohexyl). 13C{1H} NMR (100 MHz,
C6D6,  = ppm): 26.5 (CH2 cyclohexyl), 26.9 (CH2 cyclohexyl), 27.0 (CH2 cyclohexyl) 27.2 (CH2 cyclohexyl),
27.3 (CH2 cyclohexyl), 29.4 (CH2 cyclohexyl), 29.5 (CH2 cyclohexyl), 29.9 (CH2 cyclohexyl), 30.0 (CH2
cyclohexyl), 32.8 (CH cyclohexyl), 32.9 (CH cyclohexyl), 122.0 (CH pyridine), 131.5 (d, 1Jcp = 39 Hz, CP
pyridine), 134.0 (d, 2J = 10.3 Hz), 149.8 (d, 3J = 3.6 Hz, CH pyridine), 162.2 (d, 3J = 26.2 Hz CN pyridine). IR
(cm‐1): 2919, 2848, 1726, 1572, 1446, 1417, 763, 745.
1‐phenyl‐2‐(diethylphosphino)‐1H‐pyrrole (L17):
[28]
This compound was prepared following a modified literature procedure.
In a 3‐neck round‐bottom Schlenk flask, 1‐phenylpyrrole (1.432 g, 10 mmol) was dissolved
in dry degassed hexane (30 mL). To this, TMEDA (2.25 mL, 15 mmol, 1.5 eq) was added
followed by a 2.5 M solution of n‐BuLi in hexane (4 mL, 10 mmol). The mixture was
refluxed until a clear bright red solution was obtained. Chlorodiethylphosphine (1.245 g,
10 mmol) was then added dropwise at reflux temperature. After addition, the mixture was refluxed for
an additional hour and then cooled to room temperature. Degassed water was added to quench the
reaction. The layers were separated and the aqueous layer was extracted twice with hexane (2 x 15
mL). All hexane fractions were combined, dried over Na2SO4 and filtered. The solvents were evaporated
and pure ligand was obtained as yellow oil.
31 1
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐40.7 (s). 1H NMR (400 MHz, C6D6,  = ppm): 0.85 (t, 3J = 7.6 Hz,
3H ethyl), 0.89 (t, 3J = 7.6 Hz, 3H ethyl), 1.4 (q, 3J = 7.6 Hz, 2H ethyl), 1.5 (q, 3J = 7.6 Hz, 2H ethyl), 6.4 (d,
3
3
3
J = 2.4 Hz, 1H pyrrole), 6.5 (s, 1H pyrrole) 6.9 (s, 1H pyrrole), 7.00 (m J = 7.2 Hz, 4H phenyl), 7.2 (d, J =
13 1
7.2 Hz, 1H phenyl). C{ H} NMR (100 MHz, C6D6,  = ppm): 9.7 (CH3), 9.8 (CH3), 20.3 (CH2), 20.4 (CH2),
1
109.7 (CH pyrrole), 110.7 (CH pyrrole), 115.3 (d, J = 2.3 Hz, CP pyrrole), 118.9 (CH pyrrole), 120.1 (CH
phenyl), 25.0 (CH phenyl), 125.8 (CH phenyl), 126.9 (CH phenyl), 128.4 (CH phenyl), 141.0 (C‐N phenyl).
IR (cm‐1): 2957, 2928, 2871, 1597, 1509, 1454, 1421, 759, 717, 692.
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1‐phenyl‐2‐(dicyclopentylphosphino)‐1H‐pyrrole (L18):
This compound was prepared following a modified literature procedure.[28]
In a 3‐neck round‐bottom Schlenk flask, 1‐phenylpyrrole (1.432 g, 10 mmol) was
dissolved in dry degassed hexane (30 mL). To this, TMEDA (2.25 mL, 15 mmol, 1.5 eq)
was added followed by a 2.5 M solution of n‐BuLi in hexane (4 mL, 10 mmol). The
mixture was refluxed until a clear bright red solution was obtained.
Chlorodicyclopentylphosphine (2.047 g, 10 mmol) was then added dropwise at reflux temperature.
After addition, the mixture was refluxed for an additional hour and then cooled to room temperature.
Degassed water was added to quench the reaction. The layers were separated and the aqueous layer
was extracted twice with hexane (2 x 15 mL). All hexane fractions were combined, dried over Na2SO4
and filtered. The solvents were evaporated and pure ligand was obtained as an off‐white solid (99%,
3310 mg).
31 1
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐28.4 (s). 1H NMR (200 MHz, C6D6,  = ppm): 1.4 (m, 16H
3
3
3
cyclopentyl), 2.0 (m, J = 4.2 Hz, 2H cyclopentyl), 6.3 (q, J = 3.2 Hz, 1H pyrrole), 6.5 (dd, J = 1.6, 3.2 Hz,
3
3
3
1H pyrrole), 6.8 (q, J = 2.8 Hz, 1H pyrrole), 7.1 (m, J = 1.6, 7.0, 4H phenyl), 7.3 (dt, J = 1.2, 8.2 Hz, 1H
phenyl). 13C{1H} NMR (50 MHz, C6D6,  = ppm): 25.6 (CH2 cyclopentyl), 25.7 (CH2 cyclopentyl), 26.5 (CH2
cyclopentyl) 26.6 (CH2 cyclopentyl), 30.78 (CH2 cyclopentyl), 30.92 (CH2 cyclopentyl), 31.17 (CH2
cyclopentyl), 31.21 (CH2 cyclopentyl), 38.6 (CP cyclopentyl), 38.8 (CP cyclopentyl) 109.6 (CH pyrrole),
116.6 (CP pyrrole), 125.3 (CH pyrrole), 126.6 (CH phenyl), 127.3 (CH phenyl), 128.1 (CH pyrrole), 128.5
(CH phenyl), 130.8 (CH phenyl), 131.0 (CH phenyl) 141.1 (C‐N phenyl).
1‐phenyl‐2‐(diphenylphosphino)‐1H‐pyrrole (L19):
This compound was prepared following a modified literature procedure.[28]
In a 3‐neck round‐bottom Schlenk flask, 1‐phenylpyrrole (1.432 g, 10 mmol) was
dissolved in dry degassed hexane (30 mL). To this, TMEDA (2.25 mL, 15 mmol, 1.5 eq)
was added followed by a 2.5 M solution of n‐BuLi in hexane (4 mL, 10 mmol). The
mixture was refluxed until a clear bright red solution was obtained.
Chlorodiphenylphosphine (2.206 g, 10 mmol) was then added dropwise at reflux temperature. After
addition, the mixture was refluxed for an additional hour and then cooled to room temperature.
Degassed water was added to quench the reaction. The layers were separated and the aqueous layer
was extracted twice with hexane (2 x 15 mL). All hexane fractions were combined, dried over Na2SO4
and filtered. The solvents were evaporated and pure ligand was obtained as an off‐white solid (99%,
3310 mg).
31 1
1
3
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐30.1 (s). H NMR (200 MHz, C6D6,  = ppm): 6.3 (m, J = 1.8 Hz,
13 1
1H pyrrole), 6.8 (m, 1H pyrrole), 6.9 (m 1H pyrrole), 7.00 (m, 4H phenyl), 7.2 (m, 1 H phenyl). C{ H}
NMR (50 MHz, C6D6,  = ppm): 105.0 (CH pyrrole), 110.3 (CH pyrrole), 120.5 (CH phenylpyrrole), 126.1
(CH phenyl), 126.2 (CH phenyl), 127.0 (CH phenylpyrrole), 128.2 (CH phenyl), 128.4 (CH phenyl), 128.6
(CH phenylpyrrole) 133.7 (CH phenyl), 133.3 (CH phenyl), 138.0 (CP phenyl), 138.2 (CP phenyl) 141.0 (C‐
‐1
N phenylpyrrole). IR (cm ): 1597, 1509, 1497, 762, 742, 724, 692.
1‐(2‐(dicyclohexylphosphino)‐phenyl)‐1H‐pyrrole (L20):
In dry degassed hexane 20 mL), 1‐(2‐bromophenyl)pyrrole (400 mg, 1.8 mmol) was
dissolved. The mixture was cooled to ‐78ºC on a CO2/acetone bath and a 2.5 M
solution of n‐BuLi in hexanes (774 μL, 1.8 mmol) was added slowly. The mixture was
stirred for an additional 15 min at ‐78ºC. The CO2/acetone bath was removed and the
mixture was allowed to slowly warm to r.t.. At r.t. ClPCy2 (401μL, 1.8 mmol) was then
added dropwise to the mixture. After that it was heated and allowed to reflux for 3.5 h. The solution
was cooled down and quenched with water (15 mL), extracted with hexane (2 x 15 mL), dried over
MgSO4 and filtered. The solvents were evaporated yielding a yellowish oil (509 mg, 83%).
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P{1H} NMR (162 MHz, CDCl3,  = ppm): ‐13.7 (s). 1H NMR (400 MHz, CDCl3,  = ppm): 0.81 (m, 2H,
cyclohexyl), 1.0‐1.16 (m, 10H, cyclohexyl), 1.45‐1.66 (m, 10H, cyclohexyl), 6.35 (m, 1H, pyrrole), 6.65 (m,
1H, pyrrole), 6.74 (m, 1H, phenyl), 6.86‐7.09 (m, 3H, phenyl, pyrrole), 7.26‐7.36 (m, 2H, phenyl).
31

[30]

1‐butyl‐1H‐pyrrole (5):
Pyrrole (1.4 mL, 20 mmol) was placed in a Schlenk tube under Ar atmosphere. Dry, degassed
dichloromethane (20 mL) was added, followed by tetramethylammonium bromide (3.08 gr, 20
mmol). Subsequently, 1‐bromobutane (2.4 mL, 22 mmol) was added. The mixture was cooled
down to 0ºC on an ice bath and NaOH (50% aq., 20 mL) solution was added. After that, the
emulsion was heated to 60ºC for 24 hours while stirring. The mixture was cooled down after 24 h and
diluted with water (20 mL). The mixture was separated and the aqueous layer was washed three times
with dichloromethane (20 mL). The organic layer was then washed with 3 M hydrochloric acid (100 ml)
and brine (100 mL) and dried over magnesium sulfate. This was filtrated and the solvents were
evaporated to yield a yellow oil (760 mg, 31 %).
1
3
H NMR (400 MHz, CDCl3,  = ppm): 0.96 (t, J = 7.2 Hz, 3H, CH3 butyl), 1.38 (m, 2H, CH2 butyl), 1.77 (m,
3
2H, CH2 butyl), 3.90 (t, J = 6.8 Hz, 2H, NCH2 butyl), 6.17 (m, 2H, CH pyrrole ), 6.68 (m, 2H, CH pyrrole).
13 1
C{ H} NMR (100 MHz, CDCl3,  = ppm): 13.6 (CH3), 19.9 (CH2), 33.6 (CH2), 50.1 (NCH2), 107.7 (CH
pyrrole), 120.5 (CH pyrrole). IR (cm‐1): 3100, 2957, 2929, 2872, 1500, 1458, 1378, 1280, 1087, 1061.
1‐butyl‐2‐(dicyclohexylphosphino)‐1H‐pyrrole (L22):
Compound 5 (746 mg, 6.11 mmol) was dissolved in dry degassed hexane (10 mL). To
this TMEDA (2.25 mL, 15 mmol) and n‐BuLi (2.25 mL, 2.5 M in hexane, 5.625 mmol)
were added. The mixture was refluxed for 3 h, before adding PCl(Cy)2 (1.1 mL, 5
mmol). The mixture was refluxed for 1 additional hour before degassed water was
added to quench the reaction. The two layers were separated and the aqueous layer
was washed with hexane (2 x 10 mL). The hexane layer was then washed with degassed water. The
hexane layer was dried over magnesium sulfate and filtrated. All solvent was evaporated yielding a
yellow oil (850 mg, 53 %).
31 1
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐5.9 (s). 1H NMR (400 MHz, C6D6,  = ppm): 0.87 (t, 3J = 7.2 Hz,
3
3H, CH3 butyl), 1.18 (m, 8 H, cyclohexyl), 1.32 (m, 2H, CH2 butyl), 1.38 (m, J = 7.2 Hz, 2H, CH2 butyl),
3
1.45 (m, 4H, cyclohexyl), 1.60‐1.79 (m, 8H, cyclohexyl), 2.36 (m, J = 7.6 Hz 2H, PCH), 3.32 (m, 2H, NCH2
butyl), 5.98 (m, 1H, CH pyrrole), 6.23 (m, J = 10.8, 2.0 Hz, 1H, CH pyrrole), 6.42 (m, J = 14.8, 2.0 Hz, CH
pyrrole). 13C{1H} NMR (100 MHz, CDCl3,  = ppm): 13.8 (CH3 butyl), 21.3 (CH2 butyl), 24.6 (CH2
cyclohexyl), 26.6 (CH2 butyl), 27.3(CH2 cyclohexyl), 27.4 (CH2 cyclohexyl), 27.5 (CH2 cyclohexyl), 28.9
(CH2 cyclohexyl), 29.1 (CH2 cyclohexyl), 30.4, (CH2 cyclohexyl) 30.5 (CH2 cyclohexyl), 30.8 (CH2
cyclohexyl), 31.0 (CH2 cyclohexyl), 33.4 (CP), 33.6 (CP), 48.7 (NCH2), 105.8 (CH pyrrole), 108.0 (CH
pyrrole), 115.6 (CH pyrrole), 119.8 (d, 1Jcp = 25.9 Hz, CP pyrrole). IR (cm‐1): 2922, 2850, 1446, 1157, 718.
2‐(dicyclohexylphosphino)‐1‐phenyl‐1H‐imidazole (L23):
In dry degassed hexane (10 mL), 1‐phenylimidazole (380 μL, 3 mmol) was emulsified via
vigorously stirring. To this, TMEDA (670 μL, 4.5 mmol) was added. While stirring, a 2.5
M solution of n‐BuLi in hexanes (1.2 mL, 3 mmol) was added dropwise and the solution
became turbid and pinkish. The resulting mixture was allowed to stir for 2 h and turned
almost black. The phosphine ClPPh2 (540 μL, 3 mmol) was added dropwise and after all
was added, the mixture was allowed to reflux for 30 min. Water was added at r.t. to quench the
reaction. The product was extracted using hexane, which was then dried over MgSO4 and filtered.
Evaporation of the hexane layer delivered an off‐white solid in 53% yield (550 mg, 1.62 mmol).
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P{1H} NMR (81 MHz, C6D6,  = ppm): ‐19.7 (s). 1H NMR (400 MHz, C6D6,  = ppm): 1.32‐1.43 (m, 22H,
cyclohexyl), 6.76 (d, J = 1.2 Hz, 1H, imidazole), 6.77 (d, J = 1.2 Hz, 1H, imidazole), 6.94‐7.01 (m, 4H, CH
13 1
phenyl), 7.69 (t, J = 8 Hz, 1H, CH phenyl). C{ H} NMR (50 MHz, CDCl3,  = ppm): 26.8 (cyclohexyl), 123.5
(imidazole), 126.2 (phenyl), 126.3 (phenyl), 127.2 (phenyl), 131.4 (imidazole) 133.9 (N‐C phenyl), 134.4
‐1
(C‐P imidazole). IR (cm ): 3053, 1597, 1500, 1434, 741, 691.
31

tris(1‐phenyl‐1H‐pyrrol‐2‐yl)phosphine (L24):
In dry degassed hexane (30 mL), 1‐phenylpyrrole (1.288 g, 9 mmol) was dissolved.
To this TMEDA (2.1 mL, 13.5 mmol) was added and stirred vigorously. Subsequently,
a solution of 2.5 M n‐BuLi in hexane (3.6 mL, 9 mmol) was added. The whole was
refluxed for 2.5 h and then cooled to r.t.. To the mixture PCl3 (412 mg, 3 mmol) was
added slowly and refluxed for an additional hour. Water was added to quench the
reaction and the products precipitated out of the solution. The mixture was filtered and the residue
was washed with water (2 x 15 mL) and hexane (2 x 15 mL). Pure product was obtained as an off‐white
solid (626 mg. 54%).
31 1
P{ H} NMR (162 MHz, CDCl3,  = ppm): ‐75.5 (s). 1H NMR (400 MHz, CDCl3,  = ppm): 6.35 (dd, 1H,
pyrrole, 3J = 3.6, 3 Hz), 6.41 (dd, 1H, pyrrole, 3J = 3.6, 3 Hz), 7.0 (d, 1H, pyrrole, 3 Hz), 7.01‐7.04 (m, 2H,
phenyl), 7.18‐7.21 (m, 3H, phenyl). 13C{1H} NMR (50 MHz, CDCl3,  = ppm): 105.0 (CH pyrrole), 109.7 (d,
J = 1.4 Hz, CH pyrrole), 120.6 (CP pyrrole), 125.6 (d, J = 4.3 Hz, CH phenyl), 126.0 (CH pyrrole), 126.8 (CH
‐1
phenyl), 140.5 (C‐N phenyl). IR (cm ): 1597, 1497, 761, 723, 694.
(2R,5R)‐2,5‐dimethyltetrahydrothiophene 1,1‐dioxide (7):
In a Schlenk tube, (2S,5S)‐hexanediol (8.5 mmol, 1.0 gram) was suspended in CCl4 (6 mL). To
this, SOCl2 (800 mL, 10.96 mmol) was added and all compounds dissolved. The mixture was
heated to reflux and stirred for 1.5 h.
After that, the reaction mixture was cooled to r.t. and solvents were all evaporated. The remaining was
then redissolved in CCl4 (6 mL), acetonitrile (6 mL) and water (9 mL) and cooled on an ice‐bath to 0ºC.
To this, RuCl3.3 H2O (14 mg, 0.059 mmol) was added followed by NaIO4 (3.62 gram, 17 mmol). The ice‐
bath was removed and the mixture slowly warmed to room temperature. Keeping the mixture at this
temperature, stirring was continued for an additional hour. The product was extracted with ether (5 x
20 mL) and the combined ether layers were washed with brine. The ether layers were dried over MgSO4
and filtered of silica. Solvents were evaporated under vacuum yielding 805 mg of white crystalline
product (55.5 %).
1
3
H NMR (200 MHz, C6D6,  = ppm): 1.40 (s, 3H methyl), 1.43 (s, 3H methyl), 1.9 (m, 4H, CH2), 3.73 (m, J
3
13 1
= 6.6 Hz, 1H, CH‐methyl), 8.8 (m, J = 6.6 Hz, 1H, CH‐methyl). C{ H} NMR (50 MHz, C6D6,  = ppm): 21.5
(CH3 methyl), 34.5 (CH2), 81.5 (CH‐methyl).
1‐phenyl‐2‐(bis(diethylamino)phosphino)‐1H‐pyrrole (8):
In an oven‐dried Schlenk flask, 1‐phenylpyrrole (1.432 g, 10 mmol) was dissolved in
degassed hexane (30 mL). To this, TMEDA (2.25 mL, 15 mmol) was added, followed by
a 2.5 M solution of BuLi in hexanes (4 mL, 10 mmol). The mixture was refluxed for 2 h
and then allowed to cool down to r.t. Subsequently PCl(Net2)2 (2.1 mL, 10 mmol) was
added dropwise while stirring. The mixture was stirred until no color change was
observed anymore. The volume of the mixture was reduced to 5 mL and was not further purified for
the next step.
31 1
P{ H} NMR (81 MHz, C6D6,  = ppm): 77.9 (s).
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2‐(dichlorophosphino)‐1‐phenyl‐1H‐pyrrole (9):
Compound 8 was diluted with Et2O and cooled on and ice bath to 0ºC. To this a 2.0 M
solution of HCl in Et2O (10 mL) was added dropwise until no precipitation was formed
anymore. The mixture was filtrated and the filtrate was collected. The solvent was
evaporated to yield a yellow oil (2.44 g, 10 mmol). This was redissolved in Et2O and cooled
to 0ºC again. A separately prepared LiAlH4 (759 mg, 20 mmol) suspension in Et2O (10 mL) was also
cooled to 0ºC. The mixture of compound 8 was slowly added to the LiAlH4 suspension. This was allowed
to stir for an additional h at r.t. and then filtrated. The residue was washed with Et2O and the organic
layers were combined. Evaporation of the solvents yielded a clear colorless oil (715 mg, 41%).
31 1
P{ H} NMR (81 MHz, C6D6,  = ppm): ‐161.7 (s).
2‐((2R,5R)‐2,5‐dimethylphospholan‐1‐yl)‐1‐phenyl‐1H‐pyrrole (L25):
In dry degassed THF (40 mL), phosphine 9 (715 mg, 4.08 mmol) was dissolved and cooled
to ‐50°C. Separately, KH (621 mg, 4.64 mmol) was suspended in THF (10 mL). After
cooling, the suspension of KH was slowly added to the 9 solution. The combined mixture
was allowed to warm to r.t. and was stirred for 1.5 h.
In a separate Schlenk tube, 7 (735 mg, 4.08 mmol) was dissolved in THF. After 1.5 h
stirring, the mixture of 7 was added to the phosphine solution. The mixture was allowed to stir for
another hour at r.t.. After that, an additional equivalent of KH (623, 4.66 mmol) in THF (10 mL) was
added to the reaction mixture. This was stirred at r.t. for another hour before the reaction was
quenched with MeOH (1.2 mL). All solvents were evaporated under vacuum and redissolved in hexane.
The hexane layer was washed with water (2 x 20 mL) and the aqueous layers were then extracted with
hexane (2 x 10 mL). The hexane layers were combined and dried over MgSO4. This was filtered and
solvents were evaporated, yielding a colorless oil (75%, 787 mg).
31 1
1
3
P{ H} NMR (162 MHz, C6D6,  = ppm): ‐19.6 (s). H NMR (400 MHz, C6D6,  = ppm): 1.16 (d, J = 6.4 Hz,
3
3
3
3H, CH3), 1.21 (d, J = 6.4 Hz, 3H, CH3), 1.49 (m, J = 2.4, 6.4 Hz, 2H, CH2 dimethylcyclopentyl), 1.70 (m, J
= 2.4, 6.4 Hz, 2H, CH2 dimethylcyclopentyl), 2.03 (m, 3J = 1.2, 6.4 Hz, 2H, CH dimethylcyclopentyl), 6.29
(q, 3J = 2.4 Hz, 1H, CH pyrrole), 6.34 (q, 3J = 2.4, 3.6 Hz, 1H, CH pyrrole), 6.41 (dd, 3J = 1.6, 3.6 Hz, 1H, CH
pyrrole), 6.84 (t, 3J = 2.0, Hz, 2H phenyl), 6.98‐7.05 (m, 2H phenyl), 7.2 (dt, 3J = 1.2, 6.0 Hz,, 1H phenyl).
13 1
C{ H} NMR (50 MHz, C6D6,  = ppm): 19.7 (CH3 dimethylcyclopentyl), 20.7 (CH3 dimethylcyclopentyl),
29.5 (CH2 cyclopentyl), 30.2 (CH2 cyclopentyl), 36.7 (CH cyclopentyl), 33.3 (CH cyclopentyl), 110.7 (CH
pyrrole), 118.9 (CP pyrrole), 120.1 (CH pyrrole), 125.0 (CH pyrrole) 127.5 (CH phenyl), 127.9 (CH
phenyl), 128.3 (CH phenyl), 129.3 (2 x CH phenyl), 141.1 (C‐N phenyl). IR (cm‐1): 2919, 2847, 1597, 1509,
1496, 1446, 1420, 1319, 761, 717, 692.
2.7.3 Analysis
Response factors of cyclohexanol and 2‐heptanol and all products of these substrates in the direct
amination of secondary alcohols were determined and are listed in Table 3. The response factors were
determined with respect to both the alcohol and the primary amine. Solutions with different
concentrations of one chemical and constant for another chemical were prepared. The solutions were
subjected to the GC method used for the characterization of the reaction mixture. By plotting the
concentration with respect to the peak area, a line graph can be obtained from which the slope is the
response factor of the variable chemical.
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GC‐method details
Injection Mode/ ratio:Split/ 200
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Pressure program:
Temperature program:
Column type:
Column length:
Column Max. Temp.:

270ºC
He
Pressure
121.0 kPa
144.0 mL/min
0.70 mL/min
25.8 cm/sec
121.0  164.0 @ 1.8 kPa/min 164.0 hold 15 min
80ºC  270ºC @ 8ºC/min 270 hold 15 min
Ultra‐2 serial nr.: US8649351H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
310ºC

Table 10: Response factors of all reaction products for a linear (2‐heptanol) and a cyclic
(cyclohexanol) substrate with respect to both the amine and the alcohol of the substrate
Compound
Response factor / alcohol
Response factor / primary
amine
Cyclohexanol
Cyclohexanone
Cyclohexylamine
Dicyclohexylimine
2‐Heptanol
2‐Heptanone
2‐Heptylamine
Di‐(2‐heptyl)imine

N/A
1.01
1.02
2.02
N/A
1.01
1.02
2.01

1.02
0.99
N/A
1.98
1.02
0.99
N/A
1.98

In Table 4 GC‐MS values are shown for amine compounds which have been synthesized via direct
amination of secondary alcohols with ammonia.
Table 11: GC‐MS results of some amines synthesized via amination of the corresponding alcohols
with ammonia
Amine
Expected mass (a.u.)
Found mass (a.u)
cyclohexylamine
Cyclopentylamine
Cyclooctylamine
2‐cyclohexen‐1‐amine
2‐hexylamine
2‐heptylamine
2‐octylamine
3‐hexylamine
1‐phenylethylamine
Menthylamine
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99.17
85.15
127.23
97.16
101.19
115.19
129.24
101.19
121.18
155.17

99.2
85.05
127.2
+
98.15 (MH )
101.25
115.2
129.25
101.45
122.2 (MH+)
155.2
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Chapter 3: Improved Ru3(CO)12 catalyzed alcohol
amination

The development of the catalyzed amination of alcohols gives rise to a new range of
homogeneous catalysts. Since there are just a few examples of catalysts known, able to
perform this conversion, more research has to be carried out in this field. The turnover
number and turnover frequency are still very low, and thus more efficient catalysts have
to be developed. Also in view of long term stability and possible recyclability more
efficient catalysts are needed. This chapter describes the improvement of the Ru3(CO)12
catalyzed alcohol amination, in which it is shown that the previously reported acridine‐
based diphosphine ligand is more active and robust in combination with Ru3(CO)12.
Moreover, it is shown that this can be reused in consecutive runs and is applicable to
higher amounts of substrate conversions.

Manuscript in preparation:
D.Pingen, O. Diebolt, C. Müller, D. Vogt
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3.1 Introduction
The first examples of (secondary) alcohol amination still showed relatively low turnover
numbers or low turnover frequencies.[1,

2]

Although it is a fairly new reaction, these

should be improved soon for being useful with respect to synthetic application or even
industrial application.[3] So far, only a few systems have shown to be active and stable
in the presence of ammonia.[4] Therefore there is a need for new, robust catalysts.
These have to show higher turnover numbers, high thermo‐stability and preferably
should also be reusable.
The scientific value of developing more catalysts for particular reactions lies in the
know‐how of the reactions. If more systems show to be active, a similarity between
these can be found, which might eventually lead to mechanistic understanding.
Knowing a mechanism allows us to customize and fine‐tune a catalyst. Though a
concept mechanism has been proposed for the direct amination of alcohols, a more
exact and clear mechanism would allow us to fine‐tune ligands.

Scheme 1: Hydrogen Shuttling concept in the direct amination of alcohols

Scheme 2: Direct amination of cyclohexanol using the Ru3(CO)12/CataCXium PCy system

3.2 Ligand Screening
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3.2.1 Diphosphine based systems
In line with the previously developed system based on Ru3(CO)12 and CataCXium PCy
(Scheme 2),[5] the range of screened ligands was expanded to bidentate phosphines to
gain more insight into the importance of the ligand and to find a more stable and
robust system. Because diphosphines may interact with the ruthenium as a bidentate
coordinating ligand, the properties might change due to the stronger ligand effects
hence the catalytic possibilities might be improved. A range of commercially available
ligands was employed in the direct amination of cyclohexanol, the benchmark
substrate (Figure 1).

Figure 1: Ligands screened in the direct amination of cyclohexanol
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Table 1: Results in the screening of diphosphine ligands in the direct amination of cyclohexanol. Reaction
conditions: Ru3(CO)12 (0.1 mmol), ligand (0.6 mmol for L6, 0.3 mmol for others), cyclohexanol (10 mmol),
cyclohexane (6 mL), NH3 (6 mL, 234 mmol), 140ºC, 21 h

Ligand

Conversion

Primary Amine

Secondary imine

Ketone

(%)[a]

selectivity (%)

selectivity (%)

selectivity (%)

L1

8.9

28.3

35.9

35.8

L2[b]

13.6

70.1

0

29.9

L3

15.7

54.0

31.2

6.5

73.7

71.0

21.6

4.7

L4

35.7

50.3

35.9

13.8

L5

15.3

44.3

31.4

18.1

L6

90.3

72.4

25.4

2.2

L7

99.0

95.7

3.8

0

L8

12.8

60.1

0

39.9

[c]

L3

[a]Conversions were determined by GC, based on the alcohol consumption and amine production [b] 170ºC [c]
1,4‐cyclohexanediol as substrate

Whereas the conversion varied from 9 to 35% and the selectivity was around 60% or
lower for most bidentate ligands, only ligand L7 showed outstanding results. Full
conversion with over 95% selectivity was achieved within 21 h (Table 1). Interestingly,
this ligand was previously used by Milstein (Ligand L7, Figure 1) in the direct amination
of primary alcohols. However, it appeared that in combination with RuHCl(CO)(PPh3)3 it
was inactive towards secondary alcohols.[6]
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3.3 Screening of Reaction Parameters
3.3.1 Metal to Ligand Ratio
Proceeding with the newly found combination of the acridine‐based ligand combined
with Ru3(CO)12, ligand to metal ratio studies were performed. Experiments applying
different ratios were conducted of which a reaction profile was made. With respect to
the solubility of all reaction components, the solvent was changed to t‐amylalcohol,
which gave no difference in reaction outcomes. The experiments were performed at
two temperatures to decrease the reaction time.
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Graph 1: Ligand ratio at 150ºC. Ru3(CO)12 (0.066 mmol), Ligand L7, 10 mmol, cyclohexanol, 13.3 mL t‐
amylalcohol, 6 mL NH3 (234 mmol).  = Ru:L = 1:2,  = Ru:L = 1:1,  = Ru:L = 1:0.5,  = Ru:L = 1:0.33, black =
cyclohexanol gray = cyclohexylamine

As can be seen in Graph 1 and Graph 2, the Ru/ligand ratio has a strong effect on the
reaction rate. Applying a ratio of 1:0.5 appeared to be optimal, while going lower
showed initially similar activity but showed deactivation in the end; no full conversion
could be achieved. The reaction applying a metal to ligand ratio of 1:0.33 showed black
precipitation in the end, which might be ruthenium black, and most likely is the cause
of the decreased activity. The same trend was observed conducting the reaction at
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170ºC, also with formation of black precipitation. In all other reactions with different
Ru:L ratio’s, no black precipitation was observed.
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Graph 2: Ligand ratio at 170ºC. Ru3(CO)12 (0.066 mmol), Ligand L7, 10 mmol, cyclohexanol, 13.3 mL t‐
amylalcohol, 6 mL NH3 (234 mmol).  = Ru:L = 1:2,  = Ru:L = 1:1,  = Ru:L = 1:0.5,  = Ru:L = 1:0.33, black =
cyclohexanol, gray = cyclohexylamine

3.3.2 Substrate to Ammonia Ratio
As it is expected that the amount of ammonia will influence the production of the
primary amine, different amounts of ammonia were employed. Surprisingly, only
lowering the amount to 3 mL showed a decrease in conversion. Ammonia is also
expected to be a possible ligand and might become a competitive ligand at high
concentration. However, even at 12 mL of ammonia, which is about 47 equivalents
compared to the substrate, not much difference was observed (Graph 3).
The conversion went up to about 100% in all cases with almost complete selectivities.
The outcome of the reaction was apparently not influenced by the amount of
ammonia; though with less ammonia the reaction turned out to be slower.
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Graph 3: Effect of amount of ammonia. Reaction Conditions: Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2 mmol),
cyclohexanol (10 mmol), t‐amylalcohol (13.3 mL), NH3, 170ºC.  = 3 mL (117 mmol),  = 6 mL (6 mL, 234 mmol),
 = 9 mL (351 mmol),  = 12 mL (468 mmol), black = cyclohexanol, gray = cyclohexylamine

As the pressure under reaction conditions increases with the amount of ammonia, it
might be that applying additional inert pressure on top of the ammonia is sufficient.
Applying the right amount of pressure could eventually lead to a lower amount of
ammonia needed. Additional pressure could be created using an inert gas such as
helium or argon.

3.3.3 Preformation of the Catalyst
Though the amount of ammonia seemed to be less important for the final outcome, it
influenced the reaction rate. With a too low amount the reaction took much longer to
go to completion. In order to know whether the catalyst requires time to be formed,
different preformation times were applied.
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Graph 4: Preformation: 0.066 mmol Ru3(CO)12, 0.1 mmol L7, 13.3 mL t‐amylalcohol, 150ºC, 18 h. Reaction: 10
mmol cyclohexanol added, 6 mL NH3 (234 mmol),  = cyclohexanol,  = cyclohexylamine, vertical lines:  =
80ºC, = 100ºC,  = 120ºC,  = 150ºC

Graph 4 shows the outcome of an experiment in which the mixture of catalyst
precursor (Ru3(CO)12), ligand and solvent was heated to the reaction temperature
(170ºC) for 18 h. After this, the mixture was cooled down and substrate (cyclohexanol)
and ammonia were added. Then the mixture was heated gradually and maintained at
different temperatures for two hours, until activity was observed.
Graph 5 shows the result of a similar experiment but now the preformation was done
also in the presence of ammonia. After heating for 18 h, the mixture was cooled down,
substrate added, and new ammonia added. The same heating pattern was applied.
In both cases however, the reaction starting only at 150ºC. No preformation time was
seen and the temperature needed for the reaction to proceed is just very high.
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Graph 5: Preformation: 0.066 mmol Ru3(CO)12, 0.1 mmol L7, 13.3 mL t‐amylalcohol, 6 mL NH3 (234 mmol), 150ºC,
18 h. Reaction: 10 mmol cyclohexanol added, 6 mL NH3 (234 mmol).  = cyclohexanol,  = cyclohexylamine,
vertical lines:  = 80ºC, = 100ºC,  = 120ºC,  = 150ºC

3.4 Bio‐Alcohol Amination
Using the found conditions, the catalyst was applied in the conversion of a range of
naturally available alcohols, bearing functionalities such as allylic alcohols, double
bonds, and ring structures. Due to these functionalities, it is a challenge to achieve
reasonable selectivities. For almost all substrates the conversions were satisfying,
though the selectivity varied (Table 2 and Table 3). This is mainly due to isomerization
of the allylic alcohols. The isomerization to aldehydes is known to be catalyzed by Ru, at
milder conditions than the ones used for the amination.[7,8] The intermediate aldehydes
eventually form the saturated amines. Because of this, there is a lack of hydrogen to
form the primary amines. As a consequence, imines or nitriles result from these
reactions. Moreover, the primary alcohols are prone to form secondary imines. Bulky
substrates such as menthol, verbenol and fenchol appeared to be problematic with
respect to the second part of the hydrogen shuttling; from these mainly the ketones
were observed.
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Table 2: Secondary Bio‐alcohol amination using Ru3(CO)12/ L7 compared at different reaction conditions.
Reaction conditions: Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2 mmol), substrate (10 mmol), t‐amylalcohol (13.3
mL), NH3 (6 mL, 234 mmol), 150ºC and 170ºC.

Substrate

Menthol

Carveol

Verbenol

Borneol

Fenchol

Time

Temperature

Conversion

Selectivity

Ketones

(h)

(ºC)

(%) [a]

(%) [b]

(%)

21

150

25.3

18.0

82

21

170

31.6

70.8

29.2

63

150

32.7

24.3

75.7

21

150

67.3

74.7

21

170

99.1

55.2

65.5

150

82.0

56

42

170

99.3

50.4

21

150

93.5

39.7

44.2

21

170

96.4

27.7

62.2

63

170

98.8

25.0

47.7

21

150

58.5

73.2

21

170

76.8

83.9

65.5

150

72.2

78.7

63

170

79.1

81.2

21

150

50.6

0

34.8

21

170

59.2

0

46.0

63

150

54.5

0

38.2

117.5

170

63.9

0

44.3

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b] total of all
primary amines, [c] Main side products are the primary imine, amides and ketones
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Table 3: Primary Bio‐alcohol amination using Ru3(CO)12/ L7 compared at different reaction conditions. Reaction
conditions: Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2 mmol), substrate (10 mmol), t‐amylalcohol (13.3 mL), NH3 (6
mL, 234 mmol), 150ºC and 170ºC.

Substrate

Citronellol

Geraniol

Nerol

Farnesol

Neopentyl‐alcohol

Time (h)

Temperature

Conversion

Selectivity

(ºC)

(%) [a]

(%) [b], [c]

21

150

33.8

64.8

21

170

47.4

61.2

63

150

47.9

71.4

152

170

82.9

65.9

21

150

98.9

79.9

21

170

99.3

71.0

63

150

99.7

70.3

42

170

99.4

67.4

21

150

66.7

92.9

21

170

85.5

75.1

120

150

85.8

87

49

170

96

69.8

21

150

83.8

77.4

21

170

94.8

73.8

95

150

93.2

72.5

45

170

99.4

76.1

21

150

90.3

96.0

21

170

64.7

97.5

27

150

98.5

96.1

49

170

94.4

98.7

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b] total of all
primary amines, [c] Main side products are the primary imine, amides and ketones
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Additionally, bio‐derived diols were subjected to our new catalytic system (Table 4). As
the diamines derived from these diols are potential monomers for polymers, it is
desirable that these can be synthesized in an atom‐economic manner, starting from
simple bio‐derived alcohols and ammonia.[9,10,11] For the substrates in which the
hydroxy groups are not in close vicinity of each other, high conversions and selectivities
were achieved.

Table 4: Diols subjected to the Ru3(CO)12/ L7 catalytic system. Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2 mmol),
substrate (10 mmol), t‐amylalcohol (13.3 mL), NH3 (6 mL, 234 mmol), 150ºC and 170ºC.

Substrate

Conversion
(%)

[a]

Primary

Secondary

Ketones

Diamine (%)

Amine (%)

(%)

100

100

0

0

100 [b]

100 [c]

0

0

100

100[c]

100

95

0

0

100[b]

64.1 [d]

19.9

10.2

100

65.8 [d]

17.7

13.8

100

45.9 [e]

44.8 [f]

0

96.4

47.8 [g]

52.2 [h]

0

[a] Conversions were determined by GC, based on the alcohol consumption and amine production [b] 10% mono‐
aminated product observed [c] decarbonylation, only sec‐isobutylamine, [d] cyclopentylamine [e] 10% mono‐
aminated product observed [f] octahydrophenazine [g] dodeca‐dicyclooctyl‐pyrazine [h] tetradeca‐dicyclooctyl‐
pyrazine

Unfortunately though expected, especially vicinal diols appeared to be problematic,
most likely due to the ketone intermediates, which react readily with the formed

66

Chapter 3

amines, if these are in close vicinity. Although for mono‐alcohols the ketones or
aldehydes were detected as intermediates in the amination, for the diols only the
mono‐aminated compounds, the amino‐alcohols, were detected as intermediates.

Surprisingly, the diol 1,3‐cyclopentanediol, was dehydrated, most likely forming the
intermediate allylic alcohol, which is then isomerized to the ketone and aminated
towards cyclopentylamine (Graph 6 and Graph 7).
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Graph 6: Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2 mmol), 1,3‐pentanediol (10 mmol), t‐amylalcohol (13.3 mL), NH3
(6 mL, 234 mmol), 170ºC .  = 1,3‐cyclopentanediol,  = cyclopentanol,  = cyclopentanone,  =
cyclopentylamine,  = dicyclopentylimine,  = by‐product 1,  = by‐product 2

The exact mechanism of this transformation is unclear, though the reaction is very
selective towards the cyclopentylamine. There are a number of side products, some of
which could not be identified properly, though these seem to be secondary imines.
These by‐products could be the hydrogen donors required to eventually form the
cyclopentylamine from 1,3‐cyclopentanediol (Scheme 3).
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Scheme 3: Proposed pathway for dehydration and amination of 1,3‐cyclopentandiol
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Graph 7: Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2 mmol), 1,3‐cyclopentanediol (10 mmol), t‐amylalcohol (13.3 mL),
NH3 (6 mL, 234 mmol), 150ºC, = 1,3‐cyclopentanediol, = cyclopentanol, = cyclopentanone,  =
cyclopentylamine,  = dicyclopentylimine,  = by‐product 1,  = by‐product 2

Neopentylglycol was decarbonylated, which is a known side reaction in reactions
applying this substrate at the stated temperatures and basic conditions.[12] From this,
eventually only sec‐butylamine was the product. No other products were observed.
Other diols such as 1,2‐cyclohexanediol and 1,2‐cyclooctanediol also appeared to be
problematic. The intermediate keto‐amine is very reactive towards another keto‐
amine, giving rise to the formation of the secondary diimines. This is, however, almost
aromatic; it only needs to be dehydrogenated once. Because of this the driving force is
the aromatization, which is observed indeed (see Scheme 4).
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Graph 8: Direct amination of 1,2‐cyclohexanediol. Reaction conditions: Ru3(CO)12 (0.066 mmol), Ligand L7 (0.2
mmol), t‐amylalcohol (13.3 mL), NH3 (6 mL, 234 mmol), 150ºC.  = 1,2‐cyclohexanediol,  = 1,2‐
cyclohexanediamine,  = 1‐amino‐2‐hydroxycyclohexane, octahydrophenazine (Scheme 4)

Graph 8 shows the reaction profile for the conversion of 1,2‐cyclohexanediol. The
diamine is observed, although it reaches a maximum at 40%. From there, the
intermediate aminoalcohol can also react with a keto‐amine intermediate, forming the
octahydrophenazine. Because the intermediate is most likely a di‐imine species, the
aromatization to the phenazine ring is probably favorable as only hydrogen is to be
removed here. Dehydrogenation towards the aromatic compound is most likely
energetically very favored.
OH

NH2

NH2

N

OH

OH

NH2

N

1,2,3,4,6,7,8,9-octahydrophenazine

Scheme 4: Amination of 1,2‐cyclohexanediol

Something similar was observed for 1,2‐cyclooctanediol. Here the aromatization
towards the phenazine was observed to a lesser extent, though no intermediate 1,2‐
cyclooctanediamine was observed. The aromatic pyrazine derivative was observed in
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about 50%, while the other 50% were a mixture of the two enantiomers of the di‐
imine.

Scheme 5: Direct amination of 1,2‐cyclooctanediol

The compounds in which the alcohol moieties were positioned further away from each
other (isomannide and 1,4‐cyclohexanediol) did not show any side product formation.
Both compounds were aminated very efficiently, though resulting in a cis/trans mixture
for 1,4‐cyclohexanediamine and a mixture of diamines from isomannide, isoidide, and
isosorbide for isomannide, respectively (Scheme 7). Both mixtures are going towards
the thermodynamic equilibria for these compounds, as is expected concerning the
reaction temperatures (Scheme 6).[13]

Scheme 6: Racemization of isomannide applying the amination reaction conditions without ammonia
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Scheme 7: Direct amination of isomannide and 1,4‐cyclohexanediol with the product isomer distribution

3.5 Catalyst Robustness
As scaling up reactions is often problematic, a lab‐scaling up was performed (Graph 9).
This limited version of a larger batch reaction gives merely an impression of the effects
from milligram‐scale to gram‐scale reaction. Moreover, the scaling up to gram‐scale
gives an impression of the catalyst stability and duration abilities. Although it was
observed previously that the reaction time increases with lower ammonia loading, the
alcohol to ammonia ratio was now only 1:4. In the reaction profile for the amination of
isomannide, the intermediate amino‐alcohol arises, which eventually decreases again
in favor of the diamino‐isomannide (Graph 9). The product was produced as a mixture
of the three stereoisomers and the ratio between these isomers was determined. What
is found here is the ratio goes towards the thermodynamic ratio in case of
isomerization reactions. From this, it can be concluded that the reaction does not
necessarily produce one of the isomers preferentially.
The reaction was performed again at this scale again, but now the ammonia was
refreshed after 72 hours; the mixture was cooled down and the remaining ammonia
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was let out. Without allowing air going into the autoclave, new ammonia (6 mL) was
added. It can be seen that it goes to completion much faster this time.
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Graph 9: Increased scale isomannide amination. Ru3(CO)12 (0.2 mmol), Ligand L7 (0.3 mmol), isomannide (30
mmol), t‐amylalcohol (40 mL), NH3 (6 mL, 234 mmol), 170ºC vertical line shows the ammonia renewal.  =
without ammonia renewal,  = with ammonia renewal, black = isomannide, gray = isomannide diamine, light
gray = intermediate amino‐alcohol

In testing the stability and reusability of this catalytic system, an experiment was
performed in which new substrate was added after a first batch of substrate was
converted. From this it is seen if the catalyst remains active in the presence of large
excesses of product, and thus if product inhibition plays a role. In the multiple substrate
additions graph (Graph 10) it is shown that the catalyst remains active after cooling
down, substrate is renewed, fresh ammonia is added and then heated again. After 6
consecutive runs, some loss of activity is observed, most likely due to concentration
differences. The selectivity however, remains high although because of the high amine
concentration in the last runs, the secondary imine will be formed much easier. At
higher temperatures the equilibrium between the cyclohexanone and cyclohexylamine
is very fast, though at room temperature it condenses to the secondary imine. In this
repetitive single batch run a total turnover number of 600 was reached, demonstrating
that the catalyst system is very robust.
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Graph 10: Multiple substrate additions in a repetitive single batch run. Ru3(CO)12 (0.05 mmol), Ligand L7 (0.15
mmol), t‐amylalcohol (20 mL), cyclohexanol (each addition 15 mmol), NH3 (each addition 6 mL, 234 mmol),
170ºC  = cyclohexanol,  = cyclohexylamine,  = dicyclohexylimine
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3.6 Conclusions
Based upon the results obtained previously with Ru3(CO)12/CataCXium PCy, an in depth
screening of diphosphines revealed an even more active catalytic system. Preformation
of the catalyst with or without ammonia does not affect the productivity. From this it
can be concluded that the catalytic species is formed before the reaction sets off. The
newly developed system exhibits a strong metal to ligand ratio effect from which can
be concluded that nanoparticles cannot be excluded. Whereas too much ligand
completely inhibits the reaction, too little ligand results in black precipitation.
Additionally it was found that the amount of ammonia plays merely a role in the
eventual required reaction time. The catalyst was employed in the direct amination of
primary and secondary bio‐alcohols, showing the potential of the system. The
amination of isomannide, a structurally interesting compound for polymer chemistry
could be obtained in up to 4.5 grams in one batch. However, an excess of ammonia
seems to be required as it has influence on the substrate consumption. Furthermore,
the catalyst system turned out to be very robust as shown by reuse of the catalyst
solution in at least 6 consecutive runs with only minor loss of activity. No significant
product inhibition was observed.
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3.7 Experimental
3.7.1 General considerations
Chemicals were purchased from Sigma‐Aldrich and Acros, Ru3(CO)12 was purchased from Strem and all chemicals
were used as received. Synthesis and catalysis reactions were performed under an inert Ar atmosphere using
standard Schlenk techniques. Product distribution and yield analyses were performed on a Shimadzu GC‐17 A
instrument with an Ultra 2 column (25 m, 0.2 mm id). 1H NMR, 31P NMR, 13C NMR spectra were recorded on 200
MHz and 400 MHz Varian Mercury spectrometers. The 1H and 13C chemical shifts are reported in ppm (parts per
million) downfield from TMS (tetramethylsilane), 31P chemical shifts are reported in ppm downfield from 85%
H3PO4. GC/MS analyses were conducted on a Shimadzu GCMS‐QP2010 SE with a DB‐1 MS column (10 m, 0.1 mm
id). Liquid ammonia was dosed using a Bronkhorst Liqui‐Flow mass flow meter/controller. Direct amination of
alcohols were performed in an in house developed 75 mL stainless steel autoclave equipped with a manometer
and a sampling unit for 50 µL samples.
General procedure for the direct amination of secondary alcohols using Ru3(CO)12 with phosphine ligands:
Ru3(CO)12 (1 mol%) was weighed into a Schlenk tube and was purged with Argon. To this, 6 mL dry degassed
cyclohexane or toluene was added. Subsequently, ligand (6 mol%) and the alcohol (10 mmol) were added and the
whole was heated gently to dissolve. The bright red solution was transferred to a homemade 75 mL stainless steel
autoclave, which was purged with Argon. The autoclave was charged with 6 mL liquid ammonia and then heated to
140ºC for the appropriate time.
3.7.2 Analyses
GC‐method details
Injection Mode/ ratio:
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Pressure program:
Temperature program:
Column type:
Column length:
Column Max Temp.

Split/ 200
270ºC
He
Pressure
121.0 kPa
144.0 mL/min
0.70 mL/min
25.8 cm/sec
121.0  164.0 @ 1.8 kPa/min 164.0 hold 15 min
80ºC  270ºC @ 8ºC/min 270 hold 15 min
Ultra‐2 serial nr.: US8649351H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
310ºC
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GC‐MS of amines
Table 5: GC‐MS analyses of amines derived from secondary bio‐alcohols produced using Ru3(CO)12/L7
Amine
Calc Mass.
Found Mass.
155.17
155.15

Menthylamine
151.14

151.30

153.15

154.05 [M+H+]

153.13

154.20 [M+H+]

Carvylamine

bornylamine

fenchylamine

Table 6: GC‐MS analyses of amines derived from primary bio‐alcohols produced using Ru3(CO)12/L7
Amine
Calc Mass.
Found Mass.
155.17
155.15

citronellylamine
153.15

153.25

153.15

153.25

221.21

221.30

geranylamine

nerylamine

farnesylamine
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Table 7: GC‐MS analyses of amines derived from bio‐based diols produced using Ru3(CO)12/L7
Amine
Calc Mass.
Found Mass.
114.12
114.20
1,4‐cyclohexanediamine
144.09

144.15

114.12

115.15

188.13

188.15

244.19

244.20

246.21

246.20

Isomannide amine

1,2‐cyclohexanediamine

octahydrophenazine

dodecadicyclooctylpyrazine

tetradecahydrodicyclooctylpyrazine
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Chapter 4: RuHCl(CO)(PPh3)3 as a Catalyst
Precursor in the Alcohol Amination with
Ammonia

In this chapter, the direct catalytic amination of alcohols with ammonia using
RuHCl(CO)(PPh3)3 as a catalyst precursor in combination with diphosphine
ligands is described. It was found that from catalysts with xanthene based
ligands only a few show good activity while some were completely inactive and
others gave secondary amines as major product. The ratio between the
precursor and ligand was studied as well as the required amount of ammonia.
The reactions were performed at two different temperatures to secure whether
any system was inactive due to high activation barriers or just being an inactive
complex for the aimed transformation.
Additionally, selectivity for primary or secondary alcohols has been studied
applying RuHCl(CO)(PPh3)3 in combination with SPANPhos. A diol containing a
primary as well as a secondary hydroxy group was used to determine if specific
selectivity can be achieved.

Manuscript in preparation:
D. Pingen, O. Diebolt, C. Müller, D. Vogt
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4.1 Introduction
After the development of the first homogeneously catalyzed direct alcohol
aminations,[1‐3] there is still a need for more active catalysts. Milstein’s catalyst
showed excellent turnover numbers but was inactive in the amination of
secondary alcohols. The systems based on Ru3(CO)12/CataCXium PCy were less
active, needing fairly long reaction times and a relatively high catalyst loading.
However, that was the first developed system being reactive in the direct
amination of secondary alcohols with ammonia.
As an answer to this, the group of Beller developed together with Evonik a
system based on RuHCl(CO)(PPh3)3, the same precursor Milstein used, and
Xantphos. This system appeared to be operating very well at 150ºC, though
with a high catalyst loading of 6 mol%.[4] However, conversions and
selectivities of up to 100% for primary and secondary alcohols were achieved.
Moreover, diols were also readily converted to the corresponding diamines.
The Xantphos ligand appears to be a very versatile ligand in a wide range of
transformations. Already known for some years is that the bite‐angle can play
an important role in catalysis. Tuning the bite‐angle can improve the catalyst
performance but can also reveal important mechanistic features.[5‐11]

4.2 The RuHCl(CO)(PPh3)3/Xantphos system
To learn more about the stability and the applicable temperature range of the
Xantphos/RuHCl(CO)(PPh3)3 system, the amination of cyclohexanol was
performed at 2 different temperatures, 150°C and 170°C. From this it can be
seen that the catalyst is stable at both temperatures with increasing reactivity
at higher temperature (Graph 1).
80

Chapter 4

100

Composition (%)

80

60

40

20

0
0

5

10

15

20

25

30

Time (h)

Graph 1: Xantphos/RuHCl(CO)(PPh3)3 catalyzed amination of cyclohexanol with ammonia. Conditions:
10 mmol cyclohexanol, 1 mol% RuHCl(CO)(PPh3)3, 1 mol% Xantphos, 20 mL t‐amylalcohol, 2.5 mL NH3
(97.5 mmol),  = 150ºC,  = 170ºC, black = cyclohexanol, gray = cyclohexylamine

Often an excess of ligand is added in catalysis to ensure that no dissociation
occurs during catalysis. However, typically an optimum amount of ligand is
found, as too much ligand might block necessary coordination sites or replace
other crucial ligands, forming inactive species. Moreover, determining the
optimal ligand/metal ratio can give valuable information about the structure of
the active species. As virtually nothing is known yet about the actual active
species and the immanent mechanism, also bimetallic species, clusters or
nanoparticles cannot be ruled out. Hence, the ligand/metal ratio was varied
over a wide range. In this way it should be possible to determine whether the
catalysis is performed by a bimetallic species, a species containing a single
ligand, species containing more than one ligand or that the ligand eventually
inhibits the reaction. Graph 2 shows that the L/Ru ratio requires to be at least
1:1. Below that, the rate of catalysis decreases considerably. However,
increasing the L/Ru ratio up to 4:1 does not result in significant difference,
indicating that the ligand does not interfere at that ratio.
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Graph 2: Variation of the L/Ru ratio. Conditions: 10 mmol cyclohexanol, 1 mol% RuHCl(CO)(PPh3)3,
Xantphos, 20 mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol), 150ºC  = Ru:L = 1:0.5,  = Ru:L = 1:1,  =
Ru:L = 1:2,  = Ru:L = 1:4, black = cyclohexanol, gray = cyclohexylamine

Another important aspect of this reaction is the amount of ammonia present.
Many catalysts do not tolerate a large excess of ammonia as it coordinates and
blocks active sites.[12,13] The benchmark amount of NH3 (2.5 mL, 97.5 mmol) in
this reaction apparently was already fairly low. Therefore only higher amounts
were used to study the effect. Though the catalyst is not completely
deactivated, loss of activity can be observed with increasing amount of
ammonia (Graph 3). Nevertheless, the reaction seems to proceed and might go
to completion at longer reaction times.
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Graph 3: Variation of the amount of ammonia. Conditions: 10 mmol cyclohexanol, 1 mol%
RuHCl(CO)(PPh3)3, 1 mol% Xantphos, 20 mL t‐amylalcohol, NH3, 150ºC  = 2.5 mL NH3 (97.5 mmol),
 = 5 mL NH3 (195 mmol),  =7.5 mL NH3 (292.5 mmol),  = 10 mL NH3 (380 mmol), black =
cyclohexanol, gray = cyclohexylamine
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In addition to these results, it would be interesting to differentiate between
the effect of the system pressure and the actual concentration of ammonia in
solution. Interestingly, the results obtained for this catalytic system are in
contradiction with those found for the Ru3(CO)12/acridine diphoshine system.
In that case no or positive effects were found in raising the amount of
ammonia and lowering the amount of ligand per metal. This might hint at two
different mechanisms for both catalyst systems, or at least at dealing with two
different initiation steps.

4.3 Xanthene‐type ligands
Xantphos is a very versatile ligand in catalysis. It has been used in a large
variety of catalytic conversions, as well as in coordination studies to metals.[14]
As the xanthene‐based ligands allow for relatively easy backbone adjustments
(bite angle, rigidity) and phosphine modification (electronic effects), several
xanthene‐type ligands were tested in catalysis (Figure 1). It was expected that
little variations in the bite‐angle would show differences in the catalytic results
(Table 1).

Table 1: Natural bite angles for xanthene backbone ligands

Ligand

Bite Angle (βn) [a]

DPEPhos

102

Sixantphos

108

Thixantphos

110

Xantphos

111

Xantphosphonite

n.d. [b]

Nixantphos

114

[a] Bite angles taken from ref.

[11]

[b] not calculated, expected to be the same as Xantphos
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Figure 1: Xanthene backbone ligands and DPEphos screened with RuHCl(CO)(PPh3)3

In order to see whether phosphonite ligands also show activity, the
Xantphosphonite ligand was also tested. This phosphonite, however, is
assumed to be unstable in the presence of ammonia under reaction
conditions. Moreover, in the reaction, water is produced as by‐product which
can hydrolyze the phosphonite moiety.
In Graph 4 to Graph 9 the results of applying the xanthene‐based ligands are
shown. The diphosphonite ligand was expected to be unstable under the
reaction conditions, and indeed, we found no catalytic activity upon use of this
ligand. Surprisingly, only Thixantphos (Graph 6), Xantphos (Graph 8), and
Sixantphos (Graph 9) show activity. These ligands all have bite angles close to
Xantphos, while the other ligands have higher or much lower bite angles (Table
1).
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1
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RuHCl(CO)(PPh3)3,
Xantphosphonite, 20 mL t‐amylalcohol, 2.5 mL
NH3 (97.5 mmol), 150ºC,  = cyclohexanol,  =
cyclohexylamine
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Graph 5: Conditions: 10 mmol cyclohexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% DPEphos, 20
mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol),
150ºC,

=
cyclohexanol,
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Graph 6: Conditions: 10 mmol cyclohexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% Thixantphos, 20
mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol),  =
150ºC,  = 170ºC, black = cyclohexanol, gray =
cyclohexylamine
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Graph 7: Conditions: 10 mmol cyclohexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% Nixantphos, 20
mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol),
150ºC,  = cyclohexanol, gray = cyclohexylamine
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Graph 9: Conditions: 10 mmol cyclohexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% Sixantphos, 20
mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol),  =
150ºC,  = 170ºC, gray = cyclohexylamine

Graph 8: Conditions: 10 mmol cyclohexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% Xantphos, 20
mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol),  =
150ºC,  = 170ºC, black = cyclohexanol, gray =
cyclohexylamine
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Graph 10: Conditions: 10 mmol cyclohexanol, 1 mol% RuHCl(CO)(PPh3)3, 1 mol% Thixantphos, 20 mL t‐
amylalcohol, 2.5 mL NH3 (97.5 mmol), 150ºC,  = cyclohexanol,  = cyclohexylamine,  =
cyclohexanone,  = dicyclohexylimine,  = dicyclohexylamine

In case of the Thixantphos ligand the reaction does proceed at 150°C, though
considerably slow (Graph 6). If the reaction is proceeded for longer than 30
hours, the primary amine eventually undergoes condensation with the formed
cyclohexanone to form the dicyclohexylimine (Graph 10). However, in contrast
to all other reactions, this is rapidly converted to the dicyclohexylamine.
Because of this surprising result, the combination of RuHCl(CO)(PPh3)3 might
be a good system for amine cross coupling, imine hydrogenation, or the
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reverse reaction, the splitting of secondary amines to primary amines.
Applying Thixantphos at higher temperature (170°C) also leads to good
conversion and now there is no secondary amine observed (Graph 6).
In case of Sixantphos, there seems to be an initiation phase at 150°C, but then
the reaction takes off relatively fast and stops at about 60%. At this point total
deactivation seems to have occurred (Graph 9). However, the selectivity
towards the primary amine is very good; over 99%. Performing the reaction
again at higher temperatures might give insight into activation or deactivation
of this catalyst. At 170°C the Sixantphos system does not show an initiation
phase and goes straight to high conversion. It seems that at this temperature
the deactivation is slower than the amination process. The primary amine
selectivity is very high at 92%. Deactivation might still occur, although the rate
is also increased, allowing the reaction going to full conversion.

4.4 The SPANphos Ligand

A ligand specifically designed to enforce trans‐coordination, SPANphos, was
applied next. This spiro‐compound contains a chroman group connected to
another chroman over one carbon. This places the phosphorus atoms at such a
distance that trans‐coordination becomes favored.[15‐17]

Figure 3: The SPANphos ligand
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Unexpectedly, at 150°C use of this ligand led to good activity, although lower
than Xantphos (Graph 11). Nevertheless, no deactivation was observed as with
Sixantphos. Raising the temperature to 170°C resulted in full conversion with
complete selectivity towards cyclohexylamine in about 30 h (Graph 12). As it
can be expected that this ligand displays a different coordination mode than
Xantphos, a new L/Ru ratio study was performed (Graph 13). From this it can
be seen that the SPANphos and Xantphos systems more or less behave
similarly. However, this does not necessarily imply that the coordination mode
is the same in both cases and the formation of bimetallic species cannot be
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Graph 11: Conditions: 10 mmol cyclohexanol,
1 mol% RuHCl(CO)(PPh3)3, 1 mol% SpanPhos,
20 mL t‐amylalcohol, 6 mL NH3 (234 mmol),
150ºC,  = cyclohexanol,  =
cyclohexylamine,  = cyclohexanone,  =
dicyclohexylimine,  = dicyclohexylamine
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Graph 12: Conditions: 10 mmol cyclohexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% SpanPhos, 20 mL
t‐amylalcohol, 6 mL NH3 (234 mmol), 170ºC,  =
cyclohexanol,  = cyclohexylamine,  =
cyclohexanone,  = dicyclohexylimine,  =
dicyclohexylamine
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Graph 13: Conditions: 10 mmol cyclohexanol, 1 mol% RuHCl(CO)(PPh3)3, SPANphos, 20 mL t‐
amylalcohol, 6 mL NH3 (234 mmol), 170ºC.  = Ru:L=0.5,  =Ru:L= 1,  =Ru:L=2

It was previously observed that the bulk and electronic properties of the
phosphine moieties had a strong effect on the catalyst. So a SPANphos
derivative with dicyclohexylphosphino groups was synthesized. However, the
SPANphos PCy ligand gave a much lower conversion (Graph 14), though with
good selectivity. It is very likely that the bulkiness of the cyclohexyl
substituents hampers the accessibility to the vacant site during catalysis.
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Graph 14: Conditions: 10 mmol cyclohexanol, 1 mol% RuHCl(CO)(PPh3)3, 1 mol% SPANphos PCy, 20
mL t‐amylalcohol, 6 mL NH3 (234 mmol), 170ºC.  = cyclohexanol,  = cyclohexylamine,  =
cyclohexanone,  = dicyclohexylimine
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To see if the reaction would proceed faster with acyclic primary alcohols, 1‐
hexanol was subjected to the catalyst system with SPANphos (Graph 15 and
Graph 16). Surprisingly the reaction now appeared to be even slower.
Although the difference in reaction rate is not even one order of magnitude,
this might open the possibility towards selective amination of secondary over
primary alcohols in diols containing primary and secondary hydroxy groups.
Aminating secondary hydroxy groups, while primary ones would be left
unaffected, would be very interesting for the transformation of bio‐based diols
or even poly‐ols.

Scheme 1: Amination of acyclic primary alcohols
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Graph 15: Conditions: 10 mmol 1‐hexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% SpanPhos,
20 mL t‐amylalcohol, 6 mL NH3 (234 mmol),
150ºC  = 1‐hexanol,  = 1‐hexylamine,  =
dihexylimine,  = dicyclohexylamine
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Graph 16: Conditions: 10 mmol 1‐hexanol, 1
mol% RuHCl(CO)(PPh3)3, 1 mol% SpanPhos, 20 mL
t‐amylalcohol, 6 mL NH3 (234 mmol), 170ºC  =
1‐hexanol,  = 1‐hexylamine,  = dihexylimine,
 = dicyclohexylamine

Though the difference in reaction rate between primary and secondary
alcohols was not very large, 1,5‐hexanediol was converted in order to see if
any chemoselectivity can be achieved. From Graph 17 it can be seen that the
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main product is 2‐methylpiperidine (Scheme 2). This is a result of amination of
one of the alcohols to the amino‐alcohol, which can then be dehydrogenated
on the second alcohol forming the ketone. Intramolecular cyclization then
gives one of the imines, which can be hydrogenated to form the final 2‐
methylpiperidine. For this both pathways can be followed, resulting in the
same product.
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Graph 17: Conditions: 10 mmol 1, 5‐hexanediol,
1 mol% RuHCl(CO)(PPh3)3, 1 mol% SPANphos, 20
mL t‐amylalcohol, 6 mL NH3,  = 1,5‐hexanediol,
 = 2‐methylpiperidine,  = Imine A,  = Imine
B,  = 2‐amino‐6‐hexanol,  = 1‐amino‐5‐
hexanol
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Graph 18: Enlarged section of Graph 17 up to
25% conversion on the imine intermediates.
Conditions: 10 mmol 1, 5‐hexanediol, 1 mol%
RuHCl(CO)(PPh3)3, 1 mol% SPANphos, 20 mL t‐
amylalcohol, 6 mL NH3,  = 2‐methylpiperidine,
 = Imine A,  = Imine B,  = 2‐amino‐6‐
hexanol,

=
1‐amino‐5‐hexanol

Scheme 2: Amination and cyclization pathways followed for 1,5‐hexanediol
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As the imine is an observable intermediate it can be determined which
pathway is followed to more extend over the other. Both imines have different
retention times and from GC‐MS fractioning patterns it was determined which
imine gives rise to which retention time. It was found that the amount of imine
B, resulting from the primary alcohol amination was about 30% higher than
the other imine A (graph 18). Moreover, other intermediates in the cyclization
process are the amino‐alcohols. Also from these the difference can be
determined. In this case there was about 22% more of the primary alcohol left
over. Though the difference is very small, little selectivity was observed. Fine‐
tuning of the ligands might provide higher selectivity in the future.

4.5 Conclusions
Investigating the Xantphos/RuHCl(CO)(PPh3)3 catalyst system, it was found that
this ligand probably coordinates in a bidentate fashion, as the L/Ru ratio
studies showed decreased activity on lowering the ratio, while higher ratios
did not affect the reaction much. The amount of ammonia should be kept low,
as at higher amounts the catalyst shows deactivation. Both findings are in
contrast to what was observed for the Ru3(CO)12/acridine diphosphine system,
indicating that both catalysts might follow different mechanisms.
Comparing other Xanthene‐based ligands showed large differences. Whereas
Nixantphos and Xantphosphonite were inactive and DPEphos showed only
very little conversion, Xantphos, Sixantphos, and Thixantphos were fairly
active. Some deactivation was observed for Sixantphos, which seems to be less
affected by increased temperature than the amination reaction itself, so good
conversion and selectivity could be achieved at higher temperature.
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Thixantphos showed more specific selectivity towards secondary amines, a
product never observed employing Xantphos.
Remarkably, the wide bite angle ligand SPANphos showed good activity; at
170ºC it gave full conversion with over 95% selectivity. The behavior
concerning the L/Ru ratio was similar as for Xantphos. Furthermore it was
observed that the SPANphos combination gave slower amination of primary
alcohols, though selective amination of a secondary alcohol in the presence of
a primary alcohol within the same molecule was not successful. Yet the
amination of the secondary alcohol was preferred significantly.
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4.6 Experimental
Chemicals were purchased from Sigma‐Aldrich and Acros, RuHCl(CO)(PPh3)3 was purchased from Strem
and all chemicals were used as received. Synthesis and catalysis reactions were performed in an inert
atmosphere of argon using standard Schlenk techniques. Product distribution and yield analyses were
performed on a Shimadzu GC‐17A instrument with an Ultra 2 column (25 m 0.2 mm id). Liquid ammonia
was dosed using a Bronkhorst Liqui‐Flow mass flow meter/controller. Direct amination reactions of
alcohols were performed in an in house developed 75 mL stainless steel autoclave equipped with a
manometer and a sampling unit for 50 µL samples. SPANphos and the backbone for SPANphos (SPAN‐
Br2) were provided by Prof. van Leeuwen from the ICIQ, Taragona, Spain. We thank Prof. van Leeuwen
gratefully for this gift.
General procedure for the direct amination of secondary alcohols using RuHCl(CO)(PPh3)3 with
diphosphine ligands:
RuHCl(CO)(PPh3)3 (1 mol%) was weighed into a Schlenk tube and was purged with Argon. To this, dry
degassed t‐amylalcohol (20 mL) was added. Subsequently, ligand was added (1 mol%) followed by the
alcohol (5 mmoL) and the whole was heated gently to dissolve. The solution was transferred to a 75 mL
stainless steel autoclave, which was purged with Argon. The autoclave was charged with liquid
ammonia (2.5 mL, 97.5 mmol) and then heated for the appropriate time.
Synthesis
SPANphos PCy:
In a Schlenk flask, purged with Ar, Span‐Br2 (494.3 mg, 1 mmol) was dissolved in
dry degassed THF (25 mL). The mixture was heated to reflux. To the refluxing
mixture 2.5 M solution of n‐BuLi in hexanes (0.84 mL, 2.1 mmol) was added
dropwise. The mixture was then refluxed for 4 h and ClPCy2 (489 mg, 2.1 mmol)
was added. The mixture was refluxed for an additional 20 h. After this time, the mixture was cooled
down to r.t. and degassed H2O (20 mL) was added to quench the reaction. The product was extracted
with Et2O. Evaporation of the organic solvents yielded a white solid (725 mg, 98%).
31 1
P{ H} NMR (162 MHz, CDCl3,  = ppm): 49.5 (s). 1H NMR (400 MHz, CDCl3,  = ppm): 1.32 (s, 12H, Me),
1.59‐2.07 (m, 44H, cyclohexyl), 2.21 (s, 6H, Me), 3.73 (m, 2H, spirocyclohexyl), 4.21 (m, 2H,
spirocyclohexyl), 6.60 (s, 2H, phenyl), 6.92 (s, 2H, phenyl)
GC‐method details
Injection Mode/ ratio:
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Pressure program:
Temperature program:
Column type:
Column length:
Column Max Temp.
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Split/ 200
270ºC
He
Pressure
121.0 kPa
144.0 mL/min
0.70 mL/min
25.8 cm/sec
121.0  164.0 @ 1.8 kPa/min 164.0 hold 15 min
80ºC  270ºC @ 8ºC/min 270 hold 15 min
Ultra‐2 serial nr.: US8649351H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
310ºC
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Chapter 5: RuHCl(CO)(PPh3)/Xantphos‐
Catalyzed Alcohol Amination: Mechanistic
Insight
The most recent catalyst for the direct amination of alcohols with ammonia,
the catalyst generated from RuHCl(CO)(PPh3)3 and Xantphos, allows for easier
mechanistic studies as it is a monometallic Ru(II) complex. From
crystallographic

data,

the

exact

molecular

structure

of

RuHCl(CO)(PPh3)(Xantphos) was determined. Thorough VT‐NMR studies
revealed that the Xantphos backbone shows fluxionality as a function of
temperature in the complex. Additionally, based on deactivation of the
RuHCl(CO)(PPh3)3/Xantphos and activation of RuH2(CO)(PPh3)3/Xantphos and
RuCl2(PPh3)3/4/Xantphos complexes, a mechanism could be proposed. The
formation of different complexes under catalytic conditions has been proven by
catalysis and by NMR data.

Manuscript in preparation, intended to submit to JACS:
D. Pingen, P.C.J. Kamer, T. Lebl, C. Müller, D. Vogt
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5.1 Introduction
In the last years the direct conversion of alcohols to primary amines with
ammonia has attracted a lot of interest. Up to now only a few examples have
been reported, in which alcohols are converted in an atom efficient way to
primary amines.[1‐4] The three different types of catalytic systems known so far
show high selectivity. Nevertheless, there is still little to nothing known about
the mechanism in all cases.[5]
Here we describe mechanistic insight gained experimentally, based on the
RuHCl(CO)(PPh3)3 system. For this system monometallic catalyst species are
expected, while for the Ru3(CO)12/CataCXium PCy system clusters or
nanoparticles cannot be excluded so far.
As the catalyst follows the ‘Hydrogen Shuttling’ or ‘Borrowing Hydrogen
Methodology’,[6] it is expected that hydrogen is temporarily stored on the
transition metal catalyst, to be delivered back later to the target imine
(Scheme 1).

Scheme 1: Hydrogen Shuttling concept

Mechanistic insight in the reaction on a molecular level is crucial for the
development of future catalysts for the amination reaction allowing a broader
application under milder reaction conditions.
98

Chapter 5

5.2 RuHCl(CO)(PPh3)(Xantphos) Structure and Dynamics
The first step to mechanistic insight is to get structural information on the
ligand‐metal precursor complex. Structural information on the coordination
mode of the Xantphos ligand, which can coordinate in cis or trans fashion,[7, 8]
can be gained by the combined use of various NMR techniques. Obtaining
single crystals for X‐ray diffraction allows determining the structure in the solid
state. As can be seen in Figure 1, the Xantphos coordinates as cis‐bidentate
ligand to the octahedral Ru(II) center.

On the axial positions the carbonyl and chloride ligands are positioned. The
hydride and the remaining PPh3 occupy the remaining equatorial positions.
The carbonyl and chloride are isotropic; they can also be switched in their
positions, though remaining in axial positions. Both isomers of the structure
are present in the crystal simultaneously in equal amounts.
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Figure 1: Molecular structure of RuHCl(CO)(PPh3)(Xantphos) in the crystal. Thermal ellipsoids are
displayed at a 50% probability level. Selected bond lengths (Å) and angles (º) with estimated errors
between brackets: Ru‐H(1)=1.55(2), Ru‐P(1)=2.3786(5), Ru‐P(2)=2.4995(5), Ru‐P(3)=2.3741(5), Ru‐
C(58)=1.821(3), Ru‐Cl(1)=2.4685(8), C(58)‐O(2)=1.155(4), P(1)‐Ru‐P(2)=98.31(2), P(2)‐Ru‐
[9]
P(3)=106.99(2), P(1)‐Ru‐P(3)=153.82(2), H(1)‐Ru‐P(2)=178.3(10)

In the hydride region of the 1H NMR spectrum at room temperature (298 K), an
apparent double triplet was observed (Figure 2) with coupling constants of 30
Hz and 115 Hz. This would suggest a 30 Hz cis H‐P coupling and the larger trans
H‐P coupling. However, the relative peak intensity does not fit, implying a
different splitting pattern. The corresponding 31P spectrum of this complex at
r.t. gives more clues for this as it shows to be strongly broadened, indicating
fluxionality of the complex (Figure 3).
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Figure 2: H NMR (hydride region) of
RuHCl(CO)(PPh3)3/Xantphos after refluxing
8
for 12h. (d ‐toluene, 500 MHz, 298 K)

48 46 44 42 40 38 36 34 32 30 28 26 24 22 20 18 16 14 12 10 8
31P (ppm)

31

6
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2

1

Figure 3: P{ H} NMR of
RuHCl(CO)(PPh3)3/Xantphos after refluxing
8
for 12h. (d ‐toluene, 202 MHz, 298 K)

Low temperature NMR of the complex (223 K) shows indeed that there is a
different splitting pattern and moreover, a mixture of 2 complexes (Figure 4)
with a d/d/d splitting pattern. The coupling constants are 23, 31, and 117 Hz
for one complex and 21, 31, and 110 Hz for the other complex (Figure 4). The
31

P spectrum also sharpened out now, showing three different 31P resonances

for each complex, with strong splitting patterns (Figure 5).

Figure 4: low temperature 1H NMR (hydride
region) of RuHCl(CO)(PPh3)3/Xantphos after
8
refluxing for 12h. (d ‐toluene, 500 MHz, 223
K, =ppm): ‐6.71 (ddd, JHP = 23 Hz, JHP=31 Hz,
JHP = 117 Hz), ‐7.02 (ddd, JHP =21 Hz, JHP=31
Hz, JHP = 110 Hz)

Figure 5: low temperature 31P{1H} NMR spectrum
of RuHCl(CO)(PPh3)3/Xantphos after refluxing for
8
12h. (d ‐toluene, 202 MHz, 223 K, =ppm): 39.1
(dd, Jpp = 14 Hz, Jpp =307 Hz), 35.9 (dd, Jpp = 14 Hz,
Jpp =301 Hz), 32.9 (dd, Jpp = 14 Hz, Jpp =307 Hz), 26.7
(dd, Jpp = 14 Hz, Jpp =301 Hz), 20.6 (t, Jpp = 14 Hz), 4.2
(t, Jpp = 14 Hz)

The signals located most upfield are most likely signals from the phosphine
trans to the hydride (4.2 ppm and 20.6 ppm, JPH = 14 Hz), as these lack a large
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P‐P coupling. The signals at 26.7 and 35.9 ppm form a double doublet with one
large and a smaller coupling constant (301 Hz, 14 Hz), revealing these are two
P’s trans to each other. The other double doublet (32.9 ppm and 39.1 ppm,
307 Hz, 14 Hz) is from the second complex.
A low temperature 1H{31P} spectrum of the complex reveals two singlets,
confirming two different complexes in a ratio of 1:1 (Figure 6).

1

31

8

Figure 6: Hydride region in the H { P} NMR of RuHCl(CO)(PPh3)3/Xantphos. (d ‐toluene, 500 MHz,
223 K)

In order to determine the structures of the complex in solution, 31P‐1H COSY‐
NMR experiments were performed. Because of the different

31

P‐1H coupling

constants (20, 30, and 100 Hz), three spectra were taken, optimized for each
coupling constant (Figures 7 to 9).
This confirmed that the 1H coupling constants of 100 Hz correlate with the 31P
signals at 4 ppm and 20 ppm and can be assigned as the trans coordinated
phosphine. The signal at 4 ppm can be assigned to one conformation
(“conformation 1”), whereas the signal at 20 ppm belongs to the other
conformation (“conformation 2”).
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Figure 7: Correlation spectrum of the hydride to the phosphine optimized for the 100 Hz coupling at
223 K

The 1H NMR, the 20 Hz coupling correlates with the signals located around 27
ppm (conformation 1) and 33 ppm (conformation 2) form the

31

P spectrum

(Figure 8).

Figure 8: Correlation of the hydride to the phosphine optimized for the 20 Hz coupling at 223 K
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The 1H coupling of 30 Hz correlates to the 31P signals located around 36 and 38
ppm (Figure 9).

Figure 9: Correlation of the hydride to the phosphine optimized for the 30 Hz coupling at 223 K

From these spectra it can be concluded that the solvated structure has a
similar structure compared to the structure in the crystal. In a complex with
PPh3 trans to the hydride, the Xantphos P atoms would be equivalent related
to the hydride and PPh3, resulting in a double triplet for the hydride and a
triplet and doublet in the 31P spectrum. As this is not the case, the Xantphos
must be coordinating in a cis configuration.
The different observed conformations of the complex might be due to the
‘flipping’ of the Xantphos backbone.[10] To exclude other transitions, an
exchange spectrum of the phosphines was recorded (Figure 10).
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Figure 10: 31P EXSY spectrum (T=223 K) for the exchange between the P atoms in the complexes

The signal around ‐5 ppm comes from free PPh3, as the complex was prepared
in situ, exchanging two PPh3 ligands for Xantphos. From the exchange
spectrum can be resolved that there is no exchange between PPh3 and the
coordinated phosphines. The only exchange resolved is between the 31P signals
bearing the same coupling constants. The phosphines remain on the same
position in the complex thus a different exchange is happening, revealing that
the exchange must come from the flipping of the Xantphos backbone.

Upon increasing the temperature, the hydride signal broadens. However,
increasing the temperature above 283 K, the peaks sharpen again. This shows
the averaging of the two exchanges of the complexes (coalescence), as the
exchange rate is at some point faster than the NMR time‐scale (Figure 11).
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Figure 11: VT‐1H NMR spectra of RuHCl(CO)(PPh3)3/Xantphos, showing the exchange from two to one
complexes

The same can be observed in the VT‐31P NMR (Figure 12, only the trans P
compared to the hydride). The signals broaden too eventually, as a function of
temperature go through coalescence and merge to one average signal. These
signals remain fairly broad though, even at 373 K.

Figure 12: VT‐31P{1H} NMR over the Xantphos trans P to hydride region

From these spectra, the exchange energy can be calculated. The coalescence
temperature can be used to calculate the Gibb’s free energy via Equation 1 and
Equation 2. In Equation 1 Δ is the distance between the peaks at slow
exchange.
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Equation 1: Rate equation for the rate at the coalescence temperature



Equation 2: Calculation of the Gibb’s free energy via the rate constant at coalescence


ஷ



Equation 2 gives the Gibb’s free energy based on the rate constant at
coalescence temperature (Tc, 328 K). Though this is only an indication, it gives
a fairly good idea about the magnitude of the free energy. Calculating the
energy from all signals gives a Gibb’s free energy of 55.6 KJ/mol (Tc = 328 K) for
the ‘flipping’ of between the two observed conformations.

A more accurate method is by simulating the spectra, which provides an
exchange rate, from which the enthalpy, entropy, and free energy can be
derived to a ΔG via an Eyring plot (Graph 2 and Graph 4) of the simulated
spectra (Graph 1 and Graph 3) and the Eyring equation (Equation 3). The slope
gives the enthalpy divided by the temperature and the interception with the y‐
axis is the value for the entropy of the system.

Equation 3: Eyring equation giving the values for Gibb’s free energy, enthalpy, and entropy
ஷ

ஷ

ஷ



For calculating the exchange energy, the spectrum concerning the hydride and
low field

31

P were used (Figure 11 and Figure 12). As can be seen from the

hydride region at high temperature (T = 373 K), the middle peaks of the double
double doublet are still broadened. This is a result of the broadening in the
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trans P region, which couples over the middle parts of the hydride spectrum
(the large trans coupling). The phosphine is not yet at the fast exchange
region, causing the hydride region to split up broadened in the measured
spectrum (Figure 11). The resulting energies from the Eyring plot are shown in
Table 1 and Table 2, entry 3 shows ΔG# calculated from the Eyring plot at Tc,
while entry 4 gives ΔG# from the coalescence temperature from Figure 11 and
Figure 12 according to Equation 2.

k = 30 s-1, 238 K
k = 40 s-1, 253 K
k = 100 s-1, 268 K
k = 345 s-1, 283 K
k = 1800 s-1, 298 K
k = 5000 s-1, 328 K
k = 10000 s-1, 343 K
k = 20000 s-1, 358 K
k = 40000 s-1, 373 K
-6.25

-6.50

-6.75

ppm

-7.00

-7.25

-7.50

1/T

Graph 1: Simulated hydride region (238‐373 K) by using gNMR[11]
5.0
4.5
4.0
3.5
3.0
2.5
2.0
1.5
1.0
0.5
0.0
-0.5
-1.0
-1.5
-2.0
-2.5
-3.0
2.0

Table 1: Results obtained from the
Eyring plot of the hydride simulation

ΔH
ΔS
ΔG (T=283 K)
ΔG (Tc=283 K)
2.5

3.0

3.5

4.0

4.5

5.0

Ln(k/T)

Graph 2: Eyring plot based rates obtained
from simulations of the hydride region
(Graph 1)

108

42.74
‐44.12
55.22
55.29

KJ mol‐1
J mol‐1 K‐1
KJ mol‐1
KJ mol‐1
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k = 50 s-1, 253 K
k = 200 s-1, 268 K
k = 500 s-1, 283 K
k = 1500 s-1, 298 K
k = 3500 s-1, 313 K
k = 7500 s-1, 328 K
k = 12500 s-1, 343 K
k = 25000 s-1, 358 K
k = 40000 s-1, 373 K
25.0 22.5 20.0 17.5 15.0 12.5 10.0 7.5

5.0

2.5

0.0 -2.5 -5.0

ppm

31

Graph 3: Simulated P spectrum of the P trans to hydride by using gNMR

[11]

5
4
3
Ln(k/T)

2

Table 2: Results obtained from the Eyring
31
plot of the P region simulation

1
0
-1
-2
-3

2.6

2.8

3.0

3.2

3.4

3.6

3.8

4.0

1/T

ΔH
ΔS
ΔG (T=328 K)
ΔG (Tc=328 K)

41.03
‐47.50
56.61
56.15

KJ mol‐1
J mol‐1 K‐1
KJ mol‐1
KJ mol‐1

Graph 4: Eyring plot based rates obtained
31
from simulations of the P region (Graph 3)

The values of ΔG# show to very similar, concluding that the energy of the
‘flipping’ is around 55.8 KJ mol‐1 and an entropy of ‐46.1 J mol‐1 s‐1 which is in
good agreement with previous reported fluxional processes.[12]

5.3 RuHCl(CO)(PPh3)(Xantphos) activation and deactivation
From the crystal structure and the NMR data it is known that there is in
principle no vacant site on the complex. For the hydrogen shuttling to start it is
expected that it at least picks up one hydrogen atom from the substrate. In
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that case, a ligand has to dissociate or a reductive elimination has to occur.
Since the uptake of hydrogen from the substrate would result in oxidation,
reductive elimination would result in a more active compound towards
oxidative addition of hydrogen. The reductive elimination releases a hydrogen
atom and might be activated more strongly by addition of a ketone, which
would serve as a hydride sink. This would initialize the catalyst formation and
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the reaction should proceed faster (Graph 6).
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Graph 5: 1 mol% RuHCl(CO)(PPh3)3, 1 mol%
Xantphos, 5 mmol cyclohexanol, 15 mL t‐
amylalcohol, 2.5 mL NH3 (97.5 mmol), 150ºC,
 = cyclohexanol,  = cyclohexylamine,  =
dicyclohexylimine,  = cyclohexylimine
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Graph 6: 1 mol% RuHCl(CO)(PPh3)3, 1 mol%
Xantphos, 5 mmol cyclohexanol, 0.5 mmol
cyclohexanone, 15 mL t‐amylalcohol, 2.5 mL NH3
(97.5 mmol), 150ºC,  = cyclohexanol,  =
cyclohexylamine,  = dicyclohexylimine,  =
cyclohexylimine

As is shown in Graph 6, additional ketone increases the total reaction rate. The
reaction is finished within 12 hours, compared to the reaction without additive
which is finished after 30 h (Graph 5).

A different method to activate the catalyst precursor would be to promote the
reductive elimination, to initialize the formation of a Ru(0) species. By addition
of a base it is expected to increase the rate of the reductive elimination of
HCl.[13]
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Graph 7: 1 mol% RuHCl(CO)(PPh3)3, 1 mol% Xantphos, 5 mmol cyclohexanol, KOtBu (black: 1 mol%,
red: 4 mol%, blue: 10 mol%), 15 mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol), 150ºC,  = cyclohexanol,
 = cyclohexylamine

However, adding KOtBu as base resulted in deactivation or at least very strong
decrease of catalyst activity (Graph 7). Remarkably, if this is performed in the
presence of cyclohexanone, the reaction behaves as without additive again
(Graph 8). This might be explained by the formation of an alkoxide species,
which will be converted in the presence of cyclohexanol to the dihydride
complex.
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Graph 8: 1 mol% RuHCl(CO)(PPh3)3, 1 mol% Xantphos, 5 mmol cyclohexanol, 10 mol% KOtBu , 10
mol% cyclohexanone, 15 mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol), 150ºC,  = cyclohexanol,  =
cyclohexylamine,  = dicyclohexylimine,  = cyclohexanone.
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The exact influence of the base is observed when RuHCl(CO)(PPh3)3 and
Xantphos were mixed in an NMR tube and heated to reflux for 3 h. To this, 2
equivalents of base and 8 equivalents cyclohexanol were added. The mixture
was refluxed overnight and an NMR was recorded again. From this a distinct
change in the hydride region is observed (Figure 13 compared to Figure 2). It
can be seen that there are now two multiplets of which one resembles a
double double doublet again, while the other one is strongly broadened. It is
likely that these signals agree with a dihydride complex.

1

Figure 13: H NMR of the hydride region of
t
RuHCl(CO)(PPh3)3/Xantphos with KO Bu and
cyclohexanol after 12h at 130ºC.

Also the

31

1

Figure 14:
P{ H} NMR spectrum of
t
RuHCl(CO)(PPh3)3/Xantphos with KO Bu and
8
cyclohexanol after 12h at 130ºC. (d ‐toluene,
202 MHz, 203 K): 60.34 (dd, Jpp = 16 Hz, 239
Hz), 49.18 (dd, Jpp = 16 Hz, 239 Hz), 32.4 (t, Jpp
= 16 Hz). The remaining small peaks come
from the starting materials

31

P region has now changed; two double doublets and a triplet are

observed now, resembling a single complex with no appearance of a
fluxionality of the backbone of the ligand (Figure 14 compared to Figure 3).
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5.4 RuH2(CO)(PPh3)(Xantphos) activity and activation
Comparing the spectra of RuHCl(CO)(PPh3)3/Xantphos in the presence of KOtBu
and cyclohexanol after reflux, and the in situ reacted RuH2(CO)(PPh3)3/
Xantphos does indeed give the same spectra, proving the formation of

-8.573
-8.591
-8.640
-8.658
-8.676
-8.725
-8.742
-8.766
-8.783
-8.832
-8.851
-8.869
-8.918
-8.935

-6.588
-6.606
-6.678
-6.698
-6.718
-6.765
-6.791

RuH2(CO)(PPh3)(Xantphos) (Figure 15).[14]

Figure 15: 1H NMR of the hydride region of RuH2(CO)(PPh3)3/Xantphos, after 3h at 130ºC. (d8‐toluene,
400 MHz, 298 K): ‐6.69 (dddd, JHH = 6.6 Hz, JHP = 15 Hz, 28 Hz, 35 Hz), ‐8.75 (dddd, JHH = 6.6 Hz, JHP= 27
[14]
Hz, 34 Hz, 77Hz)

RuH2(CO)(PPh3)3 in combination with Xantphos is inactive in the alcohol
amination, confirming the deactivation of RuHCl(CO)(PPh3)3/Xantphos by the
base. It is known to be active in oxidative dimerization reactions however.
Here a sacrificial H2 acceptor is used to remove hydrogen from the system.[15]
It would not be surprising if the H2 acceptor is first used to activate the hydride
species. Therefore it can be expected that it should be possible to activate the
dihydride complex using cyclohexanone again. If the ketone indeed acts as a
hydride sink, the dihydride complex should become active. Moreover, applying
a different ketone such as cyclopentanone or cyclooctanone would also
activate the dihydride complex.
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Graph 9: RuH2(CO)(PPh3)3/Xantphos activation using different ketones. 1 mol% RuH2(CO)(PPh3)3, 1
mol% Xantphos, 5 mmol cyclohexanol, 10 mol% ketone (black: no ketone, red: cyclohexanone, blue:
cyclooctanone, pink: cyclopentanone), 15 mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol), 150ºC,  =
cyclohexanol,  = cyclohexylamine

The complex is indeed activated by hydrogenation of the ketone (Graph 9).
After this, the resulting Ru(0) species can perform the dehydrogenation step
and complete the catalytic cycle. This however, could not be observed using
NMR, most probably because the equilibrium lays in the hydride compound if
no other target molecule is present.

Scheme 2: Activation of a dihydride precursor by cyclohexanone and cyclohexylimine

The dihydride precursor is commercially available, allowing for easy check‐up.
Noteworthy to mention is that this complex does not show fluxional behavior
of the Xantphos backbone between 238 and 373 K and appears to be a single
stable complex.
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5.5 RuCl2(PPh3)3/4/Xantphos activity and activation
In order to learn more about the importance of the type of precursor,
RuHCl(CO)(PPh3)3 was replaced by RuCl2(PPh3)4 (or RuCl2(PPh3)3). The resulting
structure shows some differences compared to the complex containing H and
CO as additional ligand. From the X‐ray crystal structure it can be seen that the
Xantphos ligand coordinates trans (Figure 17); here also the oxygen within the
xanthene backbone coordinates to the metal and the angle of P(1)‐Ru‐(P2) is
different (in RuHCl(CO)(PPh3)(Xantphos) with / = 98º vs. RuCl2(PPh3)(Xantphos)
with / = 159º). Due to this, the ligand backbone remains flat and no fluxional
behavior was observed.
From the

31

P NMR this can also be observed; it is a symmetrical spectrum

showing only a triplet (PPh3) at 57 ppm (Jpp = 31 Hz) and a doublet (Xantphos)
at 35 ppm (Jpp = 31 Hz), since there are only 2 different

31

P environments

57.777
57.585
57.392

35.332
35.139

(Figure 16).

Figure 16: 31P{1H} NMR of RuCl2(PPh3)4 with Xantphos and KOtBu. (d8‐toluene, 162 MHz, 298 K): 35.2
(d, JPP = 31 Hz), 57.6 (t, JPP = 31 Hz)
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Figure 17: Structure of RuCl2(PPh3)(Xantphos) in the crystal. Thermal ellipsoids are displayed at a 50%
probability level. Selected bond lengths (Å) and angles (º) with estimated errors between brackets:
Ru‐Cl(1)=2.4115(9), Ru‐Cl(2)=2.4071(9), Ru‐O(1)=2.302(2), Ru‐P(1)=2.3335(8), Ru‐P(2)=2.3419(9), Ru‐
P(3)=2.2488(8), Cl(1)‐Ru‐Cl(2)=169.20(3), P(1)‐Ru‐P(2)=159.21(3), P(2)‐Ru‐P(3)=99.63(3), P(1)‐Ru‐
[16]
P(3)=99.83(3), O(1)‐Ru‐P(3)=179.45(6)

The new complex was tested for its activity in catalysis. In line with all previous
catalytic experiments, the precursor and Xantphos were mixed in situ. It is
expected to be rather inactive, as a Ru(0) species cannot be generated (no Cl2
elimination). However, the reaction should start if KOtBu is added. This would
result in abstraction of Cl‐, facilitating dehydrogenation of the cyclohexanol
(forming cyclohexanone). Now HCl can be eliminated forming the Ru(0) species
which can proceed to do the hydrogen shuttling (Scheme 1).[17]
In an experiment in which RuCl2(PPh3)4 was mixed with Xantphos in t‐
amylalcohol and cyclohexanol, ammonia was added and heated to 150ºC, no
conversion was observed (Graph 10, black line). If the reaction was repeated
with 10 mol% base, activity was observed, though only little (Graph 10, pink
line). Reducing the base to 4 mol% gave better results. Although it is still
slower than RuHCl(CO)(PPh3)3/Xantphos, it has been activated using KOtBu.
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However, the base might hamper the reaction also, so decreasing the amount
of KOtBu to equal the catalyst loading gives even better activity (Graph 10).
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Graph 10: 1 mol% RuCl2(PPh3)4, 1 mol%
t
Xantphos, 5 mmol cyclohexanol, KO Bu
(black: 0 mol%, red: 4 mol%, blue: 1 mol%,
pink: 10 mol%), 15 mL t‐amylalcohol, 2.5 mL
NH3 (97.5 mmol), 150ºC,  = cyclohexanol, 
= cyclohexylamine
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Graph 11: RuCl2(PPh3)3 activation using KOtBu in
different amounts. 1 mol% RuCl2(PPh3)3, 1 mol%
t
Xantphos, 5 mmol cyclohexanol, KO Bu (black: 0
mol%, red: 4 mol%, blue: 1 mol%, pink: 10 mol%),
15 mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol),
150ºC,  = cyclohexanol,  = cyclohexylamine

Following this concept, it is expected that RuCl2(PPh3)3/Xantphos can also be
activated by addition of KOtBu. However, now it was seen that 4 mol% of
KOtBu gave the best activity. Nevertheless, it was again observed that a too
large excess, hampers the reaction (Graph 11).
The base is expected to eliminate a chloride from the complex, facilitating the
hydride abstraction from cyclohexanol, and thus a hydride complex should be
observed by NMR. Mixing RuCl2(PPh3)4/Xantphos in combination with KOtBu
and cyclohexanol in an NMR tube and heating it overnight indeed resulted in a
complex containing a hydride at ‐16.5, split as a double triplet, which is in
agreement with a structure such as RuHCl(PPh3)(Xantphos), also reported by
Williams (Figure 18).[18] This double triplet results from splitting by two
different 31P environments.
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Figure 18: 1H NMR spectrum of RuCl2(PPh3)4/Xantphos in the presence of KOtBu (1 eq.) and
8
cyclohexanol (5 eq) after 12h at 130ºC. (d ‐toluene, 400 MHz, 298 K): ‐16.4 (dt, JHP = 27Hz, 23 Hz)

Also the

31

P spectrum shows the formation of the RuHCl(PPh3)(Xantphos)

species (74 ppm and 41 ppm). However, the conversion to the hydride species
is not quantitative as the major component is still the dichloride species (57

31

1
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42.205
40.674
40.473

74.220
74.017
73.850
73.653

57.446
57.254
57.063

27.854

35.417
35.226

ppm and 35 ppm, Figure 19).

t

8

Figure 19: P{ H} NMR of RuCl2(PPh3)4 with Xantphos and KO Bu. (d ‐toluene, 162 MHz, 298 K): 42.4
(dd, JHP = 21 Hz, JPP = 31 Hz), 73.9 (dt, JHP = 27 Hz, JPP = 31 Hz)
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5.6 RuHCl(PPh3)3/Xantphos activity and spectroscopy
As RuCl2(PPh3)3/Xantphos is inactive but can be activated by KOtBu, it is
expected that RuHCl(PPh3)3/Xantphos is already active and does not require
any additional base to be activated. As seen from Graph 12, this is indeed the
case, though slightly slower than RuHCl(CO)(PPh3)3/Xantphos.
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Graph 12: 1 mol% RuHCl(PPh3)3, 1 mol% Xantphos, 5 mmol cyclohexanol, 15 mL t‐amylalcohol, 2.5 mL
NH3 (97.5 mmol), 150ºC,  = cyclohexanol,  = cyclohexylamine,  = dicyclohexylimine,  =
cyclohexanone,  = cyclohexylimine

Figure 20: 1H NMR hydride region of RuHCl(PPh3)3. (d8‐toluene, 400 MHz, 298 K): ‐17.6 (dq, JHP = 5.6
Hz, 25.6 Hz)
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Comparing the hydride regions of the preformed RuHCl(PPh3)(Xantphos)
and the previously mentioned in situ formed hydride species confirms the
formation of the proposed structure (Figure 21 and Figure 22).[18]

Figure 21: 31P{1H} NMR of RuHCl(PPh3)3 with Xantphos after refluxing overnight. (d8‐toluene, 162
MHz, 298 K): 74.7 (t, JPP = 26 Hz), 41.8 (d, JPP = 26 Hz)

Figure 22: 1H NMR hydride region of RuHCl(PPh3)3 with Xantphos after refluxing overnight. (d8‐
toluene, 400 MHz, 298 K): ‐16.5 (dt, JHP =23.6 Hz, 27.6 Hz)

The peaks at 57.4 ppm and 35.1 ppm (Figure 21) indicate the formation of the
dichloride species as well.
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5.7 Proposed mechanism
By combining all data a possible mechanism for the direct amination of
alcohols using ammonia can be proposed. Necessary to mention is that this
does not have to be the (only) operative mechanism, though it shows how the
initial catalysis might look like.
As shown previously, the dihydride complex can be formed from the hydrido‐
chloro species. For this to happen, KOtBu and cyclohexanol are required. The
substrate can be deprotonated to form the alkoxide compound which
facilitates the abstraction of chloride from the complex. At this point the
alkoxide can coordinate to the metal, allowing the C‐H bond to be broken to
form a second hydride and ketone (Scheme 3). The resulting complex appears
to be inactive.

Scheme 3: Mechanism for the deactivation of RuHCl(CO)(PPh3)(Xantphos) by KOtBu and cyclohexanol

This reaction is reversible as seen from the RuH2(CO)(PPh3)3/Xantphos
activation using ketones (Graph 9). However, it appears that this dihydride
species is a stable intermediate as NMR data show a quantitative reaction
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towards this compound. As it shows to be quite stable and easily accessible, it
might be that this species has an important role in the catalytic cycle.
If starting from a dichloride species, such as RuCl2(PPh3)3 or RuCl2(PPh3)4, again
no activity is observed. That both a dichloride compound and a dihydride are
inactive might point out that the first step is reductive elimination of HCl. In
both other examples, reductive elimination is not an expected reaction to
occur. Moreover, starting from RuHCl(PPh3)3 as precursor gives an active
catalyst, supporting the requirement of a proton/halide ion pair as reductive
elimination product, which eventually ends up as the ammonium salt (NH4Cl)
because of the excess of ammonia. Nevertheless, activation of the dichloride
species is possible, by applying the same concept as deactivation of the
hydridochloro compound; KOtBu facilitates the abstraction of chloride. The
resulting intermediate is now a hydridochloro compound (Scheme 4).

2

2

3

2

2

3

2

2

2

3

2

3

t

Scheme 4: Activation of a Ru‐dichloride complex using KO Bu via deprotonation of the substrate

Combining these data into a catalytic cycle is shown in Scheme 5. Here the first
step is the reductive elimination of HCl, creating vacant sites for the
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dehydrogenation of the substrate. The resulting dihydride species is fairly
stable and thus might create the rate limiting step. It is now likely that the
ketone undergoes condensation with ammonia, but remains in close vicinity of
the intermediate complex. The resulting imine allows for easier hydrogenation,
which is irreversible. From this point the Ru(0) is regenerated and the catalytic
cycle is completed (Scheme 5). Once again, this does not necessarily have to be
the only mechanism or even the general mechanism.

Scheme 5: Proposed mechanism for the amination of alcohols using RuHCl(CO)(PPh3)3/Xantphos
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5.8 Conclusions
It has been shown that RuHCl(CO)(PPh3)(Xantphos) exhibits fluxionality of the
Xanthene backbone. Combined NMR data as well as VT‐NMR measurements
allowed calculating a ‘flipping’ energy of 55.8 KJ mol‐1 (at coalescence) with an
entropy of about ‐46.1 J mol‐1 s‐1, which agrees with a system with only little
change in entropy and thus no dissociation of ligands from the complex.
Furthermore, the active catalyst in alcohol amination using ammonia shows to
be deactivated by KOtBu, as RuH2(CO)(PPh3)(Xantphos) is formed, which was
proved to be inactive. However, both can be reactivated using additional
ketone, allowing the dihydride to be removed from the complex. Additionally,
the initially inactive RuCl2(PPh3)(Xantphos) could be activated employing
KOtBu, facilitating chloride abstraction and creating a vacant site to be able to
dehydrogenate the substrate eventually. In line with this, it has been shown
that from RuCl2(PPh3)(Xantphos) indeed RuHCl(PPh3)(Xantphos) is formed of
which the latter is also active in catalysis.
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5.9 Experimental part
5.9.1 General considerations
Chemicals were purchased from Sigma‐Aldrich and Acros, RuHCl(CO)(PPh3)3 was purchased from Strem
and all chemicals were used as received. Synthesis and catalysis reactions were performed in an inert
atmosphere of Ar, using standard Schlenk techniques. Product distribution and yield analyses were
performed on a Shimadzu GC‐17A instrument with an Ultra 2 column (25 mP0.2 mm). Liquid ammonia
was dosed using a Bronkhorst Liqui‐Flow mass flow meter/controller. Direct amination of alcohols were
performed in an in house developed 75 mL stainless steel autoclave equipped with a manometer and a
sampling unit for 50 µL samples. 1H and 31P NMR spectra were recorded on a 400 MHz Varian
spectrometer, VT‐experiments were performed on a 500 MHz Varian spectrometer and exchange and
correlation spectra were recorded on 500 MHz and 300 MHz Bruker spectrometers. The 1H chemical
shifts are reported in ppm (parts per million) downfield from TMS (tetramethylsilane), 31P chemical
shifts are reported in ppm downfield from 85% H3PO4.
General procedure for the amination of cyclohexanol
RuHCl(CO)(PPh3)3 (0.05 mmol, 1 mol%, 47.6 mg) was weighed into a Schlenk tube and was purged with
Argon. To this, dry degassed t‐amylalcohol (15 mL) was added. Subsequently, ligand was added (0.05
mmol, 1 mol%, 29 mg) and the cyclohexanol was added (5 mmol, 0.53 mL). The solution was
transferred to a homemade 75 mL stainless steel autoclave, which was purged with Argon. The
autoclave was charged with liquid ammonia (2.5 mL) and then heated for the appropriate time.
In case of RuH2(CO)(PPh3)3 (0.05 mmol, 1 mol%, 46 mg), additional ketone was applied (0.5 mmol, 10
mol%).
In case of RuCl2(PPh3)3 (0.05 mmol, 1 mol%, 47.9 mg) and RuCl2(PPh3)4 (0.05 mmol, 1 mol%, 61.1 mg)
additional KOtBu was applied (1‐10 mol%).
Procedures for the in situ NMR experiments
RuHCl(CO)(PPh3)3/Xantphos
RuHCl(CO)(PPh3)3 (0.04 mmol, 38.1 mg) was weighed into a Wilmad‐Young NMR tube. Subsequently,
ligand was added (0.04 mmol, 23.1 mg) and was purged with Argon. To this, dry degassed toluene d8
(0.5 mL) was added. The mixture was refluxed for 3 hours in the closed tube. If applicable, base and
cyclohexanol were added as following: the young tube was kept under Ar and KOtBu (0.08 mmol, 4.5
mg) was added followed by cyclohexanol (0.32 mmol, 30 μL)
RuH2(CO)(PPh3)3/ Xantphos
RuH2(CO)(PPh3)3 (0.04 mmol, 36.6 mg) was weighed into a Wilmad‐Young NMR tube and was purged
with Argon. Subsequently, ligand was added (0.04 mmol, 23.1 mg). To this, dry degassed toluene d8 (0.5
mL) was added. The mixture was refluxed for 3 hours in the closed tube.
RuCl2(PPh3)4/Xantphos
RuCl2(PPh3)4 (0.04 mmol, 48.8 mg) was weighed into a Wilmad‐Young NMR tube. Subsequently, ligand
was added (0.04 mmol, 23.1 mg) and was purged with Argon. To this, dry degassed toluene d8 (0.5 mL)
was added. The mixture was refluxed for 3 hours in the closed tube. If applicable, base and
cyclohexanol were added as following: the young tube was kept under Ar and KOtBu (0.08 mmol, 4.5
mg) was added followed by cyclohexanol (0.32 mmol, 30 μL).
RuHCl(PPh3)3/Xantphos
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RuHCl(PPh3)3 (0.04 mmol 37 mg) was weighed into a Wilmad‐Young NMR tube. Subsequently, ligand
was added (0.04 mmol, 23.1 mg) and was purged with Argon. To this, dry degassed toluene d8 (0.5 mL)
was added. The mixture was refluxed for 3 hours in the closed tube.
5.9.2 Synthesis
RuIn a Schlenk tube, RuHCl(CO)(PPh3)3 (0.3 mmol, 285.7 mg) and Xantphos (0.35 mmol, 201.7 mg) were
placed and purged with Ar. To this, dry degassed toluene (10 mL) was added and the Schlenk tube was
closed. The mixture was stirred under reflux for 4 h. After this time, the reaction mixture was cooled to
room temperature and all solvent was evaporated in vacuo. EtOH (10 mL) was added and the mixture
was cooled to 0ºC on an ice‐bath. Via syringe, the EtOH was removed. This was repeated 3 times, in
order to be sure no more PPh3 or Xantphos was present. The resulting solid was washed 3 times with
hexanes (10 mL). All organic solvents were removed yielding a yellowish powder. Crystals were grown
by dissolving the complex in benzene and allow slow diffusion of hexane into the solution.
1
8
H NMR (toluene d , 500 MHz, 223 K): ‐6.71 (ddd, JHP = 23 Hz, JHP=31 Hz, JHP = 117 Hz), ‐7.02 (ddd, JHP =21
Hz, JHP=31 Hz, JHP = 110 Hz). 31P{1H} NMR (d8‐toluene, 202 MHz, 223 K): 39.1 (dd, Jpp = 14 Hz, Jpp =307 Hz),
35.9 (dd, Jpp = 14 Hz, Jpp =301 Hz), 32.9 (dd, Jpp = 14 Hz, Jpp =307 Hz), 26.7 (dd, Jpp = 14 Hz, Jpp =301 Hz),
20.6 (t, Jpp =14 Hz), 4.2 (t, Jpp =14 Hz).RuCl2(PPh3)(Xantphos)
RuCl2(PPh3)4 was placed in a Wilmad‐Young NMR tube. To this ligand was added (0.04 mmol, 23.1 mg)
and was purged with Argon. Dry degassed toluene‐d8 was added and the mixture was heated to reflux
for 3 h. After that, it was cooled down to room temperature and placed in a freezer at ‐30ºC. Crystals
were isolated from the solution after 1 day.
31 1
8
P{ H} NMR (toluene d , 162 MHz, 298 K): 35.2 (d, JPP = 31 Hz), 57.6 (t, JPP = 31 Hz).
RuHCl(PPh3)3[19]
In a 2‐neck Schlenk tube, RuCl2(PPh3)3 (1 gr., 1.04 mmol) was dissolved in benzene (100 mL). In a
separate Schlenk tube, a suspension of NaBH4 (200 mg, 5.3 mmol) in THF (1 mL) and H2O (1 ml) was
prepared. The suspension of NaBH4 was added to the benzene mixture. A needle connected to a H2
flow was placed in the solution, allowing a steady flow of H2 (1.1 bar) through the solution. The mixture
was allowed to react until it became dark purple, and was then filtrated to remove the salts. The
solvents were evaporated yielding a purple solid (850 mg, 92%).
1
8
31 1
H NMR (toluene d , 400 MHz, 298 K): hydride region, ‐17.6 (dq, JHP = 5.6 Hz, 25.6 Hz, 1H). P{ H}
(toluene d8, 162 MHz, 298 K): 24.5 (s).
5.9.3 Analyses
GC‐method details
Injection Mode/ ratio:
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Pressure program:
Temperature program:
Column type:
Column length:
Column Max Temp.
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Split/ 200
270ºC
He
Pressure
121.0 kPa
144.0 mL/min
0.70 mL/min
25.8 cm/sec
121.0  164.0 @ 1.8 kPa/min 164.0 hold 15 min
80ºC  270ºC @ 8ºC/min 270 hold 15 min
Ultra‐2 serial nr.: US8649351H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
310ºC
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Chapter 6: Controllable Amino‐Alcohol
Cyclization: Selective Synthesis of Cyclic
Amides and Cyclic Amines
This chapter describes the application of Ru3(CO)12 in combination with
CataCXium PCy in the selective cyclization of amino‐alcohols. It is shown that
the products of amino‐alcohol cyclization can be steered towards the cyclic
amine using water as additive or towards the cyclic amide using a sacrificial
hydrogen acceptor, like propiophenone or cyclohexanone. This was applied to a
range of substrates with variable chain length in which 5‐amino‐1‐pentanol
gave full selectivity to either the amine or the amide. It was shown that other
ligands, showing activity in alcohol amination, gave no controllable selectivity.
Secondary amino‐alcohols did not undergo cyclization to the amide as did not
aniline‐derived amino‐alcohols. The aniline derived substrates mainly cyclized
towards aromatic molecules with loss of hydrogen.

Manuscript in preparation, intended to submit to Chemistry ‐ European Journal:
D. Pingen, C. Müller, D. Vogt,

129

Controllable Amino‐Alcohol Cyclization

6.1 Introduction
Amines and amides are valuable and versatile building blocks for various
pharmaceuticals and fine chemicals. Much interest has been addressed to the
direct catalytic synthesis of this type of compounds via alcohols and amines.[1‐3]
Selective conversion of alcohols as well as amines would provide sustainable
and efficient routes to new building blocks. Looking into total syntheses of
natural products as well as syntheses of medicinal compounds, alcohol and
amine moieties are often combined to new cyclic compounds. However, the
alcohol group is often derivatized to create a leaving group. Developing
catalysts, which are able to directly cyclize to the new cyclic structures, is
therefore highly desired (Scheme 1).

Scheme 1: Amino‐Alcohol cyclization towards cyclic amines or amides

Moreover, the amide functionality is an important part in many
pharmaceuticals (Figure 1). So developing catalyst to produce selectively the
desired cyclic structure is desirable.

Figure 1: Examples of important pharmaceuticals containing cyclic amines and amides
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The structures shown in Figure 1 contain lactams in various ring sizes, but also
cyclic amines are important moieties here. Development of catalysts for the
one‐step cyclization towards these core structures would reduce the total
number of synthetic steps.
The catalyzed cyclization of amino‐alcohols was investigated previously. In
these first examples temperatures up to 180ºC were required.[4, 5] It was not
until 1991 that a catalyst was able to produce lactams in acceptable yields.[6]
Although a catalyst was found now, it still required harsh conditions and gave
relatively low selectivity. Nowadays, more catalysts have been developed
aiming at the lactams entity, however, these all require an additional base to
be activated or a are based on noble (expensive) metals such as rhodium or
iridium.[7‐10]

6.2 Cyclization of amino alcohols
6.2.1 Catalyst selection
The cyclization of amino‐alcohols proceeds similarly to alcohol amination
reactions, though this can be considered as amine alkylation reaction.
Following the hydrogen shuttling concept, the alcohol is first dehydrogenated,
followed by nucleophilic attack of the amine. This nucleophilic attack is
intramolecular in this case. The resulting imine is then hydrogenated by the
catalyst using the same hydrogen that came from the alcohol dehydrogenation
(Scheme 2).
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Scheme 2: Concept of Hydrogen Shuttling in the cyclization of amino‐alcohols

The previously developed systems,[11, 12] as well as the improved catalysts[13]
for alcohol aminations showed good activity, and were therefore chosen as
starting catalytic system. The combination of Ru3(CO)12/L1 showed more
secondary imine formation during the alcohol amination. The secondary imine,
though cyclic, is an intermediate in the amino‐alcohol cyclization. Altering the
reaction conditions might allow steering the reaction towards the formation of
cyclic amines or to cyclic amides. The first reaction already appeared to be
successful. The reaction conditions applied were based on the alcohol
amination conditions. The conversion of 5‐amino‐1‐pentanol was 100% after
20 h with only 2 products; the cyclic amine and the cyclic amide (Scheme 3).

Scheme 3: Initial results of the cyclization of 5‐amino‐1‐pentanol

The ratio between the products showed that the favored product was the
cyclic amine, which is the product of a full hydrogen shuttling cycle. However,
the amide was formed, indicating that loss of hydrogen could occur, even
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without a hydrogen acceptor present. Surprisingly, no intermediate cyclic
imine was observed, although it was expected to see the imine with respect to
results obtained in the direct amination of alcohols.
Screening of the other catalysts known for in the alcohol amination reveals
that the formation of the cyclic amide is rather unusual. Table 1 shows that the
other catalysts only give the cyclic amine as a product, while applying
Ru3(CO)12 in combination with CataCXium PCy gives a reasonable amount of
cyclic amide.

Figure 2: Ligands applied in the direct amination of alcohols in combination with different precursors
Table 1: Screening for other catalytic systems for the cyclization of amino‐alcohols. Conditions: Ru‐
precursor (1 mol%), ligand (3/6 mol% Ru:L = 1:2), 1 mmol 5‐amino‐1‐pentanol, 0.6 mL cyclohexane,
140ºC, 21 h

Catalyst system

Conversion

Amine

Amide

Other

(%) [a]

selectivity

selectivity

(%)

(%)

(%)

Ru3(CO)12/ L1

100

69.5

30.5

0

Ru3(CO)12/ L2

44.7

92.9

4.3

2.8 [b]

Ru3(CO)12/ L3

53.1

91.6

2.9

5.5

RuHCl(CO)(PPh3)3/ L4

100

93.9

2.3

3.8

[a] Conversions are determined by GC, based on the consumption of amino‐alcohol and amine/amide
production [b] cyclic imine
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In order to explore the substrate scope for the Ru3(CO)12/CataCXium PCy
system, other substrates were subjected to this catalyst system. However,
there are only a few commercially available amino‐alcohols and therefore the
substrate screening was rather limited. The results for other amino‐alcohols
can be found in Table 2. From these preliminary results it can already be seen
that the amine is by far the preferred product in this reaction. Moreover, the
amide is formed less likely because of increasing ring‐strain of the resulting
product. This is mainly seen in the shorter amino‐alcohols which show, besides
low conversion, very low selectivity for the amide. In case of 3‐amino‐1‐
propanol it is likely that the solubility of this substrate in cyclohexane is too
low, resulting in a two‐phase system in which barely any contact between
catalyst and substrate occurs.

Figure 3: Amino‐alcohols applied in the cyclization towards cyclic amines and amides
Table 2: Results of the reaction of various amino‐alcohols catalyzed by Ru3(CO)12/CataCXium® PCy.
Conditions: 1 mmol substrate, 0.5 mol% Ru3(CO)12, 3 mol% CataCXium PCy (Ru:P=1:2), 0.6 mL
cyclohexane, 140ºC, 21 h

Substrate

Conversion

Amine

Amide

Other

(%)[a]

selectivity (%)

selectivity (%)

(%)

S1

100

69.5

30.5

0

S2

67.7

35.4

37.3

27.2 [b]

S3

94.5

88

0

12

S4

6

0

0

6 [b]

[a] Conversions are determined by GC, based on the consumption of amino‐alcohol and amine/amide
production. [b] Cyclic imine
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In order to steer the reaction to either the amine or the amide, it is important
to understand the reaction equilibria. From this it can be understood how both
the cyclic amine as well as the cyclic amide can be formed in the same
reaction. Scheme 4 shows that there are two important steps that determine
the products: loss of hydrogen or loss of water. For amide formation the
mechanism of ‘hydrogen shuttling’ is interrupted with the loss of hydrogen.

Scheme 4: Equilibria in the cyclization of 5‐amino‐1‐pentanol

Some of the intermediates in Scheme 2 are indeed observed in the reaction
profile (Graph 1). Only low amounts of the intermediate hemi‐aminal are
observed, because this is a less stable intermediate. The cyclic imine is more
stable and can be observed. The imine is building up quickly in the beginning
and then decreases to form the cyclic amine, which is the most favored
product in the reaction. The reversibility from the imine to the hemi‐aminal is
apparently quite low compared to the imine hydrogenation
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Graph 1: Reaction profile of the cyclization of 5‐amino‐1‐pentanol. 20 mmol substrate, 0.5 mol%
Ru3(CO)12, 3 mol% L1, 12 mL cyclohexane, 140ºC,  = 5‐amino‐1‐pentanol,  = piperidine,  =
piperidone,  = cyclic imine,  = cyclic hemi‐aminal

6.2.1 Effect of water addition
Following the reaction pathway, it is expected that the addition of water would
shift the equilibrium towards the amide. Remarkably and in contrast with the
results obtained by Murahashi,[6] addition of water resulted in higher
selectivity towards the cyclic amine. Table 2 shows that also for other
substrates the cyclic amine selectivity goes up when water is added; even to
complete selectivity for 5‐amino‐1‐pentanol. For substrates resulting in more
strained cyclic products, the selectivity towards the amine also increased.
However, employing RuH2(PPh3)4 as a catalyst precursor, does not give
complete selectivity; typically only up to 70% selectivity is achieved, in contrary
to the Ru3(CO)12/CataCXium PCy system
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Table 3: Amino‐Alcohol cyclization in the presence of water. Conditions: 1 mmol substrate, 1 mmol
H2O, 0.5 mol% Ru3(CO)12, 3 mol% L1(Ru:P=1:2), 0.6 mL cyclohexane, 140ºC, 21 h

Substrate

Conversion
(%)

[a]

Amine

Amide

selectivity (%)

selectivity (%)

Other (%)

S1

100

100

0

0

S2

78.5

81

19

0

S3

100

61.3

0

38.7 [b]

S4

18.6

68

0

30 [c]

[a] Conversions are determined by GC, based on the consumption of amino‐alcohol and amine/amide
production. [b] hemi‐aminal. [c] polymers/oligomers

In the reaction profile of the cyclization in the presence of water, there are
hardly any of the intermediates observed (Graph 2). Apparently, water
increases the consumption of the intermediate hemi‐aminal in favor of the
cyclic amine.
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Graph 2: Reaction profile of the cyclization of 5‐amino‐1‐pentanol in the presence of water. 15 mmol
5‐amino‐1‐pentanol, 100 mmol H2O, 9 mL cyclohexane, 0.075 mmol Ru3(CO)12, 0.45 mmol L1, 140ºC,
21 h.  = 5‐amino‐1‐pentanol,  = piperidine,  = piperidone,  = cyclic imine
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This interesting result might be explained by the use of a very apolar solvent;
water can act as a weak proton donor/acceptor. It is possible that the hemi‐
aminal is then activated by water, as is depicted in Figure 4.

Figure 4: Proposed role of water in the cyclization of amino‐alcohols.

Replacing water for an alcohol with comparable acidity or basicity should also
result in full selectivity. However, because many acids or bases poison the
catalyst or react with the substrate, there are only a few possibilities to test.
Phenol however, bearing the same functionality though more acidic (pKa ~10
vs pKa~16 for H2O), gave indeed complete selectivity for the cyclic amine.
However, in this case the conversion was somewhat lower (80% conversion).
Screening a larger range of additives reveals that the catalyst is still sensitive
for various additives as can be seen in Table 4.
In case of various acids, a strong decrease of conversion is observed while the
selectivity is not improved. Applying alcohols, which might exhibit similar
properties as defined for the water did not influence the reaction much,
though using methanol resulted in methylation of the amine functionality
(entry 5).
However, using a strong base such as NaH resulted in an increase of the amide.
As seen previously using the Ru3(CO)12/CataCXium PCy system, adding H2 to
the reaction mixture resulted in an increase of secondary amine. As the
secondary amine is here targeted, H2 was added (entry 4). Again an increase
towards the cyclic amine is observed, and the reaction was pushed up to 99%
selectivity towards the cyclic amine.
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If phenol was added, a similar effect as in case of water was observed. Phenol
has comparable acidity to water, which supports the role water might play.
Phenol might be as well a proton donor to the alcohol moiety in the hemi‐
aminal, but also act as proton acceptor from the amine functionality (entry 8).

Table 4: Effects of several different additives on the cyclization of amino‐alcohols . Conditions: 1 mmol
substrate, 1 mmol additive, 0.5 mol% Ru3(CO)12, 3 mol% L1 (Ru:P=1:2), 0.6 mL cyclohexane, 140ºC, 21 h.

Substrate

S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S1
S2
S2
S2

Additive

Conversion
(%) [a]
100
100
98.5
17.5
100
100
95.9
92.0
80
21.7

Amine
selectivity
(%)
69.5
36.4
89
100
99.1
36.2
77.8
80.3
100
100

Amide
selectivity
(%)
30.5
63.6
11
0
0
7.8
22.2
19.7
0
0

Other
selectivity
(%)
0
0
0
0
0.9 [b]
56.0 [c]
0
0
0
0

No additive
NaH
Mol sieves
NaHCO3
H2
MeOH
t‐amylalcohol
t‐butanol
Phenol
p‐toluene
sulfonic acid
H2SO4
1,4‐
hydroquinone
Acetic acid
Formic acid
HCl

100
100

0
7.3

0
51.5

100 [b]
41.2 [b]

35.7
22.7
22.5

44.9
53.3
78.5

0
34.3
0

55.1 [b], [d]
12.4 [b]
21.5 [b]

[a] Conversion was determined by GC, based on the amino‐alchohol consumption and amine/amide
production[b] Unidentified side‐products, [c] Mainly N‐methylated product [d] cyclic hemiaminal
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6.2.2 Effect of hydrogen scavengers
For NaH as additive it was observed that more of the lactam was produced.
NaH can act as a hydrogen abstractor, by deprotonation of the alcohol or
hemi‐aminal. After deprotonation, H2 is formed which is released in the
reaction atmosphere, though in very low amounts. The abstracted proton is
therefore not available anymore and the hydrogen shuttling cannot be
completed, resulting in the amide.
As no full selectivity towards the amide was achieved yet, other more effective
hydrogen scavengers were applied; several different ketones were screened in
order to gain selectivity towards the amide as high as compared to the amine.
It appears to be important to have a slightly bulky ketone, to prevent early
stage condensation, yet not too bulky to hinder ketone hydrogenation.
Complete selectivity in the cyclic amide was achieved using propiophenone
with 5‐amino‐1‐pentanol as the substrate (Table 5). No condensation was
observed in this case. A full search for suitable ketones for hydrogen
scavenging is outlined in the experimental part.
The amide formation is fairly sensitive towards the type of ketone applied.
Although propiophenone gave good results in case of 5‐amino‐1‐pentanol, for
6‐amino‐1‐hexanol the selectivity was not so much influenced. Therefore a
slightly less sterically demanding ketone was applied and gave nearly complete
cyclic amide selectivity. This reaction gives full conversion and over 80%
selectivity towards the cyclic amide, in comparison to RuH2(PPh3)4, which only
gave 65% selectivity.
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Table 5: Results of applying a hydrogen scavenger. Conditions: 1 mmol substrate, 2 mmol H2
scavenger, 0.5 mol% Ru3(CO)12, 3 mol% L1 (Ru:P=1:2), 0.6 mL cyclohexane, 140ºC, 21 h

Substrate

Ketone

Conversion

Amine

Amide

Other

(%) [a]

selectivity

selectivity

(%)

(%)

(%)

S1

Propiophenone

100

0

100

0

S2

Cyclohexanone

100

15

71.3

13.7 [b]

S3

Propiophenone

91.6

38.3

61.7 [c]

0

S4

Propiophenone

100

0

0

100 [d]

[a] Conversion determined by GC, based on the amino‐alcohol consumption and amine/amide
production [b] Condensation products. [c] Totals of the hemi‐aminal and amide. [d] Mainly polymers or
oligomers were observed.

From the reaction pathway (Scheme 4) and the reaction profile in Graph 2, it
can be concluded that the intermediate cyclic imine is consumed rapidly, as
indeed it is not observed. On the other hand, the reaction in the presence of
propiophenone showed the hemi‐aminal and cyclic imine intermediates in
respectable quantities. Unfortunately, performing the reaction at larger scale
to record a reaction profile by sampling resulted most likely in phase‐
separation due to the limited solubility of the compounds in the solvents.
Because of this, a lower selectivity was observed when the reaction was
performed at 10x larger scale (Graph 3). Nevertheless, the selectivity is still
much higher as compared to the reaction without additive.
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Graph 3: Reaction profile of the cyclization of 5‐amino‐1‐pentanol in the presence of propiophenone.
15 mmol 5‐amino‐1‐pentanol, 30 mmol propiophenone, 9 mL cyclohexane, 0.075 mmol Ru3(CO)12,
0.45 mmol L1, 140˚C, 21 h,  = 5‐amino‐1‐pentanol,  = piperidine,  = piperidone,  = cyclic imine,
 = cyclic hemi‐aminal

Increasing the amount of propiophenone to improve the selectivity on larger
scale reactions resulted in similar ratios between the lactam and the amine.
However, the intermediate product was different now. Instead of the hemi‐
aminal as the intermediate, the condensation product was now the main
intermediate (Graph 4). Because of the increased ketone concentration,
condensation is more favored; however, this is strongly reversible under these
reaction conditions.
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Graph 4: Reaction profile of the cyclization of 5‐amino‐1‐pentanol in the presence of propiophenone.
15 mmol 5‐amino‐1‐pentanol, 45 mmol propiophenone, 9 mL cyclohexane, 0.075 mmol Ru3(CO)12,
0.45 mmol L1, 140ºC, 21 h.  = 5‐amino‐1‐pentanol,  = piperidine,  = piperidone,  = cyclic imine

6.3 Other amino‐alcohols
6.3.1 Secondary amino‐alcohols
The scope of this transformation was explored towards the cyclization of
secondary amino‐alcohols. These, however, were not commercially available
and had to be synthesized therefore (Figure 5).

Figure 5: Secondary amino‐alcohols synthesized for testing in the cyclization reactions

As can be found in Table 6, no amides were formed except in the case of the
methyl‐derived amino‐alcohol S5’ which was formed in a very small amount. In
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all other cases, the cyclic amine was produced with full selectivity. Additives
such as water and ketones did not affect the selectivity at all in this case.
As the secondary imine, formed as intermediate, would be present as a cation,
it can be expected that this is formed less easy. However, that would suggest
that from the hemi‐aminal, the amide is formed ever more easily. Though
imine formation can occur, rapid isomerization to the enamine would be likely
(Scheme 5).

Table 6: Cyclization of secondary amino‐alcohols. Conditions: 1 mmol substrate, additive (2 mmol H2
scavenger or 1 mmol H2O), 0.5 mol% Ru3(CO)12, 3 mol% L1 (Ru:P=1:2), 0.6 mL cyclohexane, 140ºC, 21 h

Substrate

Conversion (%)

Amine

Amide

Other

[a]

selectivity (%)

Selectivity (%)

(%)

S5 [c]

100

100

0

0

S5 [d]

96.1

43.3

29.4

23.4 [b]

S5 [e]

100

100

0

0

S5

100

58.1

0

41.9 [b]

S6 [c]

100

95

5

0

[d]

100

100

0

0

S6

100

100

0

0

S7 [c]

70

100

0

0

S7 [d]

88.3

100

0

0

S7

100

100

0

0

S8

71.9

100

0

0

S6

[a]Conversion determined by GC, based on the consumption of amino‐alcohol and amine/amide
production [b] hemi‐aminal [c] 1 mmol H2O added [d] 2 mmol propiophenone added [e] 2 mmol 2,4‐
dimethyl‐3‐pentanone added
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Scheme 5: Cyclization pathway of secondary amino‐alcohols involving enamine formation

6.3.2 Aniline‐derived amino‐alcohols
As phenyl moieties are also very important groups, often amide or amine
functionalities in close vicinity of the phenyl groups are required. Therefore
amino‐alcohols derived from aniline were synthesized. In these derivatives,
only the lengths between the alcohol and phenyl groups were differed using a
longer alkyl spacer.

Figure 6: Aniline‐derived amino‐alcohols

Unfortunately no selectivity could be induced here. In all cases, the amine was
the major product although employing a propyl spacer resulted in
aromatization of the resulting amine product (Table 7). This is not surprising as
this is also a six‐membered ring containing two double bonds as intermediate
imine (Scheme 6).
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Scheme 6: Aromatization to quinoline, starting from 2‐(3‐hydroxypropyl)aniline

The conversions were also lower in all reactions. It might be that the
nucleophilicity of the aniline is too low for a fast reaction. However, it is not
clear, why no lactam could be observed in the aniline‐derived amino‐alcohol
cyclization.

Table 7: Results of the cyclization of aniline‐derived amino‐alcohols; Conditions: 1 mmol substrate,
additive (2 mmol H2 scavenger or 1 mmol H2O), 0.5 mol% Ru3(CO)12, 3 mol% L1 (Ru:P=1:2), 0.6 mL
cyclohexane, 140ºC, 21 h.

Substrate

Additive

Conversion
(%)

[a]

Amine

Amide

Other

selectivity

selectivity

(%)

(%)

(%)

S9

none

50.4

100

0

0

S9

Water

36.4

100

0

0

S9

Propio‐phenone

71.9

100

0

0

S9

cyclohexanone

100

97.9

2.1

0

S10

Propio‐phenone

77.9

19.1

0

58.8 [b]

S10

water

65.9

47.0

0

18.9 [b]

S10

cyclohexanone

100

21.2

0

78.8 [b]

S11

Water

18.8

100

0

0

S11

Propio‐phenone

14.7

14.7

0

0

[a]Conversion determined by GC, based on the consumption of amino‐alcohol and amine/amide
production [b] quinoline
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6.4 Conclusions
Applying the Ru3(CO)12/CataCXium PCy system in the cyclization of amino‐
alcohols gave a more active conversion. Moreover using water or a sacrificial
ketone allowed the reaction to be steered to the cyclic amine or amide,
respectively. Unfortunately, this was only applicable for primary amino‐
alcohols; N‐substituted amino‐alcohols and aniline‐derived amino‐alcohols
could not be steered to the amide, these cyclizised to the amine. Nevertheless,
also these substrates gave good conversions. The 2‐(3‐hydroxypropyl)aniline
derivative S10, leading to the 6 membered ring aromatized to quinoline (Table
7, entries 5‐7).
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6.5 Experimental
6.5.1 General considerations
Chemicals were purchased from Sigma‐Aldrich and Acros, Ru3(CO)12 was purchased from Strem and all
chemicals were used as received. Synthesis and catalysis reactions were performed under an inert
atmosphere of Ar using standard Schlenk techniques. Product distribution and yield analyses were
performed by GC on a Shimadzu GC‐17 A instrument with an Ultra 2 column (25 mP0.2 mm). 1H NMR,
31
P NMR, 13C NMR spectra were recorded on 200 MHz and 400 MHz Varian Mercury spectrometers. The
1
H and 13C chemical shifts are reported in ppm (parts per million) downfield from TMS
(tetramethylsilane), 31P chemical shifts are reported in ppm downfield from 85% H3PO4 in water. GC/MS
analyses were conducted on a Shimadzu GCMS‐QP2010 SE with a DB‐1 MS column (10 mP0.1 mm). The
amino‐alcohol cyclization was performed in an in house developed stainless steel autoclave with a
screw‐cap. Reactions with additional gasses or followed in time were performed in a 75 mL in house
developed stainless steel autoclave equipped with a manometer and a sampling unit for 50 µL samples.
General procedure for the cyclization of amino‐alcohols
Ru3(CO)12 (0.005 mmol, 3.2 mg) was weighed into a 10 mL screw‐capped stainless steel autoclave and
purged with argon. To this, dry degassed cyclohexane (0.6 mL) was added. Subsequently, ligand (0.03
mmol, 10.3 mg) and the alcohol (1 mmol) were added. If applicable, additive (10 mmol for H2O or 2
mmol for ketone) was added. The screw‐capped autoclave was closed tightly and heated in an oil bath
to 140ºC for the appropriate time.
6.5.2 Syntheses
General synthesis of secondary amino‐alcohols[14]
A Solution of 2 mL HCl (conc. 36%) in 25 mL H2O was cooled to 0ºC on an ice‐bath. To this, 2,4‐dihydro‐
2H‐pyran (9.12 mL, 100 mmol) was added and the mixture was allowed to warm up to r.t. until it
became a homogeneous mixture. Then it was cooled down again to 0ºC and amine was added and
allowed to warm up to r.t. After that, the mixture was stirred for an additional 45 minutes. The product
was extracted with CH2Cl2 (2x 10 mL) and dried over Na2CO3 and filtered. The organic layer was
evaporated. The product was then redissolved in EtOH (20 mL) and cooled to 0ºC again. NaBH4 (3.78 g,
100 mmol) was now added and the mixture was stirred at r.t. overnight. After that the mixture was
heated to 50ºC for an additional hour. After cooling down to r.t., the mixture was acidified using conc.
HCl and then filtered. The products were extracted with CH2Cl2 2 x 10 mL). Evaporating the organic layer
yielded the desired secondary amino‐alcohol.
5‐(methylamino)pentan‐1‐ol (S5):
Aq. MeNH2 (130 mmol, 10.11 mL). Yield: 4.87 g, 41.5%. Retention time (GC): 6.76
min.
5‐(ethylamino)pentan‐1‐ol (S6):
68% Aq. EtNH2 (8.62 g, 130 mmol). Yield: 6.59 g, 50.2%. Retention time (GC):
7.94 min.
5‐(propylamino)pentan‐1‐ol (S7):
Propylamine (10.7 mL, 130 mmol). Yield: 10.84 g, 74.6%. Retention time (GC):
9.65 min.
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5‐(benzylamino)pentan‐1‐ol (S8):
Benzylamine (14.2 mL, 130 mmol). Yield 17.47 g, 90.4%. Retention time (GC):
18.00 min.

3‐(2‐aminophenyl)propan‐1‐ol (S10):
In a Schlenk tube, 2‐iodoaniline (4.38 g, 20 mmol)), PdCl2 (88.7 mg, 0.5 mmol), CuI
(137.1 mg, 0.72 mmol) and PPh3 (262.3 mg, 1 mmol) were placed and purged with
Ar. To this, acetonitrile (40 mL) was added, resulting in a brown solution. While
stirring, Et3N was added (8.4 mL, 60 mmol). After all Et3N was added, propargyl alcohol (1.73 mL, 30
mmol) was added dropwise. The mixture was allowed to stir at r.t. and was monitored by TLC (eluent
1:3 hexane : EtOAc). After 4 h the reaction did not show further conversion and the product was
extracted with CH2Cl2. The crude oil was dissolved in dry, degassed MeOH (10 mL) and placed in an 75
mL stainless steel autoclave and Pd/C (36.4 mg, 0.085 mmol) was added. To this, a pressure of H2 (10
bar) was applied and the whole was stirred for 2 days. The resulting mixture was purified over a column
(1:3 hexane:EtOAc). After evaporation of the solvents a colorless oil remained in 1.32 g yield
(45%).Retention time (GC): 14.71 min. (see method in analyses section).
1
H NMR (200 MHz, CDCl3,  = ppm): 1.86 (dt, 2H, CH2, 3JHH= 5.8, 7.2 Hz), 2.59 (t, 2H, CH2, 3JHH= 7.2 Hz),
3
3.59 (t, 2H, CH2, JHH= 5.8 Hz), 4.74 (s, 2H, NH2), 6.69‐6.80 (m, 2H, Phenyl), 7.04‐7.28 (m, 2H, phenyl).
4‐(2‐aminophenyl)but‐3‐yn‐1‐ol (11):
In a Schlenk tube, 2‐iodoaniline (4.38 g, 20 mmol)), PdCl2 (88.7 mg, 0.5 mmol), CuI
(137.1 mg, 0.72 mmol) and PPh3 (262.3 mg, 1 mmol) were placed and purged with
Ar. To this, acetonitrile (40 mL) was added, resulting in a brown solution. While
stirring, Et3N was added (8.4 mL, 60 mmol). After all Et3N was added, 3‐butyn‐1‐ol
(2.27 mL, 30 mmol) was added dropwise. The mixture was allowed to stir at r.t. and was monitored by
TLC (eluent 1:3 hexane:EtOAc). After 4 h the reaction did not show further conversion and the product
was extracted with CH2Cl2. The crude oil was purified over a silica column (1:3 Hexane: EtOAc). After
evaporation of the solvents a colorless oil remained.
1
H NMR (400 MHz, CDCl3,  = ppm): 2.70 (t, 2H, CH2, 3JHH= 6 Hz), 3.79 (t, 2H, CH2, 3JHH= 6 Hz), 4.21 (s, 2H,
3
NH2), 6.62 (m, 1H, Phenyl), 6.65 (m, 1H, Phenyl), 7.07‐7.09 (dd, 1H, phenyl, JHH = 1.6, 7.2 Hz), 7.24‐7.26
(dd, 1H, phenyl, 3JHH = 1.6, 7.2 Hz).
4‐(2‐aminophenyl)butan‐1‐ol (S11):
Compound 11 (2200 mg, 13.6 mmol) was dissolved in dry, degassed MeOH (10
mL) and placed in a 75 mL stainless steel autoclave and Pd/C (584 mg, 1.36 mmol)
was added. To this, a pressure of H2 (10 bar) was applied and the whole was
stirred for 3 days. The resulting mixture was purified over a column (1:3 hexane:EtOAc). After
evaporation of the solvents a colorless oil remained in 1.11 g yield (49%). Retention time (GC): 16.64
min. (see method in analyses section).
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Table 8: Screening for suitable hydrogen scavengers. Conditions: 1 mmol substrate, additive (2 mmol
H2 scavenger or 1 mmol H2O), 0.5 mol% Ru3(CO)12, 3 mol% L1 (Ru:P=1:2), 0.6 mL cyclohexane, 140ºC,
21 h.
Amine
Amide
Other
Substrate
Hydrogen Scavenger
Conversion
[a]
selectivity
selectivity
(%)
Acetone
100
33.5
63.2
3.3 [b]
4‐methyl‐2‐pentanone
100
0
2
98 [b]
(MIBK)
S1
2,4‐dimethyl‐3‐pentanone
2.4
100
0
0
S1
cyclohexanone
95.1
74.1
25.9
0
S1
Benzophenone
94.9
16.4
52.8
30.7 [b]
S1
Propiophenone
100
0
100
0
S1
Cyclohexene
95.1
74.1
25.8
0
S1
Phenylacetylene
100
9.8
2.3
87.9
[b]
S2
Cyclohexanone
100
31.8
52.6
15.6
S2
Cyclohexene
95.7
86.0
11.9
2.1
S2
4‐methyl‐2‐pentanone
95.3
22.3
13.7
64
(MIBK)
S2
2‐methyl‐3‐butanone
100
49.1
8.6
42.3
S2
Cyclooctanone
100
83.0
0
17
S2
Cyclopentanone
100
0
0
100 [b]
S2
2,4‐dimethyl‐3‐pentanone
100
92.6
7.6
0
S2
2,6‐dimethyl‐cyclohexanone
70.4
80.0
20.0
0
S2
Propiophenone
100
67.2
32.8
0
S2
Benzophenone
100
64.2
35.8
0
S2
acetophenone
100
32.6
13.4
54 [b]
[a] Conversion determined by GC, based on the consumption of amino‐alcohol and amine/amide
production [b] condensation products
S1
S1

6.5.3 Analyses
Response factors of 5‐amino‐1‐pentanol and 6‐amino‐1‐hexanol with the corresponding products of
these substrates in the cyclization of amino‐alcohols were determined and are listed in Table 9. The
response factors were determined with respect to the amino‐alcohol, the cyclic amine, and the cyclic
amide. Solutions with different concentrations of one chemical and constant for another chemical were
prepared. The solutions were subjected to the GC method used for the characterization of the reaction
mixture. By plotting the concentration with respect to the peak area, a line graph can be obtained from
which the slope is the response factor of the variable chemical.
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Table 9: Response factors of reaction products for a 5‐carbon and 6‐carbon amino‐alcohol with
respect to the cyclic‐amine and the amino‐alcohol.
Compound
Response factor / amino‐
Response factor / cyclic amine
alcohol
6‐amino‐1‐hexanol
2‐Azepanone
Azepane
5‐amino‐1‐pentanol
2‐Piperidinone
Piperidine
GC‐method details
Injection Mode/ ratio:
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Column type:
Column length:
Column Max Temp.
Pressure program:
Temperature program:

N/A
0.72
0.70
N/A
0.90
0.69

0.70
0.84
N/A
0.69
0.81
N/A

Split/ 200
270ºC
He
Pressure
121.0 kPa
144.0 mL/min
0.70 mL/min
25.8 cm/sec
Ultra‐2 serial nr.: US8649351H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
310ºC
121.0  164.0 @ 1.8 kPa/min 164.0 hold 15 min
80ºC  270ºC @ 8ºC/min 270 hold 15 min

GC‐MS of amine compounds
In Table S 3 GC‐MS values are shown for compounds which have been synthesized via the cyclization of
amino‐alcohols.

Table 10: GC‐MS analysis data for the products in the cyclization of amino‐alcohols.
Compound
calculated mass (a.u.)
Found mass (a.u)
Azetidine
2‐pyrrolidinone
Pyrrolidine
2‐piperedinone
Piperidine
2‐Azepanone
Azepane

57.06
85.05
71.07
99.07
85.09
113.08
99.10

57.10
85.10
71.15
99.15
85.15
113.20
99.20
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Chapter 7

Chapter 7: Hydrogen Shuttling in Amine Splitting

While the amination of alcohols using ammonia is a very efficient reaction, it
sometimes produces secondary amines. Mainly in the heterogeneously
catalyzed reactions, secondary and tertiary amines are common side products.
In order to achieve an atom‐efficient production of primary amines, efforts
have been made to produce primary amines from secondary amines and
ammonia. This new type of catalytic conversion has not been studied intensely
yet, and only one example is known in which secondary amines are efficiently
converted to primary amines. Directly related to this, is the racemization of
amines. Both reactions deal with the dehydrogenation and rehydrogenation of
amines. This chapter describes the search and development of a new amine
splitting catalyst.

Manuscript in preparation:
D.Pingen, C. Altintas, C. Müller, D. Vogt,
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7.1 Introduction
Primary amines are valuable building blocks in industrial and pharmaceutical
chemistry. For example, in a large variety of polymers, pharmaceuticals and
fine‐chemicals primary amines provide an important scaffold for further
functionalization. Often in the synthesis of primary amines, the major by‐
products are the secondary or tertiary amines. Even though there are a few
catalysts being able to selectively synthesize primary amines from alcohols,
developed by Milstein,[1] Beller[2, 3] and Vogt,[4] it is almost inevitable to have
secondary amines as by‐products. Mainly in the heterogeneously catalyzed
amination reactions secondary amines appeared to be inevitable side‐
products.[5, 20, 21] In order to reduce the waste, a way has to be found to reuse
the secondary amines for primary amine synthesis. Doing this atom‐efficiently,
it is desirable to use ammonia as amine donor. Moreover, to reduce reaction
steps, catalytic activation is required. The reaction is therefore related to the
hydrogen shuttling reaction, as it concern first dehydrogenation of the
substrate, condensation with ammonia and then rehydrogenation of the
resulting imine. The main difference is that not water but a primary amine is
the leaving group now, which is also the product (Scheme 1).

Scheme 1: Hydrogen shuttling concept in the splitting of secondary amines with ammonia
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So far, only one example of a homogeneous catalyst has been reported that
efficiently catalyzed the splitting of secondary and tertiary amines.[6] The
catalyst used is known as Shvo’s catalyst (Scheme 2),[7, 8] which already showed
its usefulness in racemization reactions,[9‐11] amine coupling,[12] and N‐
alkylation reactions.[13] The catalyst owes its reactivity to the possibility of
splitting the dimer into two different mononuclear complexes in solution. One
of these has a hydrogen donor ability and the other a hydrogen acceptor
ability.

Scheme 2: Shvo’s catalyst and its monomeric forms

7.2 Catalyst screening
As the catalyst is expected to follow a similar mechanism as for hydrogen
shuttling

catalysts,

active

catalysts

dehydrogenation/hydrogenation

catalysts.

were

searched

Racemization

among

catalysts

are

therefore the most obvious to search for. As was already shown by Beller et
al., Shvo’s catalyst showed excellent activity.[6] During the search for a catalyst
capable of splitting secondary amines, structural similarity to Shvo’s catalyst
and to its monomers has been considered. Of course also catalysts known to
be active in the direct amination with ammonia were screened.
In these studies, the splitting of dicyclohexylamine was chosen as a benchmark
reaction (Scheme 3). The products from this reaction are well known in the GC‐
analyses used, as well as the possible side products and intermediates.
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Scheme 3: Splitting of dicyclohexylamine as the benchmark reaction

The first attempts were made using Ru3(CO)12 in combination with the
acridine‐based diphosphine (Figure 1). This combination showed good activity
in the hydrogen shuttling mechanism for alcohol amination using ammonia.[14]
However, for the splitting of secondary amines it appeared to be unreactive.

Figure 1: Acridine diphosphine‐based catalyst for the direct amination of alcohols using ammonia

Proceeding with the concept that it might need resemblance to Shvo’s catalyst
and (amine) racemization catalysts, a range of pentaphenylcyclopentadiene
complexes were investigated (Figure 2).[15‐17]
These complexes are known to be active in the racemization of alcohols and
amines. As it is expected that dehydrogenation requires a vacant (non‐
hydridic) site, complex 2 might be inactive. Complexes 1 and 3 might require
KOtBu to remove the chloride. Furthermore, complex 3 is expected to enhance
the dehydrogenation step due to the electron donating properties of the PPh3.
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Figure 2: Pentaphenylcyclopentadiene‐based Ru complexes for the splitting of secondary amines with
ammonia

Table 1: Splitting of cyclohexylamine with ammonia. Conditions: 2 mol% cat., 1.5 mmol
dicyclohexylamine, 3 mL t‐amylalcohol, 0.75 mL MTBE, 5 mL NH3 (195 mmol), 170ºC, 24 h.

Complex
1
2
3

Conversion
(%)
78
23
6

Primary Amine
Selectivity (%)
91
96
100

Dicyclohexylimine (%)
9
4
0

The initial reaction conditions were based on the conditions applied by
Beller.[6] Initially, MTBE was used as a co‐solvent as this appeared to be helpful
in keeping the catalyst in solution, preventing it from sticking to the reactor
walls.
However, later this appeared to have no effects in our case. Neither the
conversion nor the selectivity changed and the catalyst did not stick to the
reactors wall.
For all complexes activity was observed, though minimal for complex 3,
containing PPh3. As it was expected that this would improve the
dehydrogenation, it might be that this hampers the rehydrogenation.
Performing mechanistic studies on this compound might help revealing the
rate determining step.
As expected, the hydride complex was less reactive, though still giving 23%
conversion with excellent selectivity. The most reactive complex 1 however,
reached (un‐optimized) 78% conversion with over 90% selectivity towards the
primary amine (Table 1).
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7.3 Reaction Parameters
7.3.1 Effects of additional water
Water appeared to be facilitating the splitting of secondary amines in the
results using Shvo’s catalyst. As the secondary imine is formed after
dehydrogenation, the water hydrates this compound into primary amine and
aldehyde. The aldehyde undergoes the condensation with ammonia and gets
rehydrogenated (Scheme 4). For dicyclohexylamine, the intermediate will be a
ketone instead of aldehyde and the positive effect is expected to be less
pronounced.

Scheme 4: Water facilitating the splitting by hydration of secondary imine.

Graph 1 shows how the results of splitting of dihexylamine and
dicyclohexylamine differ with and without water. As can be seen, in the
splitting of dihexylamine, the effect of water is minimal, while for
dicyclohexylamine the activity is decreased significantly. It is likely to assume
that water inhibits the reaction by coordination to the catalyst. However, then
it’s rather peculiar that ammonia does not have this strong effect here.
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Nevertheless, water should be avoided in using this particular catalyst for the
splitting of amines.

100

Conversion (%)

80

60

40

20

0
0 mL

0.75 mL

Amount of water

Graph 1: Effect of water addition in the splitting of dihexylamine and dicyclohexylamine. Conditons: 2
mol% catalyst 1, 1.5 mmol secondary amine, 3 mL t‐amylalcohol, 0.75 mL MTBE, 5 mL NH3 (195
mmol), 170ºC, 24 h. green = hexylamine, blue = dihexylamine, Red = cyclohexylamine, black =
dicyclohexylamine

7.3.2 Effect of additional Ar pressure
At the high temperatures applied, it is possible that a portion of the solvent is
present in the gas‐phase. With applying additional pressure, more solvent will
remain in the mixture as the boiling point will be raised. This could be
beneficial for the concentration of substrate in the reaction mixture, which is
lower then.
Graph 2 shows that there was no effect for the conversion and selectivity of
dicyclohexylamine; both remained relatively high. However, for dihexylamine,
a very positive effect was observed; here both the conversion and the
selectivity increased. As the general result is positive, additional Ar pressure
(30 bar) was applied in the optimized reaction condition.
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Graph 2: Effect of additional Ar pressure (30 bar) on the splitting of dihexylamine and
dicyclohexylamine. Conditions: 2 mol% catalyst 1, 1.5 mmol secondary amine, 3 mL t‐amylalcohol,
0.75 mL MTBE, 5 mL NH3 (195 mmol), 170ºC, 24 h. green = hexylamine, blue = dihexylamine, Red =
cyclohexylamine, black = dicyclohexylamine

7.3.3 Amount of ammonia:
The amount of ammonia is an important parameter for the reaction as it has
the function of nucleophile. It was thought that a large excess would be
beneficial for the selectivity and conversion. To exclude inhibition, different
amounts of ammonia were applied. Remarkably, it can be seen from Graph 3
that the reaction is slower at higher ammonia loadings. Moreover, the
increased amount of ammonia seems to deactivate the catalyst as lower
conversions were achieved (Graph 3). On the other hand, a lower amount of
ammonia resulted in an increased initial rate.
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Graph 3: Effect of the amount of NH3 on the reaction profile of the splitting of dicyclohexylamine.
Conditions: 2 mol% catalyst 1, 4.5 mmol dicyclohexylamine, 9 mL t‐amylalcohol, 30 bar Ar, 170ºC. ▲
= 0.5 mL NH3 (19.5 mmol), ■ = 2.5 mL NH3 (97.5), ● = 5 mL NH3 (195 mmol, black = dicyclohexylamine,
gray = cyclohexylamine

It appeared that deactivation by ammonia was not as pronounced as thought.
It was formerly shown by the group of Beller that deactivation of Shvo’s
catalyst occurred in the presence of ammonia and primary amines (Scheme
5).[18] As the catalyst used here shows much resemblance to Shvo’s catalyst, it
could be expected that also deactivation might occur by ammonia for catalyst
1. Although it is calculated by the group of Beller that the deactivation should
be overcome at 150ºC for Shvo’s catalyst, a strong effect was still observed for
catalyst 1. For that reason, the amount of ammonia used was kept as low as
possible further on.

Scheme 5: Possible deactivation mechanism of [(η5‐Ph5C5 ) Ru(CO)2Cl] with ammonia and primary
amine[18]

161

Hydrogen Shuttling In Amine Splitting

It should be kept in mind that also the product, a primary amine, might inhibit
the reaction to go to full conversion or selectivity (product inhibition).

7.3.4 Addition of KOtBu:
In an article by Bäckvall it is stated that dissociation of CO is a key step in
racemization. By loss of a carbonyl ligand, a vacant site is created, which makes
β‐hydrogen elimination possible. The base is required to facilitate the
abstraction of chloride from the complex (Scheme 6). In the presence of
KOtBu, the intermediate formed by the dissociation of CO is stabilized by the
strong back‐donation from the base. Abstraction of the chloride by the base
provides the ‐OtBu complex. Therefore the dissociation of CO occurs more
easily for the tert‐butoxide complex than for the chloride complex and in this
way results in a faster reaction.[19]

Scheme 6: Ligand Exchange between Cl and KOtBu[19]

When the substrate comes in, it is deprotonated by the coordinated ‐OtBu and
exchanges for the deprotonated substrate. The vacant site can pick up the
hydride completing the β‐hydrogen elimination.
Similar to racemization reactions, the substrate needs to be dehydrogenated
to form a reaction intermediate to react with ammonia. For that reason, it was
thought that the reaction might be improved employing 1 equivalent of base
with respect to the catalyst.
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Graph 4: Effect of KOtBu on the splitting of dicyclohexylamine. Conditions: 2 mol% catalyst 1, 4.5
mmol dicyclohexylamine, 9 mL t‐amylalcohol, 2.5 mL NH3 (97.5 mmol), 170ºC.  = no KOtBu,  = 2
mol% KOtBu, black = dicyclohexylamine, gray = cyclohexylamine

As illustrated in Graph 4, it seems that KOtBu has a negative effect; the rate is
decreased. However, from the whole profile it can be seen that though the
rate is decreased, the eventual conversion is higher, and more important, the
yield of primary amine is also increased. This effect will have to be studied in
more detail in the future in order to understand the exact role of the base in
the mechanism.
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7.4 Conclusions
A new catalyst for the splitting of secondary amines was found, which most
likely follows the ‘Hydrogen Shuttling’ concept. The best results obtained
reached up to 91% conversion with 88% yield of the primary amine. The
catalyst is structurally based on Shvo’s complex, though important differences
have

to

be

pointed

out.

Whereas

Shvo’s

complex

contains

a

cyclopentadienone as “non‐innocent” ligand, this new complex only bears a
pentaphenylcyclopentadiene ligand and presumably ows its activity not to this
Cp ring but to the possibility of CO dissociation. Furthermore, it was found that
water has a negative influenced on the reaction as does a large excess of
ammonia. Further research has to be carried out on the effect of KOtBu. It
appears that the conversion increases with on the addition of the base, while
the reaction rate decreases under the influence of KOtBu. Moreover, the
deactivation of the active species has to be investigated in order to prevent
this and to be able to design more efficient catalysts.
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7.5 Experimental Section
General procedure for the splitting of secondary amines
The catalyst (2 mol%) is weighed and transferred into a 75 mL stainless‐steel autoclave. The autoclave is
then purged with Argon. The solution of secondary amine (1.5 mmol) in 3 mL t‐amyl alcohol is prepared
in an Ar‐purged Schlenk tube. The reaction mixture is then transferred to the Ar‐purged autoclave by
syringe under Argon atmosphere. The autoclave is charged with liquid ammonia by means of a mass
flow controller (MFC) for liquid NH3 (Liquidflow) and heated to 150ºC‐170ºC for the appropriate time.
1,2,3,4,5‐Pentaphenylcyclopentadiene
To a suspension of Mg turnings (0.505 g, 20 mmol) in THF (5 mL) in a 3‐neck round‐
bottom Schlenk flask, a solution of PhBr (3.681 g, 23 mmol) in THF (20 mL) was added
dropwise. While doing this, the Schlenk was kept at room temperature by cooling the
flask in water. After 1 h, 2,3,4,5‐tetraphenylcyclopentadienone (5.03 g, 0.013 mol)
was added together with 20 mL of extra THF. After 2 h, LiAlH4 (1.310g, 34.5 mmol) was added in
portions. The Grignard mixture was quenched after 2 h with a saturated aqueous solution of NH4Cl and
the mixture was stirred overnight. The product was extracted by CH2Cl2 and dried over MgSO4. The
product was filtered and solvents were evaporated in vacuum. The product was obtained as a pale‐
yellow solid (2.865 g, 50%).
1
H NMR (298 K, 400 MHz, CDCl3, =ppm): 7.6 (d, 1H), 7.43 (t, 2H), 7.33 (t, 2H), 7.18 (m, 10H), 6.95 (m,
13 1
10H), 5.08 (s, 1H). C{ H} NMR (298 K, 100.6 MHz, CDCl3, =ppm): 136.1, 135.8, 130.08, 128.98, 128.72,
128.52, 128.43, 127.82, 126.65, 126.51, 126.29.
5

(η ‐Ph5C5) Ru(CO)2Cl
1,2,3,4,5‐pentaphenylcyclopentadiene (1 g, 2.2 mmol) and Ru3(CO)12 (480 mg, 0.74
mmol) were put into a 50 ml Schlenk tube and flushed with Argon. Decane (8 mL)
and toluene (4 mL) were added and the suspension was heated to 160ºC for 2.5
days. After cooling the mixture to room temperature, CHCl3 (1 mL) was added and
the mixture was heated at 160ºC for 1 h. After cooling down to room temperature,
the mixture was washed with pentane and the resulting yellow powder was dried in vacuum.
1
13 1
H NMR (298 K, 400 MHz, CDCl3, =ppm): 7.20 (m, 5H), 7.10 (m, 10H), 7.02 (m, 10H). C{ H} NMR (298
‐1
K, 100.6 MHz, CDCl3, =ppm): 132.1, 129.5, 128.4, 127.8, 106.4. IR (cm ): 3057 (Phenyls), 2076, 2012
(CO).
5
(η ‐Ph5C5)Ru(CO)PPh3Cl
In an Argon purged Schlenk tube (η5‐Ph5C5)Ru(CO)2Cl (97.9 g, 0.15 mmol) and PPh3
(45.3 mg, 0.17 mmol) were dissolved in CH2Cl2 (2.7 mL). In a separate Schlenk tube,
trimethylamine N‐oxide (23.1 mg, 0.30 mmol) was dissolved in CH3CN (1 mL). The
latter was then slowly added to the first solution and was stirred for 15 minutes at
room temperature. The color changed into dark red after 5 minutes. The resulting
mixture was filtered over silica and washed with CH2Cl2, yielding a red powder (0.05 g, 38%).
31 1
P{ H} NMR (298K, 161.9 MHz, CDCl3, =ppm): 39.0 (s). 1H NMR (298 K, 300 MHz, CDCl3, =ppm): 7.45
13 1
(t, 6H), 7.31 (t, 3H), 7.11 (m, 12H), 6.89 (t, 10H), 6.77 (d, 10H). C{ H} NMR (298 K, 100.6 MHz, CDCl3,
=ppm): 134.5, 134.4, 132.4, 132.3, 131.5, 129.9, 127.9, 127.9, 127.2, 127.1. IR (cm‐1): 3056, 2956, 2856
(PPh3, phenyls), 1936 (CO).
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Synthesis of (η5‐Ph5C5)Ru(CO)2H
A suspension of 1,2,3,4,5‐pentaphenylcyclopentadiene (137 mg, 0.31 mmol) and
Ru3(CO)12 (76 mg, 0.12 mmol) in a mixture of decane (0.8 mL) and toluene (0.4 mL)
was heated at 160ºC in a 10 mL Schlenk tube for 2.5 days. After cooling the mixture
to room temperature, it was washed with pentane and the resulting brown powder
was dried in vacuum (350 mg, 0.58 mmol, 21 %).
1
H NMR (298 K, 400 MHz, CDCl3, =ppm): 9.87 (s, 1H), 7.20 (t, 1H), 7.08 (t, 2H), 7.05 (d, 2H). 13C{1H}
NMR (298 K, 100.6 MHz, CDCl3, =ppm): 196.9, 132.2, 129.5, 128.2, 127.8, 106.5. IR (cm‐1): 2009, 1952
(CO).

GC Method details
Amine Alkylation
Injection Mode/ ratio:
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Column type: Ultra‐2 serial nr.:
Column length:
Column Max.
Pressure program:
Temperature program:

Split/ 200
270ºC
He
Pressure
121.0 kPa
144.0 mL/min
0.70 mL/min
25.8 cm/sec
USA622923H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
Temp. 310ºC
121.0  164.0 @ 1.8 kPa/min 164.0 hold 15 min
80ºC  270ºC @ 8ºC/min 270 hold 15 min

Amine Alkylation Fast
Injection Mode/ ratio:
Temperature:
Carrier Gas:
Flow Controle Mode:
Pressure:
Total Flow:
Column Flow:
Liner Velocity:
Column type: Ultra‐2 serial nr.:
Column length:
Column Max Temp. :
Pressure program:
Temperature program:

Split/ 100
270ºC
He
Pressure
121.0 kPa
75.0 mL/min
0.70 mL/min
25.8 cm/sec
USA622923H
25 m, 0.33 µm film thickness, 0.20 mm inner diameter
310ºC
121.0  164.0 @ 1.8 kPa/min 164.0 hold 3 min
80ºC  270ºC @ 8ºC/min 270 hold 3 min
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Summary

“Hydrogen Shuttling” a Tool in the Catalytic
Synthesis of Amines
Development and Scope

The transformation of alcohol moieties, e.g. by substitution of other
functionalities, has been an interesting topic in chemistry since long. A
pathway in which the hydroxy group is activated by a catalyst and eventually
leaves as water would already reduce the waste problem. In Chapter 1, it is
described how the so‐called Hydrogen Shuttling concept has come to its
foundation. A literature overview is given, emphasizing the importance of
amine functionalities and the advances in the catalytic production of these
compounds. Several examples of catalysts in the developments towards
‘greener’ alcohol substitution by amine functionalities are described.

Chapter 2 describes the development of a catalytic system for the direct
amination of alcohols with ammonia, targeting primary amines. The catalyst is
based on a previously reported system using Ru3(CO)12 and CataCXium PCy,
both commercially available compounds. It is shown to be active in the
dehydrogenation of secondary alcohols and hydrogenation of primary imines,
via a concept called “Hydrogen Shuttling”. The newly found system appeared
to be very selective towards primary amines. The only side product, secondary
imine, goes through a maximum to eventually split up into the desired product
over time. Several additives were screened in order to understand more about
the equilibria in the reaction. Here it is shown that water has a negative effect
on the reaction, as does additional hydrogen. Molsieves appeared to be
beneficial for the selectivity after 21 h.
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The newly found system has been improved by changing the CataCXium PCy
ligand to an acridine‐based diphosphine, previously reported by Milstein. The
combination of Ru3(CO)12 and this ligand provided a more active and selective
catalyst system. Chapter 3 discusses this improved Ru3(CO)12‐catalyzed alcohol
amination and shows that this new system allows for the conversion of bio‐
based alcohols, with conversions of up to 100% and selectivities also going up
to 100%. Additionally, the system is shown to be very robust. It is shown that it
can be reused in up to 6 consecutive runs and is applicable to higher amounts
of substrate.

The most recently developed catalyst for amination of alcohols with ammonia,
developed by Beller et. al., based on RuHCl(CO)(PPh3)3 and Xantphos allowed
for systematic ligand studies. Described in Chapter 4, it is found that only a few
xanthene‐based ligands show desired activity while some were completely
inactive and others gave secondary amines as major product. The ratio
between the precursor and ligand has been studied and appeared to be
optimal in a Ru:P ratio of 1:2. Furthermore, a too large excess of ammonia
appeared to poison the catalysts. The SPANphos ligand also appeared to be
very active. Remarkably, applying this ligand showed a slight selectivity
towards secondary alcohols. A diol containing both a primary and a secondary
alcohol confirmed that there is a preference for secondary alcohols. However,
at this point this preference is not very high, though might allow to develop
systems more easily using this knowledge.

Chapter 5 goes further on the RuHCl(CO)(PPh3)3/Xantphos system, however,
now concerning the molecular properties of this catalyst and mechanistic
aspects are discussed. From crystallographic data, the exact structure is
determined. Moreover, VT‐NMR data reveal that the Xantphos backbone
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shows fluctionality as a function of temperature. It is shown that
RuHCl(CO)(PPh3)3/Xantphos can be deactivated by KOtBu, forming the
dihydride species in the presence of cyclohexanol. Additionally, this compound
can be (re)activated by a ketone. Furthermore, RuCl2(PPh3)3/4/Xantphos
complexes can be activated in turn by KOtBu and cyclohexanol, showing the
formation of hydrido‐chloro species. From this data a mechanism is proposed.

The

first

developed

catalyst

in

secondary

alcohol

amination,

Ru3(CO)12/CataCXium PCy, also appeared to be active in the cyclization of
amino‐alcohols. In Chapter 6, it is discussed how the products of amino‐
alcohol cyclization can be steered towards the cyclic amine using water as
additive or towards the cyclic amide using a sacrificial hydrogen acceptor, like
propiophenone or cyclohexanone. This is applied to a range of substrates with
variable length in which 5‐amino‐1‐pentanol gave full selectivity to either the
amine or the amide. It is shown that other ligands, showing activity in alcohol
amination, gave no controllable selectivity. However, secondary amino‐
alcohols could not be cyclized to the amide as well as aniline‐derived amino‐
alcohols. The aniline‐derived substrates mainly cyclized towards aromatic
molecules with loss of hydrogen.

While the amination of alcohols with ammonia is a very efficient reaction,
sometimes secondary amines are produced, especially in heterogeneously
catalyzed aminations. In Chapter 7 it is described how effort has been put into
the reaction of producing primary amines from secondary amines and
ammonia. This new type of catalytic conversion has not been studied
intensively yet, and only one example is known in which secondary amines are
converted efficiently to primary amines. Employing a racemization catalyst,
which is related to this type of conversion, has been investigated in the
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secondary amine splitting. This cyclopentadiene‐based complex can be applied
as a new amine splitting catalyst. Looking into the reaction conditions and
systematically varying these, shows the deactivation of the catalyst by
ammonia and water. Furthermore, applying additional Argon pressure
improved the performance. Interestingly, KOtBu reduced the initial reaction
rate, though improved to overall outcome of the reaction.
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Het aanpassen van alcohol groepen, bijvoorbeeld door middel van substitutie
door andere functionaliteiten, is altijd al een interessant onderwerp geweest
binnen de chemie. Indien deze reactie gekatalyseerd kan verlopen dan zou de
hoeveelheid afval sterk verminderen. De katalysator activeert de alcohol zodat
deze uiteindelijk als water kan vertrekken door middel van “Hydrogen
Shuttling. In Hoofdstuk 1 staat beschreven hoe het concept “Hydrogen
Shuttling” tot stand is gekomen. Met een literatuuroverzicht is beschreven
waarom amines zo belangrijk zijn en waarom we deze katalytisch zouden
willen produceren vanuit alcoholen. Er wordt beschreven wat er al zoal is
ontwikkeld aan katalysatoren in deze ‘groenere’, schonere route van alcohol
substitutie.

Hoofdstuk 2 laat de ontwikkeling van een katalytisch systeem zien dat met
ammoniak secundaire alcoholen omzet in primaire amines. De katalysator is
gebaseerd op een reeds eerder ontwikkeld systeem dat inmiddels
commercieel toegepast wordt. Het laat zien dat het alcoholen dehydrogeneert,
en vervolgens primaire imines hydrogeneert, volgens het “Hydrogen Shuttling”
concept. Het nieuwe systeem is zeer selectief naar primaire amines. Het enige
bij‐product, het secundaire imine, eigenlijk een tussenproduct, verdwijnt
uiteindelijk om het gewenste product te geven. Verder werden verschillende
toevoegingen bekeken, om meer inzicht in de reactie en haar evenwichten te
verkrijgen. Hierbij blijken water en waterstof de selectiviteit en conversie
negatief te beïnvloeden. Het toevoegen van moleculaire zeven blijkt juist de
selectiviteit positief te beïnvloeden.
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Het nieuwe systeem is verder verbeterd met betrekking tot een hogere
reactiesnelheid en een hogere selectiviteit. Hoofdstuk 3 beschrijft deze
verbeteringen aan de hand van een ligand, welke al eerder werd beschreven
door Milstein, maar nu gecombineerd met een andere metaalprecursor.
Beschreven wordt, wat de invloed is van de hoeveelheid ligand per Ruthenium
op het verloop van de alcohol amineringsreactie. Verder wordt getoond dat dit
nieuwe systeem uit de natuur afkomstige alcoholen kan omzetten naar
primaire amines. Deze nieuwe combinatie blijkt overigens zeer robuust te zijn;
reacties op grotere schaal zijn uitgevoerd en hergebruik van de katalysator tot
6 keer toe is mogelijk zonder veel activiteitsverlies.

De meest recent ontwikkelde katalysator voor de aminering van alcoholen met
ammonia, ontwikkeld door de groep van Beller, is gebaseerd op
RuHCl(CO)(PPh3)3 en Xantphos. Aangezien deze op een mono‐metallisch
complex gebaseerd is, kan deze eenvoudiger bestudeerd worden voor
systematische ligandstudies. Hoofdstuk 4 laat zien dat het toepassen van
slechts enkele xantheen‐gebaseerde liganden de gewenste activiteit vertonen,
terwijl gebruik van andere totaal geen activiteit gaven en een enkele zelfs
secundaire amines bleek te produceren. Studies naar de verhouding tussen
metaal en ligand lieten zien dat een Ru:P verhouding van 1:2 ideaal is. In
studies waarbij de hoeveelheid ammoniak bestudeerd werd, bleek dat een te
groot overmaat aan ammoniak tot vergiftiging van de katalysator leidt.
Wanneer een ander gerelateerd ligand, SPANphos, gebruikt werd, bleek ook
activiteit waargenomen te worden en zelfs met lichte voorkeur naar
secundaire alcoholen, vergeleken met primaire alcoholen. Hoewel op dit
moment de voorkeur nog zeer laag is, kan met deze kennis een meer selectief
systeem met een sterkere voorkeur ontwikkeld worden.
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Hoofdstuk 5 gaat verder op het RuHCl(CO)(PPh3)/Xantphos systeem, maar dan
meer in de richting van de moleculaire en mechanistische eigenschappen
ervan. De exacte structuur van deze uitgangsstof voor de katalysator is
bepaald met behulp van röntgenkristallografie. Variabele temperatuur NMR
laat verder zien dat de basis‐structuur van het ligand flexibel is als functie van
de temperatuur.
RuHCl(CO)(PPh3)3/Xantphos kan gedeactiveerd worden door de base KOtBu,
waarbi een dihydride complex wordt gevormd indien ook cyclohexanol
aanwezig is. Dit dihydride kan op zijn beurt weer geactiveerd worden met een
keton. De niet‐actieve RuCl2(PPh3)3/4/Xantphos kan vervolgens geactiveerd
worden met dezelfde base en cyclohexanol, waarbij een hydride‐chloro
component wordt gevormd. Gebruik makend van deze gecombineerde data is
een mechanisme voor de directe aminering van alcoholen voorgesteld.

Het eerste systeem voor direct aminering van alcoholen, Ru3(CO)12/CataCXium
PCy, blijkt ook actief te zijn in de ringvorming van amino‐alcoholen. Hoofdstuk
6 laat zien hoe de ringvorming gestuurd kan worden om selectief ringvormige
amines met water te verkrijgen, of juist ringvormige amides te verkrijgen door
middel van een waterstof‐ontvanger zoals propiofenon of cyclohexanon. Dit
concept is toegepast op een aantal substraten van variabele ketenlengte,
waarvan 5‐amino‐1‐pentanol complete selectiviteit gaf naar het ringvormige
amine bij gebruik van water en het ringvormige amide bij gebruik van
waterstofontvangers. Andere liganden, actief bij gebruik in de alcohol
aminering bleken geen selectiviteit te vertonen in de amino‐alcohol cyclizering.
In geval van secundaire amino‐alcoholen kon het amide niet verkregen
worden, hier werd alleen het amine gevormd. Aniline gederivatiseerde
substraten gaven voornamelijk aromatische producten, waarbij nog een extra
molecuul H2 vrijkomt.
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Ondanks dat de aminering van alcoholen met ammoniak erg efficiënt is, zijn
secundaire amines toch nog voorkomende bijproducten, zeker in heterogeen
gekatalyseerde reacties. In Hoofdstuk 7 wordt onderzoek naar katalysatoren
beschreven om van secundaire amines, primaire amines te produceren met
ammoniak. Deze reactie is relatief nieuw en er bestaat dan ook slechts één
homogeen katalytisch systeem om deze reactie te faciliteren. Er is beschreven
dat gebruik makend van een racemizeringskatalysator de reactie ook tot stand
komt. Hierbij is echter gevonden dat deze vergiftigd raakt door ammoniak en
water. Verder presteert de katalysator beter bij een additionele Argondruk en
heeft het toevoegen van KOtBu een positief effect op het eindresultaat.

176

Dankwoord

Dankwoord
En toen was het alweer voorbij…De laatste 4 jaar en een beetje zijn niet zonder
andere mensen voorbij gegaan en die wil ik dan ook even noemen hier.

Mijn eerste promotor, Dieter, heeft mij natuurlijk deze kans gegeven om te
promoveren in zijn lab. We hebben samen mooie dingen voor elkaar gekregen
en dankzij je aanstekelijke enthousiasme heb ik er altijd lol in kunnen hebben
en zal dat nog steeds hebben. We zaten altijd wel goed op één lijn denk ik zo.
Ook buiten de chemie om… Ik kijk er naar uit om Schotland te ontdekken!
Mijn tweede promotor heeft uiteraard ook veel bijgedragen. Je hebt altijd
kritisch gekeken naar het onderzoek wat ik deed en daarbij subtiel en
motiverend je commentaar gegeven. Dit heeft mij veel geholpen in mijn
zelfstandigheid en het ontwikkelen van mijn eigen kijk op onderwerpen. Ik
hoop dat je in Berlijn evengoed nog eens de BBQ aan zal slingeren!

Helaas hebben we zeker de laatste jaren wat moeite gehad om secretaresses
te behouden om verschillende redenen. Maar evengoed hebben zeker Marion
en Simone bijgedragen aan de werkbaarheid in de groep. Marion heel veel
plezier met je kleinkinderen! Simone veel succes bij je baan bij natuurkunde!
Allebei hartelijk bedankt voor de goede zorg afgelopen jaren.

Hoofdstuk 4 en 5 zijn de nieuwste hoofdstukken en deze zijn mede dankzij
Prof. Paul Kamer. Paul, je gastvrijheid heeft mij de mogelijkheid gegeven om
wat meer met NMR te doen en zo dus een stukje werk af te maken. Bedankt!

Wat natuurlijk niet vergeten moet worden is de jaarlijkse bijeenkomsten van
CatchBio. Zeker met de zogenaamde User Committee meetings hebben Paul,
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Lavinia, Bernard en Hans me zeker geholpen met het werk en heb ik daar altijd
met plezier mijn werk mogen vertellen. Jullie hulp in dit project is zeker erg
handig geweest.

Ik heb heel wat autoclaven en GC’s gebruikt tijdens de 4 jaren. De keren dat ik
een autoclaaf lek had is dan ook niet op 1 hand te tellen. Zo dus ook de keren
dat Ton me hielp. Ton, het was altijd fijn om je in de buurt te hebben en je
interesse in mijn onderzoek en Cadillac hebben mij altijd geamuseerd. Ik hoop
dat je je goed vermaakt op de plek op de 2de verdieping. Bedankt voor alle O‐
ringen en hulp die je me hebt gegeven afgelopen jaren.

De eerste 2 jaren heb ik hier op de TU samen mogen wonen met Jarno en
Michèle. Jarno, zeker in het begin hebben we samen heel wat het bed gedeeld
en SMO geshockeerd met sommige labactiviteiten. Ook in de F.O.R.T. hebben
we samen de nodige lol gehad, ik denk dat een sandwich er nu altijd wel in
gaat! Veel succes met je promotie!
Michèle ken ik al als 1ste jaars practicum begeleidster. Zeker toen ik bij jou op
de kamer kwam hebben we denk ik toch wel een leuke band opgebouwd en ik
heb daarbij ook veel aan jouw adviezen gehad. Veel geluk nog samen en veel
succes in je verdere carrière bij DSM.
Daarnaast was er nog een oude bekende voor mij: Coen. Je hebt me als
nuldejaars Nijmegen laten zien en ben je zo uiteindelijk weer in Eindhoven
tegengekomen. Ik heb veel aan je gehad qua onderzoek en plezier op het lab.
Ook tijdens het schrijven van dit proefschrift heb je me nog eens de dienst
bewezen door het te lezen. Coen bedankt en succes en hopelijk ook tot ziens!

During these 4 years I had the pleasure of having Olivier as a post‐doc around.
Olivier, I think you were a good colleague and a good friend. It was very nice to
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work with you in the Evonik project and the other aminations we did. Also
outside the lab we could ‘work’ together very well. I think we converted quite
some alcohols during the many nightly experiences. I hope we will meet again
somewhere and can work together again. Good luck with everything!

Furthermore I want to thank the people from SKO, my direct colleagues in
Eindhoven. I think we had loads of fun, especially on the groupweekends, but
also in the lab it was very convenient to have such colleagues. Thank you for all
the nice years we had together! The ‘old’ colleagues, who were here in the
first 1.5 years Jarl Ivar, Katharina, Leandra, Laura, Bart, Patrick, Karin, Romain,
good luck with your careers and lifes! The new collegues Leen, Iris, Sabriye,
Alberto, Evert, Atilla en Andreas, veel succes met jullie promoties en veel
plezier waar jullie ook terecht gaan komen!

In de FORT was het dan op donderdag tijd om stoom af te blazen en af te
koelen met (liters) bier. Hierbij ben ik gelukkig sterk ondersteund door zowel
de directe collega’s maar ook nog wat ander volk buiten de homo katalyse.
Zeker Gilbère, Tiny en Remco waren er altijd bij (sushi?, griek?, de enige goede
chinees?), maar ook alle andere in de FORT zoals Jorien, Burçu, Jasper, Ivo,
Laura, Thijs, Yoran, Christian, Frank maar ik denk ook nog vele andere. Succes
met alles!

Liesbeth, ik ben blij dat je mijn kaft heb willen maken! Het was stiekem geloof
ik best veel werk en ben blij dat ik er zelf niet aan heb hoeven te beginnen. Je
kent genoeg van me om hier een persoonlijke trek aan te geven. Ik hoop dat je
nog vaker van die dingetjes te doen krijgt! Bedankt en heel veel succes nog
met je opleiding!
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My only student for a couple of months was Cigdem (sorry for writing your
name wrong, though I never did it the right way). You came here as a 3rd year
engineering student and was put under my supervision. I think you did a very
good job and nobody can deny that as you are responsible me my 7th Chapter
of this book (and a Cadillac). Thank you and good luck with your studies and
hopefully I could inspire you to go for a PhD.

Ik ben in mijn Eindhoven‐tijd nog altijd veel terug in Lomm geweest, en dat is
niet omdat het zo’n enorme wereldstad is (hoewel…). Ik heb daar een hele zooi
vrienden zitten die me wisten te amuseren en af te leiden van de dagelijkse
chemie. Ook al heeft de helft geen idee van wat ik deed, iedereen heeft wel
geluisterd naar de verhalen die ik af en toe had en toonde toch nog interesse
in mijn leven in Eindhoven. De knop die ik altijd om schijn te kunnen zetten zou
wel eens door jullie in mijn hoofd gezet kunnen zijn. Bedankt voor alle lol!
En verder de kroeg (sorry pap, café). Ik heb daar ook lekker wat weggeklept en
zo. Noud en Monique, bedankt dat ik zat naar huis kon!
Jeroen en Rick, Kuns en Trix, op één of andere manier blijven we toch het trio
(ja Lieke kwartet) voor het leven. Niet alleen toen tijdens de carnaval stonden
jullie naast me, maar ook nu tijdens het promoveren als paranimfen. Als (bijna)
vader van Kuns van 2 kids weet je mij zelfs nog altijd goed op mijn gemak te
laten voelen bij jou, zonder zelfs maar een woord te zeggen. Trix (Peard!), ik
denk we nog heel wat zullen kleppen de komende jaren, als het aan mij ligt. Ik
denk dat jij me vooral op de been hebt gehouden om bepaalde uitstapjes toch
maar mee te maken en me zo een heel fijne tijd bezorgd! Kerels Bedankt!

De laatste jaren waren niet helemaal mogelijk geworden zonder overleg
uiteraard. Ik wil Hybrid Catalysis (de Hybrid) bedanken voor het (gratis) delen
van jullie kennis en ik heb er gretig gebruik van gemaakt. Erik bedankt voor je
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(soms harde) commentaren! De schijnbaar oneindige kennis van Gijsbert is
altijd een handige put en de bekritiserende opmerkingen van Koekkoek zijn
(soms) toch zeer handig om met beide benen op de grond te blijven staan.
Jos wil ik in het bijzonder nog even noemen omdat je toch het meeste gezeik
enzo aan hebt moeten horen. Ik heb erg veel aan je commentaar advies en
‘labopleiding’ gehad. Daarnaast was het fijn om even een nuchtere mening te
krijgen over tal van zaken. Ook je praktische kijk op technische problemen
heeft me in het lab maar ook in mijn Cadillac geholpen! Ik vind echter wel dat
aluminium folie best gerecycled kan worden. Jos bedankt voor alle hulp!

Ik wil ook nog mijn zus Bianca en haar vriend Bart bedanken voor de interesse
die ze toch hebben getoond, ondanks dat scheikunde niet echt in hun wereld
komt. Mijn wereldje zit net wat anders in elkaar maar ondanks dat was er toch
altijd een poging om onze werelden te combineren.
Pap en mam wil ik bedanken voor alle last die ik als mens meebreng en bracht,
jullie hebben het toch altijd zonder mokken allemaal gedragen. Ik ben niet de
makkelijkste en soms wat ‘kniens’ maar ik hou van jullie al zeg ik dat nooit. Ook
al heeft de chemie weinig vat op jullie, ik heb in ieder geval altijd de steun
gekregen om te doen wat ik wilde doen. Zelfs toen ik met een 6 meter lange
Cadillac de garage bij jullie thuis heb bezet werd er plaats voor gemaakt. Dit
heeft veel bijgedragen aan mijn motivatie op het werk. Waar ik ook nog ergens
zit, kom gerust langs voor vakantie en voor me te koken, want hoe het voer
van mam smaakt, smaakt het toch het best. Heel erg bedankt hiervoor!

Dennis
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