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Chapter 1

General Introduction
Stereoselectivity - the selective formation of one stereoisomer from a prochiral substrate in
the presence of a catalyst - is a fundamental issue in homogeneous catalysis. Selectivity
can be steered through catalyst design by changing the properties of the ligand, by choice
of the metal and the counterions. In this context, symmetry has proven to be a powerful
tool. It can reduce the number of conformations a catalyst can adopt and thereby restrict
the number of possible reaction-pathways, which may lead to higher selectivities. C2symmetric ligands render the available coordination sites in square planar complexes
homotopic, which is the reason for their success in many metal-catalyzed asymmetric
reactions. In octahedral complexes, however, C2 symmetry is less effective. Homotopicity
of the available coordination sites can only be achieved with C3 symmetry. Successful
applications of C3 symmetry in asymmetric, biomimetic and polymerization catalysis will
be described, as well as applications in molecular recognition.
A different approach to catalyst design involves the non-covalent modification of a site
close to the metal center. Easily accessible N-containing phosphorus ligands can be tuned
by quaternization of the nitrogen atom. Structural variation in both the backbone of the
ligand and the counterions provides a wealth of opportunities. Chiral counteranions can in
principle make an achiral catalyst enantioselective. The different types of ion-pairs and the
strong influence of solvents will be presented and examples of catalyst modification by ionpairing will be given.
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1.1

Symmetry
Symmetry can be found everywhere around us, from flowers to man-made objects,

from ancient monuments to modern inventions, but also on a scale not visible to the human
eye, the molecular scale. In the common bacterium Escherichia coli, a highly symmetric
Verotoxin 1 is produced (Figure 1.1). Five monomers self-assemble to form a pentameric
antibody, enhancing binding affinity dramatically.[1]

Figure 1.1 Symmetry in the Verotoxin 1 B-subunit
The symmetry of a free molecule can be described completely in terms of
symmetry elements that entail specific rotations and reflections.[2] Benzene for example,
has a C6 symmetry axis, horizontal and vertical reflection planes. C3 symmetry can be
observed in the painting by M.C. Escher as depicted in Figure 1.2. When the figure is
rotated over 120°, an identical situation is obtained.
σd

120°
σv

C6

σh

Figure 1.2 Symmetry elements
Symmetry is closely related to topology. Topology is the area of mathematics that
analyzes how geometric objects can be deformed or preserved upon rotation, reflection,
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etc. Molecules can be considered topological objects. For example, a tri-functional
molecule with C3 symmetry can have four different topologies. It may be acyclic,
exocyclic, macrocyclic or bicyclic as illustrated in Figure 1.3.
L

L

L

L

L

L
L

L

L

L

L
L
Exocyclic

Acyclic

Macrocyclic

Bicyclic

Figure 1.3 Topologies of C3 symmetric structures
Furthermore, topicity describes the symmetry relationships between two or more
groups (or atoms) in a molecule that have identical connectivities, i.e. they are connected
to the molecule in the same way. Two classes are distinguished: homotopic, if groups are
in identical environments and diastereotopic, if they are in different environments.
Additionally, two groups are enantiotopic when apart from their connectivity; their
chirality is equal as well. Homotopic groups are related to one another by a bond rotation,
reflection, or an axis of rotation in the complex, while diastereotopic groups are not related
by any symmetry element operation (Figure 1.4).
H

H
OH

CH3

H

a)

b)
H3C

H
H

O

CH3
H

H

CH3

H

Homotopic methyl groups

Diastereotopic methyl groups

Figure 1.4 Topicity for a) 2,6-dimethylnaphthalene and b) 2-hydroxy-3-methyl butanal
1.2

C2 and C3 Symmetry
In order to explain how symmetry may be advantageous in coordination chemistry,

two different coordination environments with C2- and C3-symmetric ligands will be
considered (square planar and octahedral). In a square planar environment, two
coordination sites are occupied by the C2-symmetric ligand (Figure 1.5). Moreover, the
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remaining free coordination sites (A and B) are homotopic, i.e. their environment is
identical.

L

L

A

B

Figure 1.5 Coordination of a C2-symmetric ligand in a square planar environment
The combination of C2 symmetry and chirality has led to highly enantioselective
catalysts.[3] The success of these systems is attributed to the homotopicity of the available
coordination sites. Coordination of a substrate to either of the two sites will lead to the
same intermediates. Thereby the number of reaction pathways is limited and better control
over selectivity can be obtained.
However, in an octahedral environment the situation is different. Once the C2symmetric ligand coordinates to the metal center, four coordination sites will remain
available (A, B, C, D in Figure 1.6a). From these remaining sites, A and D are homotopic,
as are B and C; while the other four possible sites (AC, BA, CD, BD) are diastereotopic. A
C3-symmetric ligand that coordinates to a metal center in an octahedral environment will
leave three remaining coordination sites available. These free sites are all identical i.e. they
are homotopic (A, B and C in Figure 1.6b).

A

A
a)

L

b)

L

C
D

B

L
C

L

L

B

Figure 1.6 Coordination of a) a C2-symmetric ligand and b) a C3-symmetric ligand in an
octahedral environment
It is clear that C2-symmetric ligands have favorable properties in square-planar
geometries, but the only way to reduce the number of conformations in an octahedral
complex is by employing C3-symmetric ligands.[4] It has been shown that C3-symmetric
ligands indeed form defined geometries once coordinated to a metal center.[5] The next step
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is to apply these highly symmetric complexes in specific catalytic transformations. Benefit
may be gained in several ways: the reduced complexity of the system facilitates studying
them, the tripodal ligand enhances binding affinity through a chelate effect and a reduced
number of intermediates may increase selectivity of the reaction.
1.3

Application of C3 Symmetry in Catalysis
Recent work published by Moberg in 1997 has highlighted the value of C3

symmetric compounds in asymmetric catalysis and molecular recognition.[4] The number
of C3-symmetric compounds and their applications has increased considerably since then.
Here a brief overview is presented extending from biomimetic catalysis to polymerization.
1.3.1

Biomimetic Catalysis

In the field of biomimetic catalysis, complexes are either directly inspired by
biology or designed to function in a similar manner. Although many crystal structures of
enzymes have been elucidated, understanding the way they function remains a challenge.
The complexity of enzymes is not easily mimicked. C3 symmetry enables the development
of complex structures, while at the same time, synthesis and characterization remain
undemanding. Successful attempts have been reported with complexes of copper,
manganese and iron in combination with C3-symmetric ligands.[6-9] The first example
concerns the selective oxidation of alkenes. Rieske dioxygenases are enzymes that catalyze
the oxygen dependent enantioselective cis-dihydroxylation of C-C double bonds for the
oxidation of unsaturated fatty acids and for the biosynthesis of antibiotics such as
penicillin. Figure 1.7 shows a specific example of a Rieske dioxygenase, namely
Isopenicillin N synthase.
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Figure 1.7 Isopenicillin N synthase and its active site
Crystallographic studies carried out for Isopenicillin N Synthase revealed that the
active site contains a mononuclear non-heme iron(II) center.[10] Moreover, two histidine
and two aspartate residues coordinate to the iron center, leaving two coordination sites that
are occupied by water molecules in a cis-fashion. Most probably, the oxidation takes place
at these sites. However, the mechanism has not been established yet. C3-symmetric ligands
based on tris(picolylamines) (tpa) and their iron complexes have emerged as good model
systems to understand how these enzymes function (Figure 1.8). This non-heme system
developed by Que et al.[11] has been successfully applied in the dihydroxylation of
alcohols. The cis-iron complex can produce cis-diols in high selectivity.
NCCH3
R

NCCH3

L
Fe

L

L
L

N

N

R

N

L=

N

R= H, Me

R

Figure 1.8 Iron (II) complex based on tris(picolylamines)
The second example is related to Nitrogenases, enzymes that are able to reduce
nitrogen to ammonia under atmospheric conditions.[12] Success in this research area would
facilitate the production of fertilizers. Several studies have shown that the active site of the
enzyme contains Mo/Fe, Fe/Fe or V/Fe.[13] Although the nature of the Fe/S/Mo cluster in
the Fe/Mo nitrogenase is known in some detail,[14,15] the mechanism of the reduction of N2
is still under investigation. Schrock et al.[16] recently showed that molybdenum complexes
based on tris(amido)amines are model systems for the reduction of N2 (Figure 1.9).
6
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Figure 1.9 Molybdenum tris(amidoamine) complex in the reduction of N2
The strong chelate effect enhances binding of the ligand to the molybdenum center,
while the sterically congested groups on the ligand ensure the formation of a cavity in
which only the very small N2 molecule can coordinate and can be converted into NH3
under mild conditions.
The last example concerns zinc Hydrolases, which fixate carbon dioxide by
hydration to bicarbonate.[17] Different model systems have been developed in order to
understand the factors that control the properties of the active site, a zinc ion coordinated to
the imidazole groups of three histidines and a water molecule. Recently, Gade et al,[18]
presented a functional model for the kinetic resolution of racemic chiral esters by
transesterification. This reaction is catalyzed by a zinc(II) complex with chiral C3symmetric oxazolines and with selectivity factors up to 5. Since the active centers of many
enzymes contain zinc, this model system may function in other transformations as well.
1.3.2

Asymmetric Catalysis

C3-symmetric ligands can lead to well-defined (chiral) geometries, when
coordinated to a metal ion.[5] As mentioned before, homotopicity of the coordination sites
may lead to more specific catalytic transformations. These important features have made
C3-symmetric systems promising in asymmetric catalysis. C3-symmetric compounds
bearing phosphorus, nitrogen or oxygen based binding sites have been reported.[4]
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Figure 1.10 C3-symmetric phosphorus and nitrogen based ligands
These C3-symmetric ligands have been applied in various metal-catalyzed reactions
such as asymmetric allylations,[19] asymmetric hydrosilylation,[20] and hydroformylation.[21]
C3-symmetric phosphane ligands developed by Burk et al.,[22] have been applied in the
rhodium-catalyzed hydrogenation of methyl acetamidocinnamate and enantioselectivities
of up to 89 % were found. Moreover, when applied in the hydrogenation of dimethyl
itaconate enantioselectivities of up to 94 % were observed.[23]
Titanium (IV) isopropoxide complexes based on trialkanolamines developed by
Licini et al., have been applied in the asymmetric oxidation of aryl and alkyl sulfides using
cumyl hydroperoxide as oxidant (Figure 1.11a). These catalysts gave good activities and
enantioselectivities of up to 84 %.[24,25] Electron spray mass spectrometry and 1H-NMR
were used to identify the different species present in solution. In this study, the stabilizing
effect of trialkanolamine ligands on the active titanium(IV) species was exemplified.
Recently, these systems have also been applied in the oxidation of secondary amines
giving nitrones in high yields.[26] In addition, manganese complexes with C3-symmetric
ligands based on 1,4,7-triazacyclononane (TACN) have been applied in the epoxidation of
alkenes with hydrogen peroxide showing good yields as well.[27]
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Figure 1.11 C3-symmetric nitrogen-based ligands
C3-symmetric tris(oxazolines) have been applied in the asymmetric coppercatalyzed cyclopropanation of styrene with ethyl diazoacetate. These systems gave
enantioselectivities of up to 86 % for the trans product.[28] Other related C3-symmetric
tris(oxazolines) have been applied in the copper-catalyzed Diels-Alder reaction[29] and 1,3dipolar

cycloaddition

of

nitrones

with

alkylidene

malonates[30]

giving

high

enantioselectivities of up to 71 % and 94 % respectively. A brief review is given by Tang
et al.,[31] in which synthetic approaches to tris(oxazolines) and their application in
asymmetric transition metal catalysis and molecular recognition are summarized.
Recently, two new C3-systems have been investigated. The first concerns the
application of an axial C3-symmetric ligand based on tris(oxybiarylmethylene)amines
(Figure 1.12a) in the titanium(IV)-catalyzed asymmetric alkylation of aldehydes. High
yields (>90 %) and enantioselectivities of up to 98 % were found.[32] The second system
concerns the chiral C3-symmetric oxygen-based system derived from optically active 1,1'bi-2-naphthol (Figure 1.12b). This ligand was applied in the copper-catalyzed asymmetric
aziridination of styrene giving enantioselectivities of up to 61 %.[33]
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Figure 1.12 Novel types of C3-symmetric ligands
C3-symmetric ligands have been successfully applied in a wide range of
asymmetric transition metal-catalyzed reactions. Nevertheless, investigating their
coordination chemistry remains of great importance. Two different issues that remain are
the identification of the intermediate species involved in the reactions and revealing the
mechanism of asymmetric induction, issues that may be simplified by C3 symmetry.
1.3.3

Polymerization

Since the development of the titanium/MAO (methyl aluminoxane) system for the
preparation of syndiotactic polystyrene in 1986,[34] many new catalytic systems based on
titanium or zirconium have been investigated.[35-37] Titanium complexes based on C3symmetric ligands have shown high stereocontrol during polymerizations. Kim et al.,[38]
developed a new system based on tri(alkanolamines) in combination with titanium (IV)
cyclopentadienyl (Figure 1.13a). These systems proved to be thermally stable catalysts and
generated syndiotactic polystyrene with high molecular weight. Recently, Gade et al.[39]
have shown that chiral C3-tris(oxazolines) are suitable ligands for the scandium-catalyzed
polymerization of 1-hexene (Figure 1.13b). These systems offer good stereocontrol over
the substrate to induce a high level of tacticity in the polymer microstructure.
O

O
O
N
O
Ph

Ti
N

a)

O
O

Ph
Ph

N
N

Sc
Me3Si

SiMe3
SiMe3
b)

Figure 1.13 Titanium and Scandium systems based on C3-symmetric ligands for
polymerization
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1.3.4

Molecular Recognition

Some C3-symmetric compounds can form well-defined structures either by selfassembly[40-42] or when coordinated to metal ions.[43-45] These interesting features have
been used in the design of new supramolecular architectures in order to understand the
recognition phenomena in Nature.[4,46,47] Tripodal molecules based on porphyrin, pyridine
or imidazole ligands, have emerged as promising systems with the potential for molecular
recognition since they give symmetric molecular cages with high binding constants (Figure
1.14a).[48] Recently, the selective recognition of alkylammonium ions by C3-symmetric
tris(oxazolines) and tris(imidazolines) has been investigated (Figure 1.14b).[49,50] C3
symmetry causes the interacting sites of the receptor to be directed inwards and stabilizes
the newly formed complex. Using chiral C3-symmetric ligands, good enantiodifferentiation was achieved.

N

H

N

Ag
H

N

N
N

N
H

a)

b)

Figure 1.14 C3-symmetric ligands used for molecular recognition
1.4

Non-Covalent Interactions in Transition Metal Catalysis
Non-covalent interactions between ion-pairs offer a different tool for the

modification of a catalyst. In the last century, J. D. van der Waals first recognized these
interactions. In contrast to the covalent bonds in classical molecules, non-covalent
interactions are reversible interactions. Covalent interactions act on a short range and bond
lengths are generally shorter than 2 Å. Non-covalent interactions, however, can act over
distances of several Ångstroms.[51] Non-covalent interactions involve stacking interactions,
hydrophobic interactions, electrostatic interactions, hydrogen bonds, coordinative bonds
and ion-pairs.

11

Chapter 1

Non-covalent interactions between ion-pairs, play an important role not only in
molecular recognition, but also in protein structure and function.[52] Proteins retain their
three-dimensional functional structure through electrostatic forces generated by the
presence of ion-pairs or salt-bridges.[53] Ion-pairs consist of oppositely charged ions, with a
common solvation shell, held together by Coulombic forces with lifetimes sufficiently
longer than the correlation time of Brownian motion (kinetic stability) and a binding
energy higher than kT (thermodynamic stability).[54] An ion-pair with no solvent molecules
between the ions is called a contact or tight ion-pair. The existence of other types of ionpairs (b, c, and d in Figure 1.15) has been confirmed by experimental and theoretical
investigations.[55,56]
a)

+ -

b)

Tight ion-pair

c)

+

-

solvent-separated ion-pair

+

-

solvent-shared ion-pair

d)

+ penetrated ion-pair

Figure 1.15 Types of ion-pairs
While the importance of ion-pairing in organic chemistry has been recognized for a
long time, transition metal complexes with ion-pairs have been investigated extensively
only during the last few decades.[57] The number of chemical reactions with organotransition-metal compounds that are affected by ion pairing is remarkably high and
includes all possible molecular geometries and electronic configurations of metal centers
and types of ligands and counterions.[58-60]
The counterions cannot be considered just as spectators during catalytic reactions.
Effects of the counterion on the activity and enantioselectivity have been found in several
metal-catalyzed reactions.[54] In catalytic hydrogenations for example, Pfaltz et al.[61]
showed that by exchanging the (achiral) counterion of an iridium catalyst based on chiral
phosphino-oxazolines activity and enantioselectivity improved considerably (Figure
1.16a). In this case, chirality originates from the ligand itself. Arndsten et al. [62] developed
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a system in which the ligand is achiral and the counterion is chiral (Figure 1.16b).
Application in the copper-catalyzed aziridination of styrene resulted in poor
enantioselectivity (up to 28%).
+
+
O

a)

P

X-

N
Ir

O

b)
N

R

O

N

B

O
O

Cu
S

S

X= PF6-, BF4-, BARF-

Figure 1.16 Achiral and chiral counterions in metal complexes
The solvation of the ion-pair determines the degree of interaction between the
counterion and the catalyst. Pregosin et al.[63] have investigated the influence of solvent on
ion-pairing in ruthenium (II) complexes of the C2-symmetric bisphosphine ligand, BINAP.
The influence of the counterion in the presence of different solvents was investigated by
PGSE-NMR measurements.[64] Chloroform was shown to be an ideal solvent for the
formation of tight ion-pairs.
Concerning the use of non-covalent interactions between ion-pairs directly
affecting the ligand structure, only few investigations have been carried out. Trost et al.[65]
showed that chiral counterions can induce chirality in achiral metal complexes. The system
studied

consisted

of

a

ligand

(a

chiral

salt)

obtained

by

reaction

of

2-

(diphenylphosphino)benzoic acid with a chiral ammonium salt (Figure 1.17a) The
corresponding palladium complex was applied in the allylic alkylation of substrates
derived from cis-2-cycloalkene-1,4-diols, but resulted only in low enantioselectivities of up
to 8 %. Milstein et al.[66] developed a new system in which the sodium ions of the
monophosphine sodium-tris-triphenylphosphinosulfonate (Na3TPPS) were exchanged for
chiral ammonium ions (Figure 1.17b). However, very low activity and no
enantioselectivity were observed in the rhodium-catalyzed hydrogenation.
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N
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N

O
R

P
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Ph

O3S
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P

N

Ph

SO3
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Figure 1.17 Examples of non-covalent interactions affecting the ligand structure
Ion-pair interactions can be used as a way of modifying catalysts. The interactions
are strong enough to influence the catalyst, when the appropriate solvent is used. Even
enantio-differentiation can be achieved, although enantioselectivity of the reactions was
rather low. Nevertheless, the combination of easy ligand synthesis and the versatility of the
ion-pair modification may lead to enhanced activity and selectivity in metal-catalyzed
reactions.
Ligands containing phosphorus and nitrogen functionalities can be modified using
non-covalent ion-pair interactions. Chiral monodentate or bidentate phosphine ligands,
which contain one or more amine functionality within the ligand framework, are the
starting point. As depicted in Figure 1.18, the amine functionality can be part of the ligand
backbone (a, b), it can be attached to the ligand backbone (c) or to the phosphine part of
the ligand (d).

a)

N
P

N

b)
P

c)
P

N

N
P

d)

P

P
N

P
N

Figure 1.18 Schematic representation of mono- and bis-phosphines with amine
functionality
The modification of these systems can be achieved by quaternization of the amine
functionality, either by protonation with (a)chiral acids or by alkylation with (a)chiral
reagents (Figure 1.19). In this way, conformational and electronic changes of these
modified systems are expected, which may change the outcome of metal-catalyzed
reactions.
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Figure 1.19 Schematic representation of the modified mono- and bis-phosphines by
quaternization of the amine functionality
Furthermore, the chiral information (given by the counterions) is considered to be
kept in close proximity of the catalytically active center and in this way chiral induction is
expected under certain reaction conditions. Solvent polarity will be of major importance
since it has a direct effect on ion pairing as mentioned before (Figure 1.15).
1.5

Aim and Scope of this Thesis
The potential of applying C3-symmetric ligands in homogeneous catalysis is only

beginning to be explored systematically. Although C3-symmetric ligands have been
applied in a number of metal-catalyzed reactions, their coordination chemistry has not been
studied extensively. The aim of this thesis is to gain more insights into their coordination
chemistry and their application in metal-catalyzed reactions. Coordination chemistry
studies will aid in understanding the results obtained in catalysis.
Besides this, non-covalent interactions between ion-pairs as a tool for catalyst
modification will be presented. Both monodentate and bidentate phosphorus-nitrogen
based ligands were employed. The non-covalent modifications can be generated by
quaternization of the amine functionalities in the ligand. It is expected that these noncovalent interactions will affect the electronic properties and the conformation of the
ligands, which will have effects on activity, regioselectivity and enantioselectivity in
metal- catalyzed reactions.
Chapter 2 is dedicated to the synthesis and characterization of C3-symmetric
ligands; chiral tris(oxazolines) and achiral tris(imidazolines). Optimized synthetic routes
were developed for the synthesis of chiral tris(oxazolines). Moreover, C3-symmetric
tris(imidazolines) were used as starting compounds for the synthesis of a new C3symmetric ligand containing phosphorus functionality.
15
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In Chapter 3 the coordination chemistry of these C3-symmetric ligands with
different transition metals is described. The complexes were characterized using
spectroscopic techniques, such as NMR, IR, UV-Vis, MS and X-ray crystallography. Apart
from identification, also insight was gained in their molecular structure.
Chapter 4 is devoted to the application of C3-symmetric ligands in the rutheniumcatalyzed transfer hydrogenation of ketones. Different aspects such as lifetime of the
catalyst, effects of base and metal precursors were studied for the catalytic systems.
Furthermore, catalyst testing and substrate screening with Ru(II) tris(imidazoline) systems
was automated using a ChemSpeed work station.
The application of non-covalent interactions in (a)chiral N-containing phosphorus
ligands is reported in Chapter 5. Modifications on phosphinomethyl amines were carried
out by quaternization of the amine functionality with (a)chiral acids. These modified
systems were applied in the rhodium-catalyzed hydrogenation of methyl (Z)-(2)acetamido-cinnamate. Furthermore, phosphinomethyl amines and their corresponding
ruthenium complexes were studied and applied in the transfer hydrogenation of ketones.
1.6
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Chapter 2

Synthesis and Characterization of
C3-Symmetric Ligands
Three different types of C3-symmetric ligands were synthesized, i.e. tris(oxazolines),
tris(imidazolines) and tris(N-phosphinomethylimidazolines). For the synthesis of chiral
tris(oxazolines) two synthetic routes were developed using either aminoesters or
aminoalcohols, with the former methodology giving considerably higher yields. An
alternative synthetic route was designed based on the use of protective groups. Three new
achiral tris(imidazolines) were synthesized starting from different ortho-diamines.
Furthermore, new tripodal P,N ligands were prepared by functionalization of the N-H
bond of the tris(imidazolines) with bis(hydroxymethyl)diphenylphosphonium chloride salt.

Chapter 2

2.1

Introduction
Oxazolines have emerged as potential ligands for asymmetric catalysis because of

their modular nature and ready accessibility. Since the first report in 1986 on the use of
chiral oxazoline-based ligands in asymmetric catalysis,[1] a diverse variety of ligands with
one, two or more oxazoline groups have been used in a wide range of metal-catalyzed
asymmetric reactions.[2,3]
R1

O
N
R

X

O
N

O
N
R

R
X= C, N, Py

R1= Alkyl group

R= i-Pr, Ph, Me, t-Bu

Figure 2.1 Mono- and bis(oxazolines)
By far the most successful oxazoline-based ligands in asymmetric catalysis are the
bis(oxazolines). Bis(oxazolines) connected through different spacers have led to high
stereo- and enantioselectivities. Bis(oxazolines) with a pyridine moiety as a spacer for
example, have been applied in cyclopropanation, aziridination, epoxidation and DielsAlder reactions giving enantioselectivities of up to 96 %.[4] Mono(oxazolines) have
attracted far less attention; due to their weaker coordination ability, their metal complexes
lead to much lower selectivities. However, in combination with other donor atoms, such as
phosphorus, they have shown excellent enantioselectivities in palladium-catalyzed allylic
alkylations.[5] Tris(oxazolines) can combine C3 symmetry with an even stronger chelate
effect than bis(oxazolines). In octahedral complexes for example, C3 symmetry ensures
homotopicity of the three remaining coordination sites (Chapter 1). Additionally, the
reduction of the number of conformers can be beneficial in catalysis since this can limit the
number of different reaction pathways.
Several different procedures have been developed for the synthesis of oxazolines
(Scheme 2.1).[6-8] The most widely applied procedures involve the coupling of carboxylic
acids with amino alcohols followed by ring closure (path a)[8] and the direct condensation
of nitriles with aminoalcohols, in the presence of a Lewis acid such as zinc chloride (path
b).[6] Alternatively, oxazolines can be prepared from the amide in the presence of a
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triethyloxonium salt (path c)[7] or by treatment of the acid chloride with the appropriate
amino alcohol followed by cyclization with thionyl chloride (path d).[9]
R1 C N

R1 - COOH
R2
H2N

H

(a)

(b)

OH

R1

N

H2N

OH

ZnCl2

O

R2

H

R2

OH

Et3OBF4

H

H2N

PPh3 / CCl4

R2

R2

H

H2N

(c)

R1 - CO NH2

(d)

OH

SOCl2

R1 - COCl

Scheme 2.1 Synthesis of oxazolines
The synthesis of a racemic tris(oxazoline) was first described in 1993 by White et
[10]

al.

Refluxing a tris(methyl ester) with an amino alcohol in xylenes for 2 days, gave the

product in 75 % yield. In 1997, Katsuki et al. reported on the first synthesis of chiral
tris(oxazoline) ligands.[11] The product was obtained via a two-step synthesis with a low
yield of 41 %. In the same year, Zheng et al. reported on the synthesis of the same ligand
using a different synthetic route. Under mild conditions the product was obtained in better
yields (80 %).[12] However, these synthetic procedures could not be reproduced as will be
discussed in Section 2.2.
In 2002, the number of tris(oxazoline)-based ligands increased considerably as four
new types of ligands were designed and successfully applied in asymmetric catalysis.
These oxazolines were applied in the copper-catalyzed asymmetric Michael addition of
indoles and in the copper-catalyzed asymmetric cyclopropanation of styrene affording high
enantioselectivities of up to 86 %.[13-16] An important aspect to be considered is the novel
synthesis introduced by Gade et al.[17] In this approach, chiral tris(oxazolines) were
obtained by the coupling of a lithiated bis(oxazolinyl) ethane with 2-bromo-dimethyl
oxazoline (Scheme 2.2).
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Li(solv)n
O
N

Br

O

-

O

+

N

O

O

O

N

N

N
N

Scheme 2.2 Synthesis of tris(oxazolines)
Structural analogues to oxazoline compounds are imidazole compounds. The
electronic properties of imidazolines are more easily modified than those of oxazoline
compounds by changing the substituents on the sp3 hybridized N atom, which can therefore
result in dramatic effects on the selectivity of metal-catalyzed reactions.[18,19] The basicity
of the imidazoline nitrogen atoms is comparable to dimethyl amino pyridine (DMAP).
Imidazolines are generally prepared from 1,2-diamines, although other precursors have
also been used (Scheme 2.3). Imidazolines can be prepared starting from amido alcohols,
which are easily prepared from amino alcohols by aminohydroxylation (path a)[20] or
starting from the corresponding diamines in the presence of carboxylic acids (path b).[21]
Alternatively, imidazolines can be obtained by the reaction of oxazolones with a variety of
imines in the presence of Lewis acids (path c)[22] or by the reaction of an amino-amide in
the presence of phosphorus oxychloride (path d).[23]
R4

R5

H2N

R3

R4

H2N

OH
R2 - COX

(a) R1 - NH2

NH2

R2 - COX

(b)

R1 - NH2

SOCl2

R2
N
R3

N R1
R4

O

(c)

R3
R1

N
R2

(d)
POCl3

R4 - NH2

O

R3

O

O
R2

N
H

Scheme 2.3 Synthesis of imidazolines
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Only few reports on the use of mono- and bis(imidazolines) as ligands in metalcatalyzed reactions have appeared in literature.[24-26] There are only four examples reported
concerning tris(imidazoline) ligands. These tripodal ligands have been used mainly to form
inorganic architectures.[27-30] Although the synthesis of achiral tris(imidazolines) was
reported in 1976 by Seymour et al.,[27] only few studies have been dedicated to their
coordination chemistry (Chapter 3).[31,32]
An interesting feature of imidazoline compounds is the possibility to further modify
the sp3 N-H functionality (R1= H in Scheme 2.3). In 1960, Coates and Hoyes introduced a
new way of functionalizing amines. This synthesis consisted of the reaction of
hydroxymethylphosphines with primary and secondary amines. The most favored route to
aminomethylphosphines has been, however, the modified Mannich reaction using
hydroxymethylphosphines or hydroxymethylphosphonium salts as the key starting
materials (Scheme 2.4).[33]
OH
R1

P

OH

+
H
Cl - +

R2

N

R2

+

NEt3

MeOH / H2O

R1
R1= Ph, Cy

R1
P
R2

N

R2

R2

R2= Ph, Et

Scheme 2.4 Functionalization of amines
In this chapter the synthesis of chiral tris(oxazolines) is described using combined
and modified literature procedures. The synthesis of achiral tris(imidazolines) using
different diamines as starting materials is presented as well as the functionalization of the
N-H bond with a hydroxymethyl phosphonium salt.
2.2

Synthesis of Chiral C3-Symmetric Tris(oxazolines)
The synthesis of tris(oxazolines) was achieved using combined and modified

literature procedures for the synthesis of bis- and tris(oxazolines). Two approaches were
used for the synthesis. The first approach follows a pathway similar to the one reported by
Zheng et al., in which an amino ester is coupled to a C3-symmetric acid.[12] Every step
gave pure products in good yields after purification (where necessary). The second

23

Chapter 2

approach describes the use of protective groups in order to directly couple aminoalcohols
to a C3-symmetric acid.
2.2.1

Approach Using Amino Esters
Initially, chiral tris(oxazolines) were synthesized following the procedure described

by Katsuki et al.[34] This procedure concerns the direct condensation between the ester of
the nitrilotriacetic acid 1 and the corresponding amino alcohol 2 to obtain the tris(amido
alcohol), 3 (Scheme 2.5). This methodology included harsh reaction conditions requiring
high temperature and long reaction time (80 ºC, 40 hours) giving the desired product in
moderate yields (4, 67 %). However, following this procedure complete substitution of all
three ester groups could not be achieved. In most of the reaction products, mixtures of
mono-, di- and tri- substituted amides were identified. Separation and purification of the
desired product was not possible. Various conditions were tried using different solvents,
temperatures and different ways to activate the acid, but in none of the cases the desired
product was obtained.
OH
OCH3
O
H3CO

R

R

O
N

H N

OH

NH2
O

O

80°C
40 h

+

O

OCH3

1

N

N
O

R

R= Ph, Me, t-Bu

H
OH
R

N
HO

2

H

3

R

O
N
R

N

O

N
N

O

PPh3/CCl4
Et3N

R

4

Scheme 2.5 Synthesis of a tris(oxazoline) ligand
The key to obtaining chiral C3-oxazolines in good yields proved to be the use of a
coupling agent. This reduced the number of side reactions considerably and harsh
conditions could be avoided.
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Chiral C3-oxazolines were successfully prepared via a three-step synthesis. In the
first step, both C3 symmetry as well as chirality were introduced by coupling of
nitrilotriacetic acid 1 with the methyl ester of (S)-valine 5, following the procedure
described by Zheng et al.[12] (Scheme 2.6). Intermediate 6 was isolated in good yields
when the condensation reaction was mediated by the coupling agent N-(3dimethylaminopropyl)-N'-ethylcarbodiimide hydrochloride (DIEC). Compound 6 was
recrystallized from acetone to give a white powder in good yields (80 %). The product was
characterized by 1H and 13C NMR and mass spectroscopy.
OCH3

O
H

OH
O

O
HO

O

+

N

HCl.H2N

DIEC

O

O
CH3O

OCH3

N

N
O

OH

O

N

H

N

O

H
O

5

1

6
OCH3

Scheme 2.6 Synthesis of intermediate 6
The second step is a selective reduction of the methyl ester 6 with sodium
borohydride (NaBH4) to the corresponding amidoalcohol, 7 (Scheme 2.6).
O
H

N
O

H

OH
H

N
O

O
CH3O

OCH3

THF/EtOH
O

N

O

O

NaBH4/CaCl2

N
H

HO

N
H

N

N

O

N

H

O
OCH3

6

OH

7

Scheme 2.7 Reduction of amino ester to give compound 7
However, using the same conditions as reported by Zheng et al.[12] (NaBH4 in a
mixture of MeOH/ THF (50:50)), the desired product could not be obtained. In most of the
cases mixtures of mono-, di- and tri- substituted products were obtained. Even prolonged
reaction times (up to 8 days) did not lead to an increase in conversion. The final product
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could not be isolated from the mixture. Several techniques were used for the purification
step (column chromatography, crystallization) without success. Mixtures of products were
also obtained using different reducing agents, such as LiAlH4, LiBH4 or NaBH4.[35-38] In
most cases, the reductions were not complete and after the addition of more equivalents of
the reducing agent not only reduction of the ester took place but also reduction of the
amide. Table 2.1 summarizes the different conditions tested for this reduction step.
Table 2.1 Conditions for the reduction step

Reducing Agent

Solvent

NaBH4

MeOH/THF
(50:50)

LiBH4

THF

LiBr / NaBH4

THF

LiAlH4

THF

CaCl2 / NaBH4

Conditions and Results
-

THF

-

Incomplete reduction
Long reaction times
Isolation of the desired product not possible
Incomplete reduction
Long reaction times
High temperatures
Isolation of the desired product not possible
Long reaction times
Incomplete reaction
Isolation not possible
Mono-, bis- and tris- amido alcohols
obtained
Not selective
Long reaction times
High temperatures
Separation not possible by column
chromatography
Complete conversion
Product is obtained quantitatively
Very selective

When the reduction step was carried out using an equimolar amount of calcium
chloride (CaCl2)[39] and an excess of sodium borohydride (NaBH4) in THF, the desired
product was obtained with high selectivity and in quantitative yield. A purification step
was not necessary because only the desired product 7 was obtained.
The third step is the cyclization of tris(amidoalcohol) 7 to give the final
tris(oxazoline) 8 (Scheme 2.8).
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OH
H

O

N

N
O

O
HO

(Triazole)3PO

N

N

Py / CH3CN

H

N

O

O

N

N

N

H
O

OH

7

8

Scheme 2.8 Synthesis of tris(oxazoline) 8 by Zheng et al.
Several cyclization reagents can be used for this purpose, such as thionyl chloride
(SOCl2) and N,N-dimethylchloromethyleneammonium chloride.[40-42] The two most
commonly used cyclization reagents for this type of reaction are the phosphorylation agent
tris(triazole)phosphine oxide in combination with triethylamine or triphenylphosphine in
the presence of carbontetrachloride (CCl4) and triethylamine (NEt3). (Scheme 2.9)
O
H

P
O
N

C

C

O

R
N

C

H

C

OH

N

C

O
N

3

NaHCO3

C

C

N

C

O
C
N

C
R

R
3

3
Base

Scheme 2.9 Cyclization and equilibrium step
Katsuki et al. reported on the use of PPh3/CCl4/NEt3, which gave only 40 % of 4
(Scheme 2.5) after purification by column chromatography.

[34]

In contrast, Zheng et al.

reported the use of tris(triazole)phosphine oxide, prepared in situ using large amounts of
solvents and starting materials.[12]
The synthesis of tris(triazole)phosphine oxide was described in 1967 by Roth et
al.[43] The pure product was obtained by adding phosphorus oxychloride (POCl3) dropwise
to a solution of triazole (excess) in THF and NEt3. However, under the conditions reported
by Zheng et al.,[34] the cyclization reagent tris(triazole)phosphine oxide could not be
obtained in appreciable yield. The reaction was followed by

31

P NMR and the spectrum

showed four peaks, corresponding to mono-, bis- and tris(triazole)phosphine oxide
products as well as starting material.
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O

H
N
N

N

P

N
+

POCl3

Et3N

N

N

N

THF

N

N

N

N

N
31

P NMR : - 21 ppm
95%
9

Scheme 2.10 Synthesis of tris(triazole)phosphine oxide
In the current synthetic route, tris(triazole)phosphine oxide was prepared following
the procedure described by Roth et al. (9, Scheme 2.10).[43] The tris(amido alcohol), 7 was
added slowly to the phosphorylation agent. In this way, the concentration of the
tris(amidoalcohol) was kept low, ensuring the formation of the phosphorylated product.
The cyclization reagent was removed with aqueous sodium hydrogen carbonate followed
by extraction with CH2Cl2. The chiral tris(oxazolines) were dissolved in dichloromethane
and the excess of triazole (sole impurity), which crystallized after 48 hours at -20 °C, could
be removed by filtration, to leave the final products as pure oils. Scheme 2.11 shows the
complete optimized synthetic route to chiral tris(oxazolines).
Chiral tris(oxazolines) with different substituents, 8a-c were synthesized in good
yields from the nitrilotriacetic acid and the corresponding pure chiral amino ester (Figure
2.2). These chiral tris(oxazolines) were obtained as viscous oils and they were sensitive to
air, oxygen and strong acids and bases. All compounds were characterized by 1H and 13C
NMR, infrared spectroscopy and mass spectrometry.
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Scheme 2.11 Synthesis of chiral tris(oxazolines)
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Figure 2.2 Chiral tris(oxazolines)
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2.2.2

Approach Using Amino Alcohols: Protective Group Synthesis

An alternative approach employing protective group synthesis was investigated, to
circumvent the formation of undesired products (Scheme 2.12).
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Scheme 2.12 Approach using protective groups
In order to couple the C3-symmetric acid with the amino alcohol, standard
protection-deprotection chemistry was required to selectively protect the alcohol group.
The amine was protected with t-BOC (di-tert-butyl-dicarbonate) using standard
procedures.[44]
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Concerning the alcohol functionality, two protective groups were considered:
benzyloxymethyl ether (BOM-OR, PhCH2OCH2OR) and benzyl ether (BnOR, PhCH2OR).
These protective groups have some advantages over other groups, especially during the
deprotection step.[45] The amine functionality has to be deprotected first without affecting
the protective group on the alcohol functionality in order to obtain 13 via the condensation
step (Scheme 2.12).
Selective deprotection of the amine was carried out successfully using
trifluoroacetic acid (TFA) in dichloromethane (1:1) following standard procedures.[46] The
alcohol functionality was not affected, allowing the amine functionality to be coupled with
the C3-acid using the same conditions as described in Section 2.2.1. The coupling reaction
was followed by 1H NMR spectroscopy and no side reactions were observed. The product
was recrystallized from acetone giving an air stable solid. Deprotection of the alcohol was
carried out by catalytic hydrogenation (1 atm) over palladium-carbon in ethanol.[47] Under
these conditions the amide was not affected. The product was obtained as a viscous oil.
After washing the product with cold diethyl ether a white air stable solid was obtained. The
product was identical in all respects as indicated by spectroscopy data to the compound
obtained using the amino esters route (6, Scheme 2.11).
Finally, the tris(oxazoline) with methyl substituents 15 was obtained following the
procedure described in Section 2.2.1, using the optimized cyclization step. The product
was obtained as a viscous oil. The spectroscopic data were identical to the chiral
tris(oxazoline) obtained using the amino ester approach. Although this alternative approach
requires more synthetic steps, it allows the use of amino alcohols under mild conditions.
The protection and deprotection reactions of the amine and the alcohol groups were very
selective and pure compounds were obtained in good yields. The products obtained by both
synthetic routes were identical in all respects as indicated by spectroscopy data.
2.3

Synthesis of Tris(imidazolines)
The synthesis of achiral tris(imidazolines) was first described by Seymour et al.[27]

The synthesis consists of a condensation between o-phenylenediamine and nitrilotriacetic
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acid at high temperature (200 °C), followed by recrystallization from hot methanol (17,
Scheme 2.13).
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Scheme 2.13 Synthesis of achiral imidazolines
Several diamines with different electronic properties were reacted with the C3symmetric acid giving the desired tris(imidazolines) (Figure 2.3). The same synthetic
procedure was used in order to synthesize the new tris(imidazolines) 17b-d.
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Figure 2.3 Tris(imidazolines) with different substituents
All products were obtained pure and in acceptable yields (up to 50 %). An
additional advantage of these new tris(imidazolines) with respect to the tris(oxazolines) is
their increased stability. They are air and water stable and besides that, the condensation
does not give any side reactions. Tris(imidazoline) compounds were obtained as solids and
they were characterized by 1H and 13C NMR, IR spectroscopy and mass spectrometry.
2.3.1

Functionalization of the N-H: A New Class of Tris(phosphinoimidazolines)
The procedure described by Russell et al.[33] was used to functionalize the N-H

bond of the tris(imidazoline) based ligands (Scheme 2.14). By using this procedure,
phosphinomethylamine compounds can be obtained easily by reaction of a phosphonium
32

Synthesis and Characterization of C3-Symmetric Ligands

salt with primary or secondary amines in the presence of a base like triethylamine (NEt3)
or potassium hydroxide (KOH). Bis(hydroxymethyl) phosphonium chloride salt was
prepared in quantitative yields by the reaction of a secondary phosphine, such as
diphenylphosphine (HPPh2), with aqueous formaldehyde and concentrated hydrochloric
acid (Chapter 5).

R1

P

R3

+

OH

R3

OH Cl

-

+

R2

+ NEt3

NH2

R2

MeOH / H2O

N
P

R1

R1

P

R1

R1
R1

R1 = Ph, Cy
18

R2 = Ph, R3 = Me,

19

20

Scheme 2.14 General reaction to obtain phosphinomethyl amines
Under the same conditions, secondary amines can also react with the phosphonium
salt. Benzimidazole for example, reacts with the phosphonium salt (18) to give the
corresponding phosphinomethyl benzimidazole, compound 21 (Scheme 2.15). Examples of
this reaction using different primary and secondary amines are described in more detail in
Chapter 5.
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Scheme 2.15 Synthesis of phosphinomethyl benzimidazole 21
By using the same synthetic route depicted in Scheme 2.15, reaction of the achiral
tris(imidazoline) with an excess of the phosphonium chloride salt in the presence of
triethylamine (NEt3) gave the new tripodal tris(imidazoline) P,N compound 22 in 90 %
yield (Scheme 2.16). Long reaction times were necessary in order to force the reaction to
completion and after 48 hours at 70 ºC all N-H bonds were functionalized. The reaction
was followed by 31P NMR and only one singlet at –10 ppm was observed. The product was
obtained as a viscous oil.
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Scheme 2.16 Tripodal P,N Imidazoline (22)
The tripodal imidazoline 22, contains two types of donor atoms, phosphorus and nitrogen.
This may allow for the coordination of two different metals, depending on the affinity of
the donor atoms for specific metals. In this way, bimetallic complexes can be formed. In
Figure 2.4 a model is proposed; the phosphines have a high affinity for rhodium, while the
nitrogen functionalities selectively coordinate to a copper center. These types of systems
may offer new possibilities in coordination chemistry and catalysis and should be
investigated further.
Cu

Cu

Rh

Rh

Figure 2.4 Molecular model of tris(imidazoline) P,N compound 22
2.4

Conclusions
The synthesis of chiral tris(oxazolines) was carried out resulting in high yields

under mild reaction conditions. Two approaches were used for the synthesis in which
aminoesters or aminoalcohols were used. The performed syntheses offer considerable
improvements over the syntheses reported by Zheng and Katsuki, in both the yields and the
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number of purification steps. In this way, a variety of tris(oxazolines) using different
amino acids is now accessible using the generalized synthetic protocol.
A series of achiral tris(imidazolines) was synthesized following the route described
by Seymour et al. Pure products were obtained in all cases. New tripodal P,N ligands were
synthesized by the functionalization of the N-H bonds of a tris(imidazoline) with a
bis(hydroxymethyl)phosphonium chloride salt.
2.5

Experimental Section
All chemicals were purchased from Aldrich, Acros, or Merck and used as received

unless otherwise stated. All preparations were carried out under an atmosphere of dry
argon using standard Schlenk techniques. Solvents were freshly distilled under argon
atmosphere and dried using standard procedures. All glassware was dried by heating under
vacuum. The NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer
with both the

31

P and

13

C spectra measured 1H decoupled unless otherwise stated.

Chemical shifts are reported on a ppm scale and referenced to TMS (1H,

13

C) and 85 %
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H3PO4 ( P). The IR spectra were recorded on a Shimadzu 7300 FT-IR spectrometer in the
ATR mode. MALDI-TOF MS spectra were obtained using a Voyager-DE™ PRO Bio
spectrometry™ Workstation (Applied Biosystems) time-of-flight mass spectrometer
reflector, using dithranol as matrix. Only characteristic fragments containing the isotopes
of the highest abundance are listed. Triethylamine and pyridine were distilled from CaH2
prior to use. Aqueous sodium hydrogen carbonate and methanol/water solution were
degassed and stored under argon.
Synthesis of Amino Esters
L-valine methyl ester hydrochloride (5a).
The synthesis was carried out following literature procedures.[48] A suspension of 10.0 g
(0.085 mol) of L-valine in 100 mL of MeOH was stirred and cooled at 0 °C. 17 mL (28 g,
0.24 mol) of SOCl2 was added dropwise during 20 min. The white suspension was warmed
to room temperature. After 4 hours the solid was completely dissolved and the solution
was stirred for another 10 hours. Evaporation of the solvent gave a white solid. The solid
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was dissolved in the minimum amount of methanol and the excess starting material was
removed by filtration. After removal of solvent under vacuum, the solid was obtained and
washed with diethylether and finally dried under vacuum. Yield: 98 % (14.0 g, 0.083 mol).
1

H NMR (CDCl3) δ: 3.78 (s, 3H, O-CH3), 2.41 (m, 1H, C-H), 1.01 (dd, 6H, J= 6.3, 5.9 Hz,

CH3, i-Pr). 13C NMR (CDCl3) δ: 168.78 (C=O), 58.53 (C-H), 52.79 (O-CH3), 29.75 (C-H),
18.33 (CH3, i-Pr), 18.15 (CH3, i-Pr).
L-phenylalanine methyl ester hydrochloride (5b).
The same procedure was used as described for 5a, using 10.0 g (0.061 mol) of L- phenyl
alanine in 100 mL of MeOH and 12 mL (19.7 g, 0.165 mol) of SOCl2. Yield: 98 % (12.9 g,
0.060 mol). 1H NMR (CDCl3) δ: 7.25 - 7.47 (m, 5H, C6H5), 4.32 (m, 1H, C-H), 3.82 (s,
3H, O-CH3), 3.12 - 3.25 (m, 2H, CH2).

13

C NMR (CDCl3) δ: 170.64 (C=O), 139.85,

129.93, 128.87, 126.67 (C6H5), 54.86 (C-H), 53.52 (O-CH3), 37.87 (CH2).
L-alanine methyl ester hydrochloride (5c).
The same procedure was used as described for 5a, using 13.0 g (0.143 mol) of L- alanine
in 100 mL of MeOH and 29 mL (46.98 g, 0.395 mol) of SOCl2. Yield: 98 % (20.0 g, 0.14
mol). 1H NMR (CDCl3) δ: 4.21 (m, 1H, C-H), 3.78 (s, 3H, O-CH3), 1.62 (d, 3H, J= 6.2
Hz, CH3). 13C NMR (CDCl3) δ: 169.78 (C=O), 52.85 (O-CH3), 50.95 (C-H), 20.98 (CH3).
Synthesis of tris(amido esters)
N,N,N- Tris[1-((S)-1-methoxycarbonyl-2-methylpropyl)]-nitrilotriacetamide (6a).
L-valine methyl ester hydrochloride (10.0 g, 0.060 mol), nitrilotriacetic acid (3.31 g, 0.017
mol), DIEC (1-(3’-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride), (9.96 g,
0.052 mol) and DMAP (4-dimethylamino pyridine), (16 mg, 0.13 mmol) were dissolved in
CH2Cl2 (100 mL) under argon. 4-methyl morpholine (8 mL, 7.27 g, 0.072 mmol) was
added dropwise at room temperature. The reaction mixture was stirred at room temperature
for 2 days. To the clear, light-yellow solution, saturated aqueous ammonium chloride
solution was added. The organic layer was washed with water and dried over Na2SO4.
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Removal of solvent gave a yellow oil. The product was recrystallized from acetone to give
a white powder. Yield: 80 % (7.21 g 0.014 mol). 1H NMR (CDCl3) δ: 7.58 (d, 3H, J= 8.9
Hz, N-H), 4.45 (m, 3H, C-H), 3.67 (s, 9H, O-CH3), 3.38 (dd, 6H, J= 10.3, 10.1 Hz, NCH2), 2.19 (m, 3H, C-H), 0.98 (m, 18H, CH3). 13C NMR (CDCl3) δ: 173.14 (C=O, ester),
170.31 (C=O, amide), 57.83 (N-CH2), 57.14 (C-H), 51.92 (O-CH3), 29.86 (C-H), 18.83
(CH3), 17.61 (CH3). IR (cm-1) ν: 3263 (O-CH3), 2964 (N-H), 2938 (CH3), 1742 (CH3),
1656 (C=O), 1649 (C-H

methyl),

1543 (CH2), 1116 (C-N), 872 (C-H). MALDI-TOF MS

+

(m/z): 530.27 [M] , calcd. 530.30.
N,N,N- Tris[1-((S)-1-methoxy-2-carbonyl-2-phenylethyl)]-nitrilotriacetamide (6b).
The same procedure was used as described for 6a, using L-phenylalanine methyl ester
hydrochloride (12.0 g, 0.056 mol), nitrilotriacetic acid (3.1 g, 0.016 mol), DIEC (9.3 g,
0.048 mol), DMAP (15 mg, 0.12 mmol) and 4-methyl morpholine (7.4 mL, 6.84 g, 0.067
mol) in CH2Cl2 (100 mL). The compound was purified using flash chromatography on
silica gel Si - 60 (0.040-0.063 mm). Solvents: CHCl3, MeOH (7:3). Yield: 80 % (8.60 g,
0.0128 mol), white powder. 1H NMR (CDCl3) δ: 7.65 (d, 3H, J= 8.7 Hz, N-H), 7.19 – 7.38
(m, 15H, C6H5), 4.82 (m, 3H, C-H), 3.78 (s, 9H, O-CH3), 3.21 (m, 6H, CH2), 2.81 (d, 6H,
J= 5.4 Hz, N-CH2). 13C NMR (CD3OD) δ: 171.25 (C=O, ester), 169.23 (C=O, amide),
137.58, 129.54, 128.38, 126.35 (C6H5), 59.85 (N-CH2), 54.35 (C-H), 51.25 (O-CH3), 38.48
(CH2). IR (cm-1) ν: 3263 (O-CH3), 2964 (N-H), 2910 (C-H, C6H5), 2936 (CH3), 1741
(CH3), 1654 (C=O), 1647 (C-H), 1541 (CH2), 1114 (C-N), 870 (C-H). MALDI-TOF MS:
(m/z) 674.28 [M]+, calcd. 674.41.
N,N,N- Tris[1-((S)-1-methoxy-2-carbonyl-2-methyl)]-nitrilotriacetamide (6c).
The same procedure was used as described for 6a, using L-alanine methyl ester
hydrochloride (10.0 g, 0.071 mol), nitrilotriacetic acid (3.98 g, 0.021 mol), DIEC (12 g,
0.063 mol), DMAP (19.6 mg, 0.16 mmol) and 4-methyl morpholine (9.7 mL, 8.91 g,
0.0881 mol) in CH2Cl2 (100 mL). The product was recrystallized from acetone to give a
white powder. Yield: 90 % (8.42 g 0.019 mol). 1H NMR (CDCl3) δ: 7.68 (d, 3H, J= 8.8
Hz, N-H), 4.55 (m, 3H, C-H), 3.60 (s, 9H, O-CH3), 3.25 (d, 6H, J= 5.4 Hz, N-CH2), 1.38
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(d, 9H, J= 6.1 Hz, CH3). 13C NMR (CDCl3) δ: 174.38 (C=O, ester), 170.08 (C=O, amide),
58.30 (N-CH2), 52.44 (O-CH3), 47.59 (C-H), 17.21 (CH3). IR (cm-1) ν: 3266 (O-CH3),
2968 (N-H), 2938 (CH3), 1743 (CH3), 1656 (C=O), 1647 (C-H), 1543 (CH2), 1116 (C-N),
870 (C-H). IR (cm-1) 3263 (O-CH3), 2964 (N-H), 2938 (CH3), 1742 (CH3), 1656 (C=O),
1649 (C-H), 1543 (CH2), 1116 (C-N), 872 (C-H). MALDI-TOF MS (m/z): 446.25 [M]+,
calcd. 446.32.
Synthesis of tris(amido alcohols)
N,N,N-Tris[2-((S)-1-hydroxy-3-methylbutyl)]-nitrilotriacetamide (7a).
5.6 g (0.011 mol) of the N,N,N-Tris[1-((S)-1-methoxycarbonyl-2-methylpropyl)]nitrilotriacetamide 6a and 0.35 g (3.15 mmol) of CaCl2 were dissolved in THF: EtOH,
(1:2) (35 mL : 70 mL). The solution was cooled to 0 °C and 2.43 g (0.064 mol) of NaBH4
was added in portions. The mixture was stirred for 14 hours. The mixture was poured into
aqueous citric acid (100 mL, 1M) and extracted with ethyl acetate. Removal of solvent
gave a white solid. Yield: 100 % (4.75 g, 0.011 mol). 1H NMR (CDCl3) δ: 7.61 (d, 3H, J=
8.6 Hz, N-H), 4.18 (br, 3H, OH), 3.67 (m, 6H, CH2-OH), 3.48 (dd, 3H, J= 10.1, 8.3 Hz, CH), 3.30 (d, 6H, J= 6.0 Hz, N-CH2), 1.78 (m, 3H, C-H), 0.99 (m, 18H, CH3).

13

C NMR

(CDCl3) δ: 171.60 (C=O), 62.93 (CH2-OH), 60.02 (N-CH2), 57.08 (C-H), 29.36 (C-H),
19.44 (CH3), 18.94 (CH3). IR (cm-1) ν: 3350 (OH), 3303 (N-H), 2959, 2874 (CH3), 1657
(C=O), 1558 (CH3), 1466 (CHmethyl), 1389 (CH2), 1371 (C-N), 1076 (C-H). MALDI-TOF
MS: (m/z) 447.20 [M]+, calcd. 447.25.
N,N,N-Tris[2-((S)-1-hydroxy-3-phenylbutyl)]-nitrilotriacetamide (7b).
The same procedure was used as described for 7a, using 6.6 g (9.79 mmol) of the N,N,NTris[1-((S)-1-methoxy-2-carbonyl-2-phenylethyl)]-nitrilotriacetamide 6b, 0.32 g (2.86
mmol) CaCl2 and 2.2 g (0.058 mol) of NaBH4 in 50 mL THF and 100 mL EtOH. Yield:
100 % (5.85 g, 9.79 mmol). 1H NMR (CDCl3) δ: 7.75 (d, 3H, J= 8.7 Hz, N-H), 7.28 – 7.48
(m, 15H, C6H5), 4.28 (br, 3H, OH), 3.78 (m, 3H, C-H), 3.42 (m, 6H, CH2-OH), 3.08 (d,
6H, J= 5.8 Hz, N-CH2), 2.78 (m, 6H, CH2). 13C NMR (CDCl3) δ: 167.85 (C=O), 137.78,
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126.80, 126.12, 124.05 (C6H5), 64.95 (CH2-OH), 59.87 (N-CH2), 49.87 (C-H), 35.12
(CH2). IR (cm-1) ν: 3353 (OH), 3308 (N-H), 3120 (C-H, C6H5), 2962 (CH2), 1667 (C=O),
1620 (C=C), 1378 (C-N), 1076 (C-H). MALDI-TOF MS: (m/z) 598.31 [M]+, calcd.
598.29.
N,N,N-Tris[2-((S)-1-hydroxy-3-methylbutyl)]-nitrilotriacetamide (7c).
The same procedure was used as described for 7a, using 9.0 g (0.020 mol) of the N,N,NTris[1-((S)-1-methoxy-2-carbonyl-2-methyl)]-nitrilotriacetamide 6c, 0.65 g (5.86 mmol) of
CaCl2 and 4.5 g (0.120 mol) of NaBH4 in 56 mL THF and 112 mL EtOH. Yield: 99 %
(7.16 g, 0.0198 mol). 1H NMR (CDCl3) δ: 7.58 (d, 3H, J= 8.8 Hz, N-H), 4.21 (br, 3H,
OH), 3.83 (m, 6H, CH2-OH), 3.53 (dd, 3H, J= 9.8, 5.3 Hz, C-H), 3.20 (d, 6H, J= 5.9 Hz,
N-CH2), 1.21 (d, 9H, J= 6.2 Hz, CH3). 13C NMR (CDCl3) δ: 166.58 (C=O), 65 (CH2-OH),
60 (N-CH2), 45 (C-H), 18 (CH3). IR (cm-1) ν: 3363 (OH), 3310 (N-H), 2962, 2870 (CH3),
1667 (C=O), 1376 (C-N), 1076 (C-H). MALDI-TOF MS: (m/z) 362.45 [M]+, calcd.
362.29.
Synthesis of tris(oxazolines)
Phosphoro-tris-(1,2,4)triazolide (9).
The synthesis was carried out according to literature procedures.[43] 1.8 g (26 mmol) of
1,2,4-Triazole was dissolved in 3.6 mL (26 mmol) NEt3 and 40 mL THF. The solution was
cooled to 0 °C and 0.70 mL (7.5 mmol) phosphorus oxychloride was added dropwise. The
reaction mixture was then stirred at 0 °C for 30 min and the product was obtained.
31

P NMR δ: -20.98 ppm. Conversion: 95 %. No isolation or further purification was

necessary.
N,N,N-Tris[((4S)-isopropyl-2-oxazolin-2-yl)-methyl]-amine (8a).
10.0 g (0.022 mol) of the N,N,N-Tris[2-((S)-1-hydroxy-3-methylbutyl)]-nitrilotriacetamide
7a was dissolved in 70 mL pyridine and 70 mL acetonitrile, (1:1). This solution was added
dropwise to a solution containing the freshly prepared (triazole)3PO (0.17 mol). The
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reaction mixture was stirred for 48 hours at 0 °C. The reaction mixture was poured into a
separation funnel charged with saturated aqueous NaHCO3 and the mixture was extracted
with CH2Cl2. The combined organic phases were washed with aqueous NaHCO3 and then
dried over Na2SO4. The product was purified by precipitation of the triazole (main
impurity) in CH2Cl2 at –20 ºC. Yield: 75 % (6.13 g, 0.015 mol), yellow oil. 1H NMR
(CDCl3) δ: 4.21 (m, 3H, C-H), 3.85 (m, 6H, O-CH2), 3.58 (s, 6H, N-CH2), 1.67 (m, 3H, CH), 0.99 (d, 9H, J= 6.8 Hz, CH3), 0.98 (d, 9H, J= 6.9 Hz, CH3).

13

C NMR (CDCl3) δ:

164.13 (C=N), 71.96 (C-H), 70.11 (CH2), 50.46 (CH2), 32.46 (C-H), 18.78 (CH3), 18.12
(CH3). IR (cm-1) ν: 3352 (i-Pr), 2963 (CH2), 2873 (CH3), 1672 (C=N), 1468 (C-O), 1386
(C-Hmethyl), 1194 (C-C), 1145 (C-N), 983 (C-H). MALDI-TOF MS: (m/z) 392.3 [M]+,
calcd. 392.23.
N,N,N-Tris[((4S)-benzyl-2-oxazolin-2-yl)-methyl]-amine (8b).
The same procedure was used as described for 8a, using 10.0 g (0.017 mol) N,N,N-Tris[2((S)-1-hydroxy-3-phenylbutyl)]-nitrilotriacetamide 7b in 70 mL pyridine and 70 mL
acetonitrile, (1:1) and (triazole)3PO (0.10 mol). The product was purified by precipitation
of the triazole (main impurity) in CH2Cl2. Yield: 70 % (6.60 g, 0.012 mol), yellow oil. 1H
NMR (CDCl3) δ: 7.15 – 7.38 (m, 15H, C6H5), 4.15 (d, 6H, J= 6.3 Hz, O-CH2), 3.61 (s, 6H,
N-CH2), 3.15 (m, 3H, C-H), 2.65 (m, 6H, CH2).

13

C NMR (CDCl3) δ: 155.87 (C=N),

140.05, 128.25, 127.03, 126.14 (C6H5), 75.35 (C-H), 73.87 (O-CH2), 56.42 (N-CH2), 35.16
(CH2). IR (cm-1) ν: 2950 (C-H, C6H5), 2935, 2852 (CH2), 1666 (C=N), 1468 (C-O), 1386
(C-H), 1196 (C-C), 1148 (C-N), 990 (C-H). MALDI-TOF MS: (m/z) 554.60 [M]+, calcd.
554.23.
N,N,N-Tris[((4S)-methyl-2-oxazolin-2-yl)-methyl]-amine (8c).
The same procedure was used as described for 8a, using 6.5 g (0.018 mol) N,N,N-Tris[1((S)-1-methoxy-2-carbonyl-2-methyl)]-nitrilotriacetamide 7c in 60 mL pyridine and 60 mL
acetonitrile, (1:1) and (triazole)3PO (0.10 mol). The product was purified by precipitation
of the triazole (main impurity) in CH2Cl2. Yield: 70 % (3.80 g, 0.0126 mol), yellow oil.
1

H NMR (CDCl3) δ: 4.28 (m, 6H, O-CH2), 3.83 (m, 3H, C-H), 3.61 (s, 6H, N-CH2), 1.21
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(d, 9H, J= 6.4 Hz, CH3).

13

C NMR (CDCl3) δ: 155.87 (C=N), 72.10 (O-CH2), 69.93 (C-

H), 56.12 (N-CH2), 17.90 (CH3). IR (cm-1) ν: 2961, 2872 (CH3), 1660 (C=N), 1466 (C-O),
1196 (C-C), 1144 (C-N), 986 (C-H). MALDI-TOF MS: (m/z) 308.25 [M]+, calcd. 308.15.
Protection of Amines with t-BOC
t-BOC-2-Amino-1-Butanol (10a).
The synthesis was carried out following literature procedures.[44] 11.02 g (0.050 mol) of tBOC (di-tert-butyl-dicarbonate) was dissolved in 7 mL CH2Cl2. This solution was slowly
added to 5 g (0.056 mol) of (R)-(-)-2-amino-1-butanol in 8 mL CH2Cl2 under Argon. The
reaction is exothermic and production of CO2 was observed. After refluxing for four hours
a clear solution was obtained. Evaporation of solvent gave a white solid. Purification of
the product was carried out by dissolving the solid in CH2Cl2 and washing with aqueous
KHSO4 (1 N) and aqueous NaCl. The organic phase was dried over Na2SO4. Removal of
solvent gave a pure product. Yield: 98 % (9.26 g, 0.049 mol), white solid. 1H NMR
(CDCl3) δ: 4.85 (br, 1H, N-H), 3.81 (br, 1H, O-H), 3.62 (dd, 2H, J= 8.9. 7.2 Hz, CH2),
3.50 (m, 1H, C-H), 1.40 (s, 9H, CH3-tBOC), 1.08 (d, 3H, J= 6.3 Hz, CH3).

13

C NMR

(CDCl3) δ: 156.21 (C=O), 79.47 (C- CH3), 66.75 (CH2-OH), 48.35 (C-H), 28.28 ((CH3)3),
17.21 (CH3).
t-BOC-2-Amino-1-Propanol (10b).
The same procedure was used as described for 10a, using 11.02 g (0.050 mol) of t-BOC, 5
g (0.066 mol) of (R)-(2)-2- amino-1-propanol in 15 mL CH2Cl2. Removal of solvent gave a
pure product. Yield: 98 % (8.57 g, 0.049 mol), white solid. 1H NMR (CDCl3) δ: 4.89 (br,
1H, N-H), 3.68 (m, 2H, CH2-OH), 3.52 (m, 1H, C-H), 2.98 (br, 1H, OH), 1.63 (m, 2H,
CH2-CH3), 1.42 (s, 9H, CH3-tBOC), 0.98 (t, 3H, CH3).

13

C NMR (CDCl3) δ: 155.42

(C=O), 79.41 (C- CH3), 65.73 (CH2-OH), 50.34 (C-H), 28.31 ((CH3)3), 24.24 (CH2-CH3),
17.20 (CH3).
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Protection of Alcohols with t-BOM-Cl
t-BOC-2-Amino-1-Butanol - BOM (11a).
The synthesis was carried out following literature procedures.[49] 1.9 g (0.010 mol) of (R)(-)-2-amino-1-butanol-t-BOC was dissolved in 10 mL CH2Cl2. The solution was cooled
down to 0 ºC and 2.7 mL (2.01 g, 0.015 mol) diisopropyl ethyl amine (DIEA) was added
dropwise followed by 1.62 mL (1.87 g, 0.012 mol) benzylchloro methyl ether (BOM-Cl)
under argon. After stirring for 5 hours, 88 mg (0.24 mmol) Bu4N+I- was added and the
solution was stirred for two days. The product was extracted with aqueous NaOH (1 M)
and the organic phase was washed with NaCl and dried over Na2SO4. Removal of solvent
gave an oil and after recrystallization with ethyl acetate the pure product was obtained.
Yield: 78 % (2.40 g, 7.8 mmol). 1H NMR (CDCl3) δ: 7.05 – 7.19 (m, 5H, C6H5), 4.98 (br,
1H, N-H), 4.45 (dd, 2H, J= 8.6, 7.6 Hz, O-CH2-O), 3.94 (m, 2H, O-CH2-C6H5), 3.42 (m,
2H, CH-CH2-O), 2.98 (m, 1H, C-H), 1.83 (s, 2H, CH2-CH3), 1.38 (s, 9H, CH3-tBOC), 1.01
(t, 3H, CH3). 13C NMR (CDCl3) δ: 155.32 (C=O), 138.20, 129.95, 128.78, 127.68 (C6H5),
94.20 (O-CH2-O), 79.42 (C- CH3), 72.15 (O-CH2-C6H5), 68.32 (CH-CH2-O), 50.25 (C-H),
28.31 ((CH3)3), 18.38 (CH2-CH3), 10.04 (CH3).
t-BOC-2-Amino-1-Propanol - BOM (11a).
The same procedure was used as described for 11a, using 1.75 g (0.010 mol) of (R)-(-)-2amino-1-propanol-t-BOC in 10 mL CH2Cl2, 2.7 mL (2.01 g, 0.015 mol) DIEA, 1.62 mL
(1.87 g, 0.012 mol) BOM-Cl and 88 mg (0.24 mmol) Bu4N+I-. Removal of solvent gave a
pure product. Yield: 75 % (2.21 g, 7.5 mmol), white solid. 1H NMR (CDCl3) δ: 7.30 –
7.42 (m, 5H, C6H5), 4.81 (s, 2H, O-CH2-O), 4.61 (s, 2H, O-CH2-C6H5), 3.83 (m, 2H, CHCH2-O), 3.45 (m, 1H, C-H), 1.45 (s, 9H, CH3-tBOC), 1.20 (d, 3H, J= 6.4 Hz, CH3).

13

C

NMR (CDCl3) δ: 155.38 (C=O), 137.72, 128.47, 127.97, 127.91 (C6H5), 94.84 (O-CH2-O),
77.42 (C- CH3), 71.35 (O-CH2-C6H5), 69.53 (CH-CH2-O), 46.16 (C-H), 28.42 ((CH3)3),
18.04 (CH3).
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Deprotection of t-BOC group with TFA
2-Amino-1-Butanol – BOM (12a).
The synthesis was carried out following literature procedures.[46] 1.0 g (3.23 mmol) of (R)(-)-2-amino-1-butanol-t-BOC-BOM was dissolved in 10 mL CH2Cl2. The solution was
cooled to 0 ºC and 5 mL (7.4 g, 0.06 mol) trifluoroacetic acid (99 %, TFA) was added
dropwise. The solution was stirred for 6 hours and after removal of TFA and solvent the
product was obtained. Yield: 100 % (1.04 g, 3.23 mmol). 1H NMR (CDCl3) δ: 7.02 – 7.21
(m, 5H, C6H5), 4.62 (s, 2H, O-CH2-O), 4.43 (s, 2H, O-CH2-C6H5), 3.42 (m, 2H, CH-CH2O), 3.01 (m, 1H, C-H), 1.82 (s, 2H, CH2-CH3), 1.02 (t, 3H, CH3).

13

C NMR (CDCl3) δ:

162.05 (q, C=O, TFA), 136.25, 128.54, 127.95, 126.35 (C6H5), 115.10 (q, CF3), 96.54 (OCH2-O), 72.36 (O-CH2-C6H5), 71.20 (CH-CH2-O), 52.14 (C-H), 20.10 (CH2-CH3), 10.12
(CH3).
Alanine – BOM (12b).
The same procedure was used as described for 12a, using 1.0 g (3.38 mmol) of (R)-(-)-2Amino-1-propanol-t-BOC-BOM in 10 mL CH2Cl2 and 5 mL (7.4 g, 0.06 mol) TFA. Yield:
100 % (1.04 g, 3.38 mmol). 1H NMR (CDCl3) δ: 7.20 – 7.42 (m, 5H, C6H5), 4.72 (s, 2H,
O-CH2-O), 4.61 (s, 2H, O-CH2-C6H5), 3.82 (m, 2H, CH-CH2-O), 3.58 (m, 1H, C-H), 1.24
(d, 3H, J= 6.2 Hz, CH3).

13

C NMR (CDCl3) δ: 162.21 (q, C=O, TFA), 138.42, 128.57,

127.87, 126.56 (C6H5), 115.20 (q, CF3), 96.35 (O-CH2-O), 72.37 (C- CH3), 68.24 (O-CH2C6H5), 69.68 (CH-CH2-O), 48.30 (C-H), 14.25 (CH3).
Coupling reaction Alanine – BOM and Tris-acid (13).
The same procedure was used as described for 6a, using (R)-(-)-2-amino-1-propanol-BOM
(1.0 g, 3.23 mmol), nitrilotriacetic acid (0.18 g, 0.94 mmol), DIEC (0.54 g, 2.82 mmol),
DMAP (0.8 mg, 0.07 mmol) and 4- methyl morpholine (0.44 mL, 0.4 g, 3.97 mmol) in
CH2Cl2 (30 mL). The product was recrystallized from acetone to give a solid. Yield: 70 %
(1.50 g, 0.66 mmol), yellow powder. 1H NMR (CDCl3) δ: 7.62 (d, 3H, J= 8.9 Hz, N-H),
7.21 – 7.38 (m, 15H, C6H5), 4.72 (s, 2H, O-CH2-O), 4.63 (s, 2H, O-CH2-C6H5), 4.32 (m,
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3H, C-H), 3.82 (m, 2H, CH-CH2-O), 3.24 (m, 6H, N-CH2), 2.01 (d, 3H, J=6.4 Hz, CH3).
13

C NMR (CD3OD) δ: 167.36 (C=O), 137.58, 128.47, 127.68, 126.34 (C6H5), 96.25 (O-

CH2-O), 70.23 (O-CH2-C6H5), 69.36 (CH-CH2-O), 60.05 (N-CH2), 48.18 (C-H), 20.32
(CH3).
Removal of protective group (BOM) (14).
The synthesis was carried out following literature procedures.[47] 10 % Pd/C (0.2 g) was
added to a stirred solution of tris-amido-BOM (0.5 g, 0.59 mmol) in ethanol (25 mL) at

0

ºC under argon. The mixture was hydrogenated at 1 atm (H2) for 6 hours at room
temperature and then passed trough Celite (Celite 545, 0.02 - 0.1 mm). The solvent was
removed and the crude product was purified by column chromatography on silica gel (Si60, 0.040 – 0.063 mm). Solvent: AcOEt. Yield: 90 % (126.0 mg, 0.47 mmol) 1H NMR
(CDCl3) δ: 7.60 (d, 3H, J= 8.9 Hz, N-H), 4.21 (br, 3H, OH), 3.82 (m, 6H, CH2-OH), 3.51
(dd, 3H, J= 7.8, 6.7 Hz, C-H), 3.21 (d, 6H, J= 5.2 Hz, N-CH2), 1.02 (d, 9H, J= 6.2 Hz,
CH3). 13C NMR (CDCl3) δ: 166.54 (C=O), 65.63 (CH2-OH), 60.24 (N-CH2), 45.31 (C-H),
18.05 (CH3).
N,N,N-Tris[((4R)-isopropyl-2-oxazolin-2-yl)-methyl]-amine (15).
The same procedure was used as described for 8a, using 0.5 g (1.37 mmol) N,N,N- Tris[1((R)-1-methoxy-2-carbonyl-2-methyl)]-nitrilotriacetamide 14 in 30 mL pyridine and 30
mL acetonitrile, (1:1) and (triazole)3PO (8.22 mmol). The product was purified by
precipitation of the triazole (main impurity) in CH2Cl2. Yield: 65 % (0.20 g, 0.89 mmol),
yellow oil. 1H NMR (CDCl3) δ: 4.28 (m, 6H, O-CH2), 3.83 (m, 3H, C-H), 3.67 (s, 6H, NCH2), 1.21 (d, 9H, J= 6.4 Hz, CH3). 13C NMR (CDCl3) δ: 155.98 (C=N), 72.21 (O-CH2),
69.83 (C-H), 56.14 (N-CH2), 17.89 (CH3). IR (cm-1) ν: 2961, 2872 (CH3), 1660 (C=N),
1466 (C-O), 1196 (C-C), 1144 (C-N), 986 (C-H). MALDI-TOF MS: (m/z) 308.25 [M]+,
calcd. 308.15.
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Synthesis of achiral tris(imidazolines)
Tris-(2-benzimidazolinemethyl)amine (17a).
The synthesis was carried out according to literature procedures.[27] 15.0 g (0.08 mol) of
nitrilotriacetic acid and 27.0 g (0.250 mol) of o-phenylenediamine were finely ground and
heated together at 200 °C for 2 hours using an oil bath. After cooling, the purple-pink solid
was dissolved in 50 mL MeOH and active carbon was added. The mixture was refluxed for
1 hour. The solution was filtered hot and after cooling a white solid was obtained. The
solid was dried under vacuum. Yield: 54 % (17.5 g, 0.043 mol). 1H NMR (DMSO-d6) δ:
12.10 (bs, 3H, N-H), 7.69, 7.31 (AA' BB' m, 12H, C6H5), 3.98 (s, 6H, N-CH2). 13C NMR
(DMSO-d6) δ: 151.49 (C=N), 138.20, 122.85, 117.53 (C6H5), 50.13 (N-CH2). IR (cm-1) ν:
3046 (N-H), 2930, 2852 (CH2), 1623 (C=N), 1435, 1272 (C-H, C6H5), 1215 (C-N).
MALDI-TOF MS: (m/z) 407.20 [M]+, calcd. 407.16.
Tris-(2-benzimidazolinemethyl)amine (methyl) (17b).
The same procedure was used as described for 17a, using 7.6 g (0.04 mol) of
nitrilotriacetic acid and 15.3 g (0.12 mol) of o- toluenediamine. Yield: 40 % (7.20 g, 0.016
mol), brown solid. 1H NMR (DMSO-d6) δ: 7.50 (m, 3H, C6H5), 7.42 (m, 3H, C6H5), 7.02
(m, 3H, C6H5), 4.17 (s, 6H, CH2), 2.31 (s, 9H, CH3).

13

C NMR (DMSO-d6) δ: 152.40

(C=N), 138.25, 136.23, 131.42, 123.72, 115.70, 114.91 (C6H5), 52.13 (N-CH2), 21.92
(CH3). IR (cm-1) ν: 3142 (N-H), 2928, 2856 (CH2), 1603 (C=N), 1450, 1222 (C-H, C6H5),
1116 (C-N). MALDI-TOF MS: (m/z) 449.35 [M]+, calcd. 449.16.
Tris-(2-benzimidazolinemethyl)amine (NO2) (17c).
The same procedure was used as described for 17a, using 15.0 g (0.08 mol) of
nitrilotriacetic acid and 27.0 g (0.250 mol) of 1,2-diamino-3-nitrobenzene. Yield: 40 %
(17.3 g, 0.032 mol), brown solid. 1H NMR (DMSO-d6) δ: 8.38 (d, 3H, J= 4.2 Hz, C6H5),
7.78 (d, 3H, J= 4.0 Hz, C6H5), 7.58 (dd, 3H, J= 4.2, 4.1 Hz, C6H5), 4.12 (s, 6H, N-CH2).
13

C NMR (DMSO-d6) δ: 152.42 (C=N), 150.22, 136.24, 135.40, 123.71, 121.70, 108.92
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(C6H5), 52.13 (N-CH2). IR (cm-1) ν: 3046 (N-H), 2932, 2854 (CH2), 1610 (C=N), 1387,
1271 (C-H, C6H5), 1115 (C-N). MALDI-TOF MS: (m/z) 542.50 [M]+, calcd. 542.21.
Tris-(2-benzimidazolinemethyl)amine (Py) (17d).
The same procedure was used as described for 17a, using 15.0 g (0.08 mol) of
nitrilotriacetic acid and 27.0 g (0.25 mol) of 1,2-diaminopyridine. Yield: 38 % (17.3 g,
0.032 mol), brown solid. 1H NMR (DMSO-d6) δ: 8.31 (d, 3H, J= 4.2, 4.1 Hz, C6H5N),
7.30 (dd, 3H, J= 5.8, 5.7 Hz, C6H5N), 7.20 (d, 3H, J= 6.0 Hz, C6H5N), 4.24 (s, 6H, NCH2).

13

C NMR (DMSO-d6) δ: 145.40 (C=N), 143.54, 140.63, 138.24, 137.87, 125.73

(C6H5N), 52.10 (N-CH2). IR (cm-1) ν: 3091 (N-H), 2932, 2853 (CH2), 1609 (C=N), 1389,
1270 (C-H, C6H5), 1118 (C-N). MALDI-TOF MS: (m/z) 449.41 [M]+, calcd. 449.30.
Synthesis of phosphinomethyl amines
Bis(hydroxymethyl) phosphonium hydrochloride [PPh2(CH2OH)2]+Cl- (18).
The synthesis was carried out according to literature procedures.[33] 9 mL (37 %, 0.327
mol) formaldehyde and 5 mL (37 %, 0.163 mol) of hydrochloric acid were added to stirred
diphenylphosphine (10.0 g, 0.054 mol). The mixture became hot and homogeneous. On
cooling a white solid crystallized out. The pure product was filtered off and dried under
vacuum. Yield: 99 % (15.0 g, 0.053 mol), white solid. m.p.161-162 °C. 31P NMR (CDCl3)
δ: 16.73 (s). 1H NMR (D2O) δ: 7.71 – 7.55 (m, 10H, C6H5), 5.00 (s, 2H, OH), 4.64 (s, 2H,
P-CH2). 13C NMR (D2O) δ: 134.81 (C6H5), 132.79 (C6H5), 139.47 (C6H5), 113.66 (C6H5),
52.85 (P-CH2).
N- Phosphinomethyl benzimidazole (21).
Triethylamine (1.4 mL, 0.010 mol) was added to a solution of the phosphonium salt (2 g,
7.59 mmol) in 10 mL degassed MeOH/H20 (1:2). To this solution 0.646 g (7.59 mmol) of
benzymidazol was added. The mixture was refluxed for 12 hours. Upon cooling, two layers
were formed and the product was extracted with CH2Cl2 (15 mL), dried over Na2SO4 and
filtered. The solvent was removed under vacuum to give the desired product as a viscous
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oil. Yield: 98 % (2.36 g, 7.43 mmol). 31P NMR (CDCl3): -27.31 ppm. 1H NMR (CDCl3)
δ: 7.91 (t, 1H, C-H), 7.38 - 7.68 (m, 4H, C6H4), 7.10 - 7.32 (m, 10H, P-C6H5), 3.42 (d, 4H,
J= 5.4 Hz, P-CH2-N). 13C NMR (CDCl3) δ: 146.05 (C-H), 138.93, 138.72, 135.43, 132.81,
132.55, 128.21 (P-C6H5, C6H4), 57.65 (P-CH2-N).
Tris-(N-Phosphinomethylimidazoline) (22).
The same procedure was used as described for 21, using 0.54 mL (3.93 mmol) of NEt3,
1.10 g (3.93 mmol) of the phosphonium salt in 20 mL degassed MeOH/H20 (1 : 2) and 0.5
g (1.23 mmol) of tris(imidazoline). The mixture was refluxed for 48 hours. The solvent
was removed under vacuum to give the desired product as a viscous oil. Yield: 90 % (1.10
g, 1.09 mmol).

31

P NMR (CDCl3): δ= -10.21 ppm. 1H NMR (CDCl3) δ: 7.21 - 7.50 (m,

42H, P-C6H5, C6H4), 4.41 (d, 6H, J= 7.3 Hz, N-CH2-P), 3.12 (d, 6H, J= 5.9 Hz, N-CH2).
13

C NMR (CDCl3) δ: 146.23 (C-H), 139.10, 137.12, 134.53, 132.82, 132.53, 124.34,

128.21, 119.48, 109.67 (P-C6H5, C6H4), 55.34 (P-CH2-N), 47.10 (N-CH2).
2.6
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Chapter 3

Coordination Chemistry of
C3-Symmetric Tris(oxazoline) and
Tris(imidazoline) Ligands
The coordination chemistry of C3-symmetric chiral oxazoline ligands with different
transition metals, i.e. Co(II), Rh(III), Ru(II), Cu(II) and Ag(I), was studied. Except for
Rh(I) and Ru(II), all the imine nitrogen atoms of the tris(oxazoline) ligand coordinate to
the metal center, leaving either one or two available coordination sites, depending on the
metal. In the case of cobalt, a chiral cavity around the metal center forms when the
tris(oxazoline) is coordinated to a cobalt atom as indicated by crystallographic studies in
the solid state. The coordination chemistry of tris(imidazoline) ligands was studied with
Mn(II), Ru(II) and Co(II). In the solid state, the imine nitrogen atoms of the
tris(imidazoline)ligands, as well as the central nitrogen donor are coordinated to the
manganese and cobalt centers. A hydrogen bond interaction between the counterion
(BPh4-) and one of the N-H bonds of the benzimidazole rings was observed for the
manganese complex as indicated by crystallographic studies.
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3.1

Introduction
C3-symmetric ligands and their corresponding metal complexes have attracted

considerable attention because of their potential in catalysis; the strong coordination to a
metal center in combination with C3 symmetry can reduce the number of diastereoisomers
leading to high selectivities in certain catalytic reactions.[1] In an octahedral environment
for example, C3 symmetry ensures homotopicity of the three remaining coordination sites,
reducing the number of conformers (Chapter 1). It has been shown that C3-symmetric
ligands can form defined geometries once they are coordinated to a metal center. For
instance, tripodal ligands derived from tris(N-alkylcarbamoylmethyl)amine (Figure 3.1)
create a chiral cavity around metal centers such as iron, cobalt or zinc.[2,3]
H

N
O

O
N

N
H

O

N

H

Figure 3.1 Tris(N-methylbenzylalkylcarbamoylmethyl)amine
It is expected that the strong coordination to the metal center will maintain a
defined environment, resulting in more specific transformations. Studies carried out by
Que et al.[4,5] showed an example for a non-heme iron complex. This system has been
considered as a functional model for Rieske dioxygenases (Chapter 1).[4] The complex
contains a C3-symmetric ligand based on tripicolylamine (tpa) in combination with iron(II)
(Scheme 3.1). It was found that this iron complex catalyzes the cis-dihydroxylation of
olefins with hydrogen peroxide.
OH

R

OH

H2O2

N

N

cis-[Fe(CH3CN)2L]

R

N
L=
N
R= H, Me
R

Scheme 3.1 Fe(TPA) complex for the cis-dihydroxylation of cyclooctene
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More recently, Schrock et al.[6] reported that tripodal nitrogen ligands based on
tris(amidoamines) create a protected cavity when coordinated to molybdenum (Figure 3.2).
Interestingly, these metal complexes were applied in the activation of small molecules,
such as N2, to produce NH3.
N

R

i-Pr

N

R
N

R
Mo

N

i-Pr

N

i-Pr

R=

N

i-Pr

i-Pr

i-Pr

Figure 3.2 Molybdenum tris(amidoamine) complex
The number of systems containing C3-symmetric ligands has increased rapidly
during the last five years. However, their application in metal-catalyzed reactions is still
limited and only few coordination chemistry studies have been performed. The latter is an
important issue to consider since coordination chemistry studies can help to understand the
results obtained in catalysis. Most studies on the coordination chemistry of C3-symmetric
ligands have been conducted with manganese, iron, cobalt and copper ions. The most
important aspects will be described per metal in the corresponding sections.
In this chapter the coordination studies of C3-symmetric ligands with different
transition metals will be presented in order to explore their ability to function as catalysts.
3.2

Coordination Chemistry: Chiral Tris(oxazoline) ligands
The coordination chemistry of chiral tris(oxazoline) ligands A, B and C (Figure

3.3) was studied with cobalt(II), rhodium(I) and (III), ruthenium(II), copper(I) and (II) and
silver(I).
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Figure 3.3 Chiral tris(oxazolines)
3.2.1

Cobalt
Nitrogen-based ligands and their corresponding cobalt complexes have been used

to mimic biological systems such as the vitamin B-12 co-enzyme.[7] These cobalt systems
have also been applied as catalysts for homogeneous oxidations, especially in dioxygen
activation.[8]

Regarding

C3-symmetric

ligands,

mainly

the

systems

based

on

tris(picolylamines) (tpa) have been studied with cobalt(II) and applied as precatalysts for
olefin polymerization.[9] In the solid state, a pentacoordinated cation [(tpa)CoCl]+ has been
observed with CoCl4- as a counterion in which all the nitrogen atoms of the
tris(picolylamine) coordinate to the cobalt center (Figure 3.4).

N

N
[CoCl42-]

N
Co
Cl

N

Figure 3.4 Cobalt(II) TPA complex
No cobalt tris(oxazoline) complexes have been studied so far. Therefore the
coordination chemistry of tris(oxazoline) ligands A-C in the presence of cobalt(II) was
studied. The general reaction is presented in Scheme 3.2.
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Scheme 3.2 Synthesis of cobalt(II) tris(oxazoline) complexes
Reaction of tris(oxazoline) ligand A with CoCl2·6H2O and NaBPh4 in ethanol gave
an air stable purple complex with the formal composition [CoACl]BPh4·2EtOH, 1A. In the
IR spectrum of 1A, the C=N band is shifted to lower wavenumbers (1650 cm-1) in
comparison to the free ligand (1672 cm-1). This decrease in wavenumber is a result of the
coordination of the nitrogen atom to the metal center. Electron density of the nitrogen is
donated to the metal, thereby weakening the C=N bond. The mass spectrum (MALDITOF) of 1A showed a single peak corresponding to the moiety [CoTrisOxaCl]+ (m/z =
486). The UV-Vis spectrum of 1A, recorded in methanol, shows two typical absorption
bands at 563 and 612 nm, indicative of a trigonal bipyramidal geometry for the cobalt(II)
ion.[10]
Single crystals, suitable for crystallographic studies, were obtained by slow
diffusion of pentane into a solution of 1A in dichloromethane. The molecular structure of
1A is shown in Figure 3.5. Selected bond lengths and angles are given in Table 3.1. The
mononuclear cationic complex consists of a cobalt ion coordinated to all four nitrogen
atoms of the oxazoline ligand as well as one chloride atom to complete the coordination
sphere. The geometry around the cobalt(II) ion is trigonal bipyramidal. The distances
between the cobalt center and the nitrogen atoms (Co-N2, N3 and N4) of the three oxazoline
rings are all 2.041 Å. The distance between the cobalt center and the central nitrogen atom
(Co-N1) is longer (2.423 Å) but N1 can still be regarded as coordinated to the cobalt center.
The Co-Cl distance is 2.266 Å and the absolute configuration of the ligand in the complex
is retained (S,S,S). The view along the threefold molecular axis of the cobalt complex
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confirms the C3 symmetry and chirality of the system (Figure 3.5a). The central nitrogen
atom is opposite to the chloride atom with an angle N-Co-Cl of 176 º.

Figure 3.5 ORTEP representation of complex 1A a) top view b) side view. Displacement
ellipsoids drawn at the 50 % probability level. Hydrogen atoms are omitted for
clarity.
A side view of the complex is shown in Figure 3.5b. Upon coordination, the
tris(oxazoline) ligand forms a chiral cavity around the central cobalt atom. The counterion
is the tetraphenyl borate anion (BPh4-), which is regarded as a non-coordinating anion and
has been used to stabilize for example pentacoordinated cations.[11]

Table 3.1 Selected bond lengths and bond angles for complex 1A
Bond lengths (Å)
Co – Cl

2.260

Co – N(1)

2.423

Co – N(3)

2.043

Co – N(4)

2.041

Co – N(2)

2.049

Angles (°)
Cl – Co – N(1) 176.55

Cl – Co – N(2)

Cl – Co – N(4) 102.64

N(2) – Co – N(3) 110.56
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Cl – Co – N(3)

107.31

N(1) – Co – N(2) 73.98
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A similar coordination behavior towards Co(II) was observed for tris(oxazoline)
ligands with different substituents (B and C). All complexes showed comparable features
in the IR spectra, MALDI-TOF and UV-Vis analysis, suggesting the same type of
geometry and coordination behavior as described above for complex 1A. A comparison
between 1A-1C is presented in Table 3.2.

Table 3.2 Tris(oxazoline) cobalt(II) complexes
Complex

IR (cm-1)

MALDI -TOF

UV-Vis (nm)

Co-Ox

1650 (C=N)

[CoACl]+ (m/z = 486.15)

563, 612

1627 (C=N)

[CoBCl]+ (m/z = 630.40)

610

1653 (C=N)

[CoCCl]+ (m/z = 402.29)

410, 610

(i-Pr) 1A
Co-Ox
(Ph) 1B
Co-Ox
(Me) 1C
In order to create additional coordination sites at the cobalt atom, attempts to
abstract the remaining chloride atom bound to the cobalt center were carried out. The silver
salt of camphorsulfonic acid was employed in acetonitrile as depicted in Scheme 3.3.
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R= i-Pr
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-

N
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N
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SO3O

N
R

2

2

Scheme 3.3 Attempted abstraction of the chloride atom from complex 1A
Two equivalents of the silver salt of (R)-camphorsulfonic acid 2 were used in order
to remove the chloride atom and to exchange the tetraphenyl borate (BPh4-) anion by
camphor sulfonate. The reaction was carried out in acetonitrile at low temperature (-40 °C).
After addition of the silver salt, a white solid precipitated, which is expected for the
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formation of silver chloride and silver tetraphenyl borate. After stirring the suspension at
room temperature for 12 hours, the silver salt was filtered and the product was isolated as a
purple solid. Nevertheless, the mass spectrum (MALDI-TOF) of this compound shows the
same characteristic peaks as for complex 1A, in which the chloride atom is still attached to
the cobalt center. These results suggest that following this procedure the abstraction of the
chloride atom does not occur. Under these conditions only exchange of the counterion
takes place under formation of 3A (Figure 3.6).
+

R

O

-

N
R

N
O

O

N
Co
Cl
R= i-Pr

SO3O

N
R
3A

Figure 3.6 Exchange of the counterion
In the absence of sodium tetraphenyl borate (NaBPh4) the Co-complexes
[CoBCl]+[Cl]- are formed, as indicated by the characterization data. No formation of
CoCl4- counterions is observed.

3.2.2

Rhodium
Rhodium complexes with nitrogen donor ligands have often been applied in

asymmetric homogeneous catalysis, mainly in the asymmetric Michael addition of
cyanopropionates, hydrogenation of C-C double bonds, Aldol condensations of isocyanides
and hydrosilylation of ketones and imines.[12] C3-symmetric phosphite ligands have been
applied in the rhodium-catalyzed asymmetric hydrosilylation of ketones.[13] Rhodium
complexes containing tripodal phosphine ligands have also been studied as building blocks
for dendrimer catalysts.[14] Concerning tripodal nitrogen-based ligands, rhodium
tris(pyrazolyl) methanesulfonate systems were applied in the hydroformylation of 1hexene.[15] In these studies, the coordination of only two nitrogen atoms of the
tris(pyrazolyl) ligand is proposed. During catalysis, the third pyrazolyl arm is suggested to
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coordinate to the rhodium center in order to stabilize the rhodium hydride species (Scheme
3.4).
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N
SO3-

N
N

N =
N

N

SO3N
N

Scheme 3.4 Stabilization of the rhodium hydride species during hydroformylation
More recently Pons et al.[16] reported on Rh(I) complexes based on
tris(pyrazolyl)amine ligands. In these systems, different conformation and coordination
modes were suggested. Based on 1H NMR studies, a thermodynamic equilibrium in
solution was proposed, in which the coordination of two or three nitrogen atoms of the
pyrazolyl amine is possible as depicted in Scheme 3.5.
+
N

N N

N

Rh

N
N

N

+

N

N
N

N

Rh

N
N

N

Scheme 3.5 Equilibrium of Rh(I) tris(pyrazolyl)amine
Only one example of a rhodium(III) complex based on a tris(oxazoline) ligand,
was reported in the literature by Gade et al.[17] In this coordination study, the complex
shows C3 symmetry and all three nitrogen atoms of the tris(oxazoline) ligand coordinate to
the rhodium center. An additional three chloride atoms complete the coordination sphere
leading to a stable 18e- complex.
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The coordination chemistry of tris(oxazoline) ligand A was studied with
RhCl3·3H2O as a metal precursor. The rhodium(III) trichloride is generally used as a
suitable precursor for the synthesis of C3-symmetric complexes. The complex was
prepared by mixing the tris(oxazoline) A with one equivalent of RhCl3·3H2O in ethanol
under argon and heating at 50 ºC for one hour. After stirring at room temperature (18 ºC)
for 12 hours a yellow precipitate was isolated. The IR spectrum of this solid showed that
the C=N band shifted to lower wavenumbers (1635 cm-1) in comparison to the free ligand
(1672 cm-1), indicative of coordination of the nitrogen atoms of the oxazoline ligand to the
rhodium center.
Using tris(oxazoline) ligand A in the presence of the rhodium(III) precursor, four
different coordination modes are likely. One possibility is the formation of a neutral
complex in which the three chloride atoms are coordinated to the rhodium center. If this is
the case, only three nitrogen atoms of the tris(oxazoline) ligand can be coordinated to the
rhodium center affording a stable 18e- complex (Figure 3.7). However, this coordination
mode can be achieved in two ways. Firstly, through coordination of the oxazolinenitrogens only (Figure 3.7a) or, secondly, through coordination of the central nitrogen
atom and only two imine nitrogens (b in Figure 3.7).
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Figure 3.7 Possible rhodium(III) complexes with tris(oxazoline) ligand
Another possibility is the formation of a cationic complex in which all four nitrogen
atoms are coordinated to the rhodium center, while one or two chloride substituents
complete the coordination sphere forming a 16e- or 18e- complex (Figure 3.7c and d,
respectively).
Mass spectrometry (MALDI-TOF) was used to substantiate the preferred
coordination mode of this complex. The mass spectrum of the rhodium complex contains
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two major peaks, one corresponding to the moiety [RhACl2]+ (m/z = 565.37) and another
peak at m/z = 530.40 which is consistent with the moiety [RhACl]. Small peaks were found
at m/z 1183.44 and 1254.48, which may indicate the presence of dinuclear species. These
results show that the tris(oxazoline) ligand coordinates to the rhodium center using all four
nitrogen atoms. Furthermore, only two chloride atoms coordinate to the rhodium forming a
cationic complex (Scheme 3.6).
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Scheme 3.6 Synthesis of rhodium(III) tris(oxazoline) complex 4A
Further studies of the coordination chemistry of tris(oxazoline) ligands with Rh(I)
were carried out using the tris(oxazoline) A and [Rh(cod)2]BF4 (cod =cycloocta-1,5-diene)
as a metal precursor. The complex was prepared by mixing tris(oxazoline) A with one
equivalent of [Rh(cod)2]BF4 in dichloromethane under argon. After stirring at room
temperature (18 ºC) for 16 hours a yellow solid was obtained. The rhodium(I) complex was
recrystallized from dichloromethane by layering with pentane.
The IR spectrum of this complex showed that the C=N band had shifted to lower
wavenumbers (1662 cm-1) in comparison to the free ligand (1672 cm-1), a first indication of
the coordination of the nitrogen atoms of the oxazoline ligand to the rhodium center.
Furthermore, the band of the ν(BF4) bond also shifted to lower wavenumbers (1051 cm-1)
with respect to the rhodium precursor (1032 cm-1). The mass spectrum (MALDI-TOF) of
the compound showed one major peak corresponding to the moiety [RhA(cod)]+ (m/z =
603.14). In this case, it is expected that either two or three nitrogen atoms of the
tris(oxazoline) ligand coordinate to the rhodium center. One cyclooctadiene ligand remains
in order to obtain a stable 16e- (A) or 18e- (B) complex respectively (Figure 3.8).
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Figure 3.8 Possible cationic complexes with Rh(I) tris(oxazoline) ligand, complex 5A
1

H NMR spectroscopy was used to obtain more

HB

information about the preferred coordination mode of the
tris(oxazoline) ligand with rhodium(I). The protons located next

HB

O
N HC

HA
HA

O

N

to the central nitrogen of the oxazoline (HA) indicate whether

N

the corresponding nitrogen of the oxazoline ring is coordinated

O

to the metal center (Figure 3.9).

Figure 3.9

N

At room temperature, the 1H NMR spectrum shows the presence of cycloocta-1,5diene. The typical signals for the alkene protons are shifted upfield. The starting materials
can no longer be observed, indicating that one cycloocta-1,5-diene moiety is coordinated to
the rhodium center. However, it is difficult to establish the coordination mode of the
rhodium complex since overlapping resonances are observed for the protons of the
oxazoline ligand, which would have indicated the coordination to the rhodium center (HA,
HB and HC in Figure 3.9).

3.2.3

Ruthenium
Ruthenium complexes with nitrogen-based ligands have been used mainly in the

transfer hydrogenation of ketones, but also in oxidation chemistry, especially in the
oxidation of alkenes and in cyclopropanation reactions.[12] So far, no studies have been
reported neither on ruthenium tris(oxazoline) complexes nor on their application in
asymmetric catalysis. The ruthenium tris(oxazoline) complexes prepared here were applied
in the transfer hydrogenation of ketones (Chapter 4). Coordination studies were carried out
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using tris(oxazoline) ligands and different ruthenium metal precursors. These precursors
are common Ru-sources for applications in homogeneous catalysis.
Initially,

the

coordination

of

tris(oxazoline)

ligands

was

studied

with

[Ru(DMSO)4Cl2] (DMSO = dimethylsulfoxide) as a ruthenium(II) precursor. It is expected
that all the nitrogen atoms of the oxazoline will coordinate to the ruthenium center,
displacing the labile DMSO ligands. This will lead to an 18e- neutral RuACl2 complex
(Scheme 3.7).
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Scheme 3.7 Formation of a ruthenium(II) tris(oxazoline) complex
The ruthenium(II) complex was prepared by mixing equimolar amounts of
[Ru(DMSO)4Cl2] with the tris(oxazoline) ligand A in toluene under argon. After refluxing
for 2 hours and stirring at room temperature for 12 hours a yellow solid was isolated. The
complex was characterized by IR, 1H NMR, UV-Vis, mass spectrometry and elemental
analysis. The IR spectrum of the compound showed that the band for the C=N is shifted to
lower wavenumbers (1658 cm-1) in comparison to the free ligand (1672 cm-1), indicating
the coordination of the nitrogen atoms of the oxazoline to the ruthenium center. This
coordination was confirmed by 1H NMR spectroscopy and mass spectrometry studies. In
the 1H NMR spectrum of RuACl, the signals of dimethylsulfoxide are not present anymore.
Furthermore, the signals for the methylene protons next to the central nitrogen atom are
shifted upfield. Moreover, the mass spectrum (MALDI-TOF) of this complex shows one
major peak corresponding to the moiety [RuACl]+ (m/z = 530.32) and m/z = 493.4 for the
moiety [RuA]+. These results suggest a coordination mode in which all the nitrogen atoms
of the tris(oxazoline) ligand coordinate to the ruthenium center with only one chloride
atom as depicted in Figure 3.10.
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Figure 3.10 Tris(oxazoline) ruthenium(II) complex
Attempts to remove the chloride atom in order to create additional coordination
sites at the metal center were carried out. The silver salt of tetrafluoroboric acid was
employed in the presence of a coordinating solvent such as acetonitrile (Scheme 3.8).
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Scheme 3.8 Abstraction of the chloride atom
The reaction was carried out at room temperature (18 °C) by mixing equimolar
amounts of [Ru(DMSO)4Cl2] and tris(oxazoline) A. After cooling the reaction mixture to
–40 °C, one equivalent of AgBF4 was added. After stirring for 12 hours at room
temperature (18 °C) the AgCl salt was filtered off and a yellow solid was obtained after
removal of the solvent. Although the IR spectrum of this complex clearly indicated the
coordination of the nitrogen atoms of the tris(oxazoline) ligand, the mass spectrum
(MALDI-TOF) of this complex did not show the characteristic set of signals (isotopes) for
ruthenium. The mass spectrum of this complex contains one major peak at m/z 501.34. The
expected mass is either 551.07 g/mol for the ruthenium(II) oxazoline complex in which
two molecules of acetonitrile are coordinated to the ruthenium center, or 510.07 g/mol if
only one molecule of acetonitrile is present as depicted in Scheme 3.8. However, it turned
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out that a silver(I) tris(oxazoline) complex was formed instead of a ruthenium(II) oxazoline
complex. This complex was characterized and the results are discussed in Section 3.2.5.
Complexation reactions using the (p-cymene)ruthenium(II)chloride dimer [Ru(pcymene)Cl2]2 and tris(oxazoline) A were also carried out. The complex was prepared by
mixing the (p-cymene)ruthenium(II)chloride dimer [Ru(p-cymene)Cl2]2 with the
tris(oxazoline) A (in a 1:2 ratio) in CH2Cl2. After refluxing for 5 hours and stirring at room
temperature for 12 hours an orange solid was isolated. This solid was recrystallized from
dichloromethane layered with pentane. Furthermore, the IR spectrum of this complex (RuA), shows that the C=N band is shifted to lower wavenumbers (1648 cm-1) relative to the
free ligand (1672 cm-1), indicating the coordination of all nitrogen atoms of the oxazoline
ring to the ruthenium center. There are several possibilities for the coordination of the
oxazoline ligand to the ruthenium(II) and Figure 3.11 presents four different coordination
modes for this complex. In this study mainly mass spectrometry and 1H NMR spectroscopy
were used to clarify which complex was formed.
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Figure 3.11 Possible coordination modes of ruthenium(II) tris(oxazoline) complex
By using 1H NMR spectroscopy the coordination behavior of the tris(oxazoline)
ligands with ruthenium(II) could be identified by analyzing the signals given by the
protons on the p-cymene moiety as well as the protons on the oxazoline ring. The pcymene molecule for example, shows three signals. One doublet at δ = 1.4 ppm for the
isopropyl CH3 protons, a septet for the C-H proton (HC) at δ = 3.0 ppm and a multiplet for
the aromatic protons (HA, HB) at δ = 7.0-7.2 ppm (Figure 3.12).
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Figure 3.12 Selected protons of the a) p-cymene moiety and b) the tris(oxazoline) ligand

When the p-cymene moiety is coordinated to the ruthenium, the aromatic protons
can easily be distinguished. The 1H NMR spectrum of the Ru(p-cymene) dimer for
example, shows two doublets for the aromatic protons, one doublet at δ = 5.2 ppm and the
other doublet at δ = 5.3 ppm (JHA-HB 6.4 Hz), while the other signals for the methyl protons
and for HC remain the same. In general, similar features in the 1H NMR spectra for the
protons located on the p-cymene moiety are found for ruthenium(II) complexes.[18]
In the same way, complexation of the tris(oxazoline) ligands can be followed by 1H
NMR using the characteristic signals of the substituents on the oxazoline ring and as well
the C-H proton (HC) and the protons close to the central nitrogen (N-CH2) (HA, Figure
3.12). The 1H NMR spectrum of Ru-A showed a complicated set of signals at δ = 4.0 – 4.5
ppm (m, arene protons) as well as at δ = 1.0 ppm (dd, i-Pr CH3 protons). It was not possible
to identify signals of the isopropyl substituents from the oxazolines since the ruthenium
precursor also contains isopropyl substituents. However, using different substituents on the
tris(oxazolines) B similar features in the spectra were obtained. It is clear from all the 1H
NMR spectra that the p-cymene moiety is coordinated to the ruthenium center.
Furthermore, the most likely coordination modes of the p-cymene unit are depicted in
Figure 3.11. However, even on the basis of these structural considerations, it was not
possible to identify which nitrogen atoms of the ligand are coordinated to the metal.
Similar features were obtained when [Ru(p-cymene)][BF4]2 was used as a metal
precursor in combination with the tris(oxazoline) ligand B. In this case, the ruthenium(II)
complex was obtained by mixing equimolar amounts of the [Ru(p-cymene)][BF4]2
precursor with the tris(oxazoline) B in acetone. After stirring for 16 hours at room

64

Coordination Chemistry of C3-Symmetric Tris(oxazoline) and Tris(imidazoline) Ligands

temperature a yellow powder was obtained. The first indication of the formation of the
ruthenium(II) complex is given by IR spectroscopy. The C=N band is shifted to lower
wavenumbers (1656 cm-1) in comparison with the free ligand (1672 cm-1). The 1H NMR of
Ru-B, shows coordination of the p-cymene moiety since a set of signals originating from
the phenyl protons is observed. The characteristic set of doublets given by the p-cymene
are observed between δ = 5.0 ppm and δ = 6.0 ppm. However, six sets of signals are
observed for the HA and HB aromatic protons of the p-cymene moiety as well as three sharp
singlets for the protons on the methyl groups. It is difficult to establish precisely which
nitrogen atom of the tris(oxazoline) is coordinated to the ruthenium center. However, these
results suggest that not all the imine nitrogens coordinate to the ruthenium center since
there are three different sets of signals for the protons next to the central nitrogen atom (NCH2). Mass spectrometry analysis (MALDI-TOF) also suggested the formation of a
ruthenium complex with a tris(oxazoline) ligand as well as a p-cymene moiety coordinated
(m/z 758.07). This indicates that the complexes depicted in Figure 3.13 are likely, but no
further information was gained to distinguish between the two.
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Figure 3.13 Ruthenium(II) tris(oxazoline) complex 8B

3.2.4

Copper
The chemistry of copper complexes is an active field of investigation. A large

number of biologically important metalloproteins utilize copper ions in their active site for
the redox processing of molecular dioxygen.[19,20] Tripodal nitrogen-based ligands and their
corresponding copper complexes have emerged as important models for this active site.[2123]

Moreover, these systems can be used as homogeneous catalysts for selective oxidations.

Concerning the application of copper tris(oxazoline) complexes, three studies have been
reported so far. The first study was reported by Katsuki et al.[24] in the asymmetric allylic
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oxidation. This application resulted in excellent enantioselectivities of up to 93 %.
However, there is no study concerning their coordination chemistry. Gade et al.[17] reported
on the asymmetric cyclopropanation of styrene leading to good enantioselectivities of up to
86 %. The coordination chemistry of copper was studied for the achiral version of these
tris(oxazoline) ligands in the presence of Cu(I). In the solid state, it was found that the
cationic metal complex is a cyclic, centrosymmetric tetramer in which the tris(oxazolines)
bridges two copper centers. Each copper atom is in a distorted trigonal planar coordination
environment.

[25]

More recently, Tang et al.[26] reported the application of tris(oxazolines)

in the copper-catalyzed enantioselective Diels-Alders reaction. Good enantioselectivities
were obtained (up to 82 %), but no coordination studies were performed so far.
In the present study, the coordination chemistry with copper was studied with
tris(oxazoline) ligand C using copper(II) tetrafluoroborate. The synthesis of the complex
was carried out using equimolar amounts of copper(II) tetrafluoroborate and tris(oxazoline)
C. After stirring at room temperature for 12 hours a green solid was isolated. The
copper(II) complex was characterized by IR, mass spectrometry and elemental analysis.
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Scheme 3.9 Copper(II) tris(oxazoline) complex 9C
In the IR spectrum of 9C, the C=N band is shifted to lower wavenumbers (1667
cm-1) in comparison with the free ligand (1672 cm-1). The mass spectrum (MALDI-TOF)
of this complex shows one major peak corresponding to the moiety [CuC] (m/z = 371.21).
There are no peaks at higher molecular weights that would indicate the presence of dimeric
or polymeric species. These results suggest that all the nitrogen atoms of the tris(oxazoline)
ligand and one solvent molecule coordinate to the copper ion. Most probably, the
copper(II) ion will be five-coordinated in a trigonal bipyramidal geometry. This behavior
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has been observed earlier by Canary et al. for copper(II) with chiral tripodal ligands based
on tris(picolylamine).[27]
A different behavior is observed when a Cu(I) compound is used as a metal
precursor. Mainly dimeric and polymeric structures were obtained as mentioned before.
The copper(I) complex 10A was prepared by mixing equimolar amounts of tris(oxazoline)
A and [Cu(CH3CN)4][BF4]. The complex was isolated as a colorless solid, typical for
diamagnetic Cu(I) ions. The C=N band is shifted to lower wavenumbers (1667 cm-1) in
comparison to the free ligand (1672 cm-1), indicating the coordination of the nitrogen
atoms of the tris(oxazoline) ligand. The mass spectrum (MALDI-TOF) of this complex
shows one major peak at (m/z = 909.60) indicating the presence of dimeric species
(Scheme 3.10). Two nitrogen atoms of the tris(oxazoline) coordinate to one copper center
and the third nitrogen atom coordinates to the second copper center as presented in Scheme
3.10. This behavior was also observed by Sorell et al.[28] for achiral tris(oxazolines).
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Scheme 3.10 Copper(I) tris(oxazoline) complex 10A
3.2.5

Silver
Silver(I) and silver(II) complexes are frequently used as stoichiometric oxidants for

the oxidation of various organic and inorganic substrates. Recently, He et al.[29] reported on
the application of silver(I) terpyridine complexes in the aziridination of olefins. Good
activities were found. Although there are some examples in the literature regarding silver
complexes containing tripodal ligands, two studies concerning silver(I) tris(imidazoline)
complexes are worth mentioning. Mak et al.[30] reported on the formation of mono-, di-, tri,
and tetranuclear Ag(I) complexes of tripodal benzimidazole ligands in order to understand
the coordination behavior of these ligands as well as the factors influencing their crystal
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packing modes. Later, Shionoya et al.[31] reported on the potential ability of benzene-based
tripodal tris(imidazoline) ligands to arrange silver(I) ions in a reversible manner. These
silver(I) tris(imidazoline) complexes have been identified as potential systems for specific
anion recognition. Silver(I) tris(oxazoline) complexes have not been studied so far and
since they can be applied in the aziridination of olefins, for example, their coordination
chemistry is of interest.
Initially, the silver complex was obtained by serendipity in an attempt to remove
the chloride atoms of a ruthenium(II) tris(oxazoline) complex with silver tetrafluoroborate
as discussed in Section 3.2.3. Preliminary results based on mass spectrometry suggested
the formation of a silver(I) tris(oxazoline) complex. The mass spectrum of this complex
was characterized by a single peak at m/z 501.34 corresponding to the moiety [AgA]+.
Therefore, a detailed study was carried out in order to corroborate the formation of this
silver(I) tris(oxazoline) complex. In this way, the synthesis was carried out using
equimolar amounts of silver tetrafluoroborate and tris(oxazoline) A. After stirring at room
temperature for 4 hours a white solid was obtained. The silver complex was characterized
by IR, mass spectrometry and elemental analysis. The spectroscopic data were identical to
those of the silver complex obtained incidentally as discussed in Section 3.2.3.
In the IR spectrum of 11A, the C=N band is shifted to lower wavenumbers (1664
cm-1) in comparison with the free ligand (1672 cm-1), and the ν(BF4) band decreases in
wavenumbers (1051 cm-1) with respect to its silver precursor (1064 cm-1). The mass
spectrum (MALDI-TOF) of the silver complex is characterized by one major peak
corresponding to the moiety [AgA]+ (m/z = 501.34). Most likely all four nitrogen atoms of
the tris(oxazoline) ligand coordinate to the silver center to form an 18e- complex (Scheme
3.11).
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Scheme 3.11 Synthesis of Silver(I) tris(oxazoline) complex 11A
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3.3

Coordination Chemistry: Tris(imidazoline) Ligands
The coordination of tris(imidazoline) ligands (Figure 3.14) was studied with

manganese(II), ruthenium(II) and cobalt(II).
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Figure 3.14 Tris(imidazoline) ligands used for the coordination studies

3.3.1

Manganese
The chemistry of manganese complexes is an important field since many biological

systems contain manganese ions in their active site, for example the enzymes Catalases
(disproportionation of hydrogen peroxide) and Superoxide Dismutases (dismutation of the
superoxide radical).[32] Tripodal nitrogen-based ligands and their corresponding manganese
complexes have appeared as important model systems for the active site.[33-35] Mainly,
tetradentate ligands based on bis(picolyl)(N-methylimidazole-2yl)amines have been used.
A typical feature of these complexes is the coordination of all the nitrogen atoms of the
imidazole units to the manganese center in which the two remaining coordination sites are
occupied by chlorides.[36] Furthermore, the coordination chemistry using tris(imidazoline)
ligands in the presence of MnCl2 as a metal precursor was studied by Oki et al.[37] Two
complexes were obtained, a neutral cis-[Mn(tris(imidazoline))Cl2] complex and a cationic
[Mn(tris(imidazoline))Cl]Cl complex. Different geometries were found for these
complexes. In the neutral complex the Mn(II) ion has a distorted octahedral geometry
whereas in the cationic complex the Mn(II) ion has a five-coordinate trigonal bipyramidal
geometry.
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In the present work, the coordination chemistry of the tris(imidazoline) ligands (D
and E) was studied with manganese. The manganese(II) complex was obtained by mixing
equimolar amounts of the tris(imidazoline) ligands with Mn(CH3COO-)2 in the presence of
sodium tetraphenyl borate (NaBPh4) (Scheme 3.12). After stirring for 12 hours in ethanol
at room temperature, a white powder was isolated. The complexes were characterized by
IR, mass spectrometry, UV-Vis and elemental analysis.
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Scheme 3.12 Synthesis of manganese(II) tris(imidazoline) complex 12D
The first indication of the formation of a manganese(II) complex is the IR signal of
the C=N band of complex 12D, which is shifted to lower wavenumbers (1573 cm-1) in
comparison with the free ligand (1623 cm-1). This suggests the coordination of the nitrogen
atoms of the tris(imidazoline) ligand to the manganese center. It is expected that the
imidazoline rings are coordinated to the manganese atom via the imine nitrogens (C=N).
The mass spectrum (MALDI-TOF) of 12D shows one peak corresponding to the moiety
[MnD] (m/z = 522.15). The UV-Vis spectra of 12D, recorded in methanol, showed two
absorption peaks at 540 and 600 nm, indicating the typical behavior for distorted
octahedral geometry with manganese(II) ions. Most probably the central nitrogen will
coordinate as well.
Suitable crystals for crystallographic studies were obtained by slow diffusion of
pentane into a solution of 12D in dichloromethane. A molecular structure of 12D is shown
in Figure 3.15. Selected bond lengths and angles are given in Table 3.3. The mononuclear
cationic complex consists of one manganese ion coordinated to the four nitrogen atoms
from the tris(imidazoline) ligand and one acetate ion to complete the coordination sphere.
The manganese(II) ion is coordinated in a distorted octahedral geometry. In this complex,
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the C3 symmetry is observed, although the presence of the acetate ion causes a slight
distortion of the imidazoline arms. The angle between nitrogen atoms (N2) and (N6) is
significantly larger than the other two angles (N2-Mn1-N4) and (N4-Mn1-N6) (Table 3.3). In
the solid state, the central nitrogen atom (N1) is coordinated to the manganese center with a
distance of 2.58 Å while for the nitrogen atoms (N2, N4 and N6) the Mn-N distance is
2.18 Å.

Figure 3.15 ORTEP representation of complex 12D. Displacement ellipsoids drawn at the
50 % probability level. Hydrogen atoms are omitted for clarity.
Table 3.3 Selected bond lengths, distances and angles for complex 12D
Bond lengths (Å)
Mn – O1
Mn – N2

2.1769
2.1827

Mn – O2
Mn – N4

2.3329
2.1991

Mn – N1
Mn – N6

2.5888
2.1853

Angles (°)
O1 – Mn – O2 57.52
O1 – Mn – N4 88.24
N2 – Mn – N4 104.60

O1 – Mn – N1 154.99
O1 – Mn – N6 128.85
N4 – Mn – N6 106.15

O1 – Mn – N2 105.45
N1 – Mn – N2 70.23
N2 – Mn – N6 117.05

Notably, in the solid state, a hydrogen bond interaction between the counterion
(tetraphenyl borate) and the N-H bond of two moieties of the tris(imidazoline) was found
as indicated by crystallographic studies. The asymmetric unit of the crystal structure
contains a cationic complex with one BPh4- counteranion and three THF solvent molecules.
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One of the three N-H moieties of the ligand forms a hydrogen bond with a THF solvent
molecule. The other two N-H moieties form a hydrogen bond of the more rare type
N-H…π directed towards the phenyl rings of the counterion (Figure 3.16).[11]

Figure 3.16 ORTEP representation of the asymmetric unit of complex 12D. Displacement
ellipsoids drawn at the 50 % probability level.
The tetraphenyl borate anion is widely used as counterion in metal complexes and
interactions of the anion through its aromatic rings (C-H…π interactions) have been
observed earlier.[11] These types of hydrogen bond interactions have attracted significant
interest in the development of new supramolecular structures.[38,39]
The coordination chemistry of tris(imidazoline) ligand E was also studied with
Mn(CH3COO-)2 as a metal source and the same coordination behavior was found as
indicated by IR, mass spectrometry and elemental analysis. Table 3.4 shows the results and
the comparison with those obtained for complex 12E.

Table 3.4 Tris(imidazoline) manganese(II) complexes
IR (cm-1)

MALDI -TOF

UV-Vis (nm)

12D

1573 (C=N)

[Mn-D]+ (m/z = 522.15)

540 and 600

Mn-Imid (CH3) 12E

1578 (C=N)

[Mn-E]+ (m/z = 562.53)

544, 610

Complex
Mn-Imid
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These results suggest the same coordination behavior as found for complex 12E.
Most probably, all imine nitrogens and the central nitrogen coordinate to the manganese(II)
ion and one acetate ion will complete the coordination sphere (Figure 3.17).
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Figure 3.17 Schematic representation of manganese(II) tris(imidazoline) complex 12E
The structure of 12E depicted in Figure 3.17 is a proposed structure. Because of the
rapid isomerization between the two nitrogen atoms of the benzimidazole unit, the
regiochemistry of the methyl substituents is not fixed. Therefore the regiochemistry of the
manganese(II) tris(imidazoline) complex is also not fixed.

3.3.2

Ruthenium
As mentioned in Section 3.2.3, nitrogen-based ligands and their corresponding

ruthenium complexes have been applied in hydrogenation and in oxidation chemistry.[12]
Concerning ruthenium(II) tripodal ligands, mainly Ru(II) tris(pyridyl) systems have been
studied. It has been established that they can be good building blocks in the formation of
multimetallic assemblies.[40] However, ruthenium tripodal complexes based on
tris(imidazolines) have not been applied in catalysis and their coordination chemistry
studies are still limited. There is only one study involving the coordination chemistry of a
tris(imidazoline) ligand using a dinuclear Ru(II) polypyridyl in combination with a
bridging unit based on cobalt(II) to form oligometallic complexes (Figure 3.18).[41]
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Figure 3.18 Oligometallic complex based on tris(imidazoline) ligand by Sinha et al.
Since ruthenium(II) complexes can be applied in the transfer hydrogenation of
ketones (Chapter 4) the coordination chemistry of these systems was studied with the
cationic

precursor

derived

from

(p-cymene)ruthenium(II)dichloro

dimer,

[Ru(p-

cymene)2][BF4]2.
The complex was prepared by mixing the cationic (p-cymene)2 ruthenium(II)
precursor, [Ru(p-cymene)2][BF4]2 with tris(imidazoline) D (in a 1:1 ratio) in acetone. After
stirring at room temperature for 16 hours a yellow solid was isolated. This solid was
recrystallized from dichloromethane by layering with pentane. The ruthenium(II)
tris(imidazoline) complex was characterized by IR,

1

H NMR, UV-Vis and mass

spectrometry. In the IR spectrum, the C=N band is shifted to lower wavenumbers (1665
cm-1) in comparison to the free ligand (1672 cm-1), indicating the coordination of the imine
nitrogen atoms of the imidazoline rings to the ruthenium center. Figure 3.19 shows two
proposed structures for the Ru(II)tris(imidazoline) complexes.
Moreover, the mass spectrum (MALDI-TOF) of this complex shows the
characteristic set of isotopes for ruthenium and one major peak at m/z 626.07
corresponding to the moiety [RuD]+. Most probably the tris(imidazoline) ligand
coordinates to the ruthenium center through three imine nitrogens in order to form a stable
18e- complex as depicted in Figure 3.19.
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Figure 3.19 Proposed structures for ruthenium(II) tris(imidazoline) complex 13D
The formation of the complex 13D can be followed by 1H NMR spectroscopy in
the same way as discussed in Section 3.2.3 for Ru(II) tris(oxazoline) complexes. However,
the interpretation of the spectrum for the Ru(II)tris(imidazoline) complex is more
straightforward, since the signals resulting from the protons of the tris(imidazoline) ligand
do not overlap neither with the i-Pr CH3 protons nor with the aromatic protons of the pcymene moiety. This allows the identification of the Ru(II)tris(imidazoline) complex. The
1

H NMR spectrum of the tris(imidazoline) ligand shows one singlet assigned to the

methylene protons (H1, in Figure 3.20b, δ= 4.12 ppm), a double doublet assigned to the
aromatic protons (H2, H3 in Figure 3.20b, δ= 7.6, 7.2 ppm) and a broad singlet assigned to
the N-H bond (δ= 12 ppm). Once the p-cymene moiety is coordinated to the ruthenium, the
aromatic protons can easily be distinguished (two doublets at δ= 5.2 ppm and at δ= 5.3
ppm), as well as for the other signals, a doublet for the protons on the isopropyl
substituents (δ= 1.2 ppm) and one multiplet for the proton on the C-H (HC) at δ= 2.8 ppm
(Figure 3.20a).
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Figure 3.20 Selected protons for a) p-cymene moiety and for b) tris(imidazoline) ligand
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The 1H NMR spectrum of Ru-D did not show the presence of the ruthenium
precursor anymore, indicating the formation of a new complex. The signals for the protons
of the methylene groups (H1 in Figure 3.20) shifted upfield in comparison to the free
ligand. The imine nitrogens of the tris(imidazoline) ligand are coordinated to the
ruthenium(II), since the broad signal due to the N-H bond is observed and it is shifted
upfield (δ = 7.6 ppm) in comparison to the free ligand (δ = 12 ppm). The characteristic set
of doublets for the p-cymene are observed between δ = 5.0 ppm and δ = 6.0 ppm indicating
the formation of the ruthenium(II) tris(imidazoline) complex in which the p-cymene
moiety is also coordinated to the metal center. However, five sets of signals are observed
for the H2 and H3 aromatic protons of the p-cymene moiety as well as four sharp singlets
for the protons on the methyl groups, suggesting the presence of isomers or the presence of
different complexes in solution.
3.3.3

Cobalt
Mainly tripodal imidazole- and pyrazolyl-based ligands have been studied with

cobalt since in many metalloenzymes, the metal-binding site is formed by Histidine
imidazole rings.[42] The imine nitrogen atoms of these tripodal imidazolyl systems
coordinate to the cobalt center. The geometry around the cobalt(II) ion is distorted
octahedral with three imidazolyl groups, methanol and two oxygen atoms from the nitrate.
In addition, the coordination chemistry of a tris(imidazoline) ligand with Co(II) was
studied by Thompson et al.[43] in 1977. The cobalt complex was obtained by mixing
equimolar amounts of the tris(imidazoline) ligand with CoCl2·6H2O in the presence of
NaBPh4 (Scheme 3.13).
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Scheme 3.13 Synthesis of cobalt(II) tris(imidazoline) complex 13D
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Thompson et al.[43] reported on the formation of a pseudo-trigonal bipyramidal
cobalt complex based on UV-Vis, conductivity measurements, magnetic susceptibility and
IR spectroscopy. Coordination of the imine nitrogens of the tris(imidazoline) to the cobalt
center was suggested. This behavior was later confirmed by crystallographic studies carried
out by Moon et al.[44]
The coordination chemistry of tris(imidazoline) ligands with different substituents
(E and F in Figure 3.14) was investigated with cobalt. The cobalt complexes were
synthesized following the same conditions as described above. The same coordination
behavior was found for tris(imidazoline) ligands D and E in presence of cobalt(II) chloride.
Similar features were found in IR spectroscopy and UV-Vis. The results are summarized in
Table 3.5.
Table 3.5 Tris(imidazoline) cobalt(II) complexes
Complex

IR (cm-1)

MALDI -TOF

UV-Vis (nm)

Co-Imid

1453 (C=N)

[Co-DCl]+ (m/z = 501)

550, 599

1589 (C=N)

[Co-ECl]+ (m/z = 543)

541, 590

1408 (C=N)

[CoFCl]+ (m/z = 504)

556, 590

14D
Co-Imid
(CH3) 14E
Co-Imid
(Py) 14F
These results suggest the coordination of the imine nitrogens of the tris(imidazoline)
ligand to the cobalt center leading to trigonal bipyramidal complexes. One chloride atom is
coordinated to the cobalt center and BPh4- acts as a counterion (Figure 3.21). In all cases,
air-stable purple solids were obtained with low solubility in polar solvents. The cobalt(II)
tris(imidazoline) complexes were characterized by IR, mass spectrometry, UV-Vis and
elemental analysis.
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Figure 3.21 Cobalt complexes with different tris(imidazoline) ligands
Comparable

to

the

manganese(II)

tris(imidazoline)

complex

12E,

the

regiochemistry of cobalt(II) tris(imidazoline) complexes 14E and 14F is not fixed either,
because of isomerization of the benzimidazole nitrogens.
3.4

Conclusions
The coordination chemistry of chiral tris(oxazoline) ligands with Co(II), Rh(III),

Ru(II), Cu(II) and Ag(I) was studied. A chiral cavity is formed when the tris(oxazoline)
coordinates to a cobalt center as indicated by crystallographic studies in the solid state.
Furthermore, all nitrogen atoms of the tris(oxazoline) ligand including the central nitrogen
atom coordinate to the metal center in the solid state. The identification of the preferred
coordination modes for the tris(oxazoline) ligands with ruthenium and rhodium proved to
be difficult since formation of dimers and different coordination modes were found as
indicated by spectroscopic techniques in combination with mass spectrometry. Further
investigations including 15N NMR experiments and 1H NMR at low temperature should be
carried out in order to achieve more certainty about which nitrogen atoms of the
tris(oxazoline) are coordinated to the metal center.
Investigations of the coordination chemistry of tris(imidazoline) ligands concerned
complexes with Mn(II), Ru(II) and Co(II). In the solid state, the imine nitrogen atoms of
the tris(imidazoline) ligands, including the central nitrogen atom coordinate to the
manganese and the cobalt center. A hydrogen bond interaction was found for the
manganese complex between the counterion (BPh4-) and one of the N-H bonds of the
benzimidazole rings as indicated by crystallographic studies. In the case of ruthenium
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tris(imidazoline) complex, two different structures were proposed in which the imine
nitrogen of the tris(imidazoline) coordinate to the ruthenium center. However,

15

N NMR

experiments should be carried out in order to confirm the proposed structures.
3.5

Experimental Section
All chemicals were purchased from Aldrich, Acros, or Merck and used as received

unless stated otherwise. All preparations were carried out under an atmosphere of dry
argon using standard Schlenk techniques. Solvents were freshly distilled under argon
atmosphere and dried using standard procedures or taken from custom-made solvent
purification columns filled with Al2O3. All glassware was dried by heating under vacuum.
The NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer with the 13C
spectra measured 1H decoupled unless stated otherwise. Chemical shifts are reported on a
ppm scale and referenced to TMS (1H, 13C). The IR spectra were recorded on a Shimadzu
7300 FT-IR spectrometer in the ATR mode. MALDI-TOF MS spectra were obtained using
a Voyager-DE™ PRO Bio spectrometry™ Workstation (Applied Biosystems) time-of-flight
mass spectrometer reflector, using dithranol as matrix. Only characteristic fragments
containing the isotopes of the highest abundance are listed. UV-vis spectra were recorded
on a Perkin Elmer 841. Elemental analyses were performed on a Perkin Elmer 2400, Series
II CHNS/O Analyzer or by Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr,
Germany.

Tris(oxazoline) complexes

Tris(oxazoline) cobalt(II) complex (1A).
Cobalt dichloride hexahydrate, CoCl2·6H2O (121 mg, 0.51 mmol) was dissolved in 5 mL
ethanol. 200 mg (0.51 mmol) tris(oxazoline) A was dissolved in 5 mL ethanol, and to this
solution, 209 mg (0.61 mmol) NaBPh4 was added. This solution was added to the cobalt
solution and after stirring for 12 hours a purple solid was obtained. The solid was filtered
and dried under vacuum. The complex was recrystallized from dichloromethane by
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layering with pentane. Yield: 95 % (390 mg, 0.484 mmol). IR (cm-1) ν: 2959 (CH3), 1650
(C=N), 1435 (C=C), 1095 (BPh4-), 1061 (C-N), 872 (C-H). MALDI-TOF MS: (m/z)
486.15 [M]+, calcd. 486.20. UV-Vis (nm) λ 563.5 and 612.5 in Acetone. Anal. Calcd. for
C45H56N4ClO3BCo: C, 67.06; H, 6.95; N, 6.95. Found: C, 66.84; H, 6.83; N, 6.90.
Tris(oxazoline) cobalt(II) complex (1B).
Anhydrous CoCl2 (138 mg, 1.06 mmol) was dissolved in 4 mL ethanol. To this solution,
173 mg (1.06 mmol) tris(oxazoline) B in 6 mL ethanol was added. A blue solid
precipitated and after stirring for 12 hours the solid was filtered off. The product was
washed with ethanol and dried under vacuum to give a dark fine blue powder. Yield: 95 %
(670 mg, 1.01 mmol). IR (cm-1) ν: 2872 (C-H), 1627 (C=N), 1435 (C=C), 1095 (C-N), 872
(C-H). MALDI-TOF MS: (m/z) 630.40, calcd. 630.39. UV-Vis (nm) λ 610 in Acetone.
Anal. Calcd. for C33H36N4Cl2O3Co: C, 59.47; H, 5.40; N, 8.41. Found: C, 58.84; H, 5.10;
N, 8.15.
Tris(oxazoline) cobalt(II) complex (1C).
The same procedure was used as described for 1A, using 77.2 mg (0.32 mmol) CoCl2·H2O
in 4 mL ethanol, 100 mg (0.32 mmol) tris(oxazoline) C in 6 mL ethanol and 133 mg (0.38
mmol) NaBPh4. After stirring for 12 hours, the purple solid was filtered, washed with
ethanol and dried under vacuum. Yield: 95 % (230 mg, 0.30 mmol). IR (cm-1) ν: 2980 (CH), 1653 (C=N), 1465 (C=C), 1085 (C-N), 705 (C-H). MALDI-TOF MS: (m/z) 402.29
[M]+, calcd. 402.32. UV-Vis (nm) λ 610.5 and 410.5 in Acetone. Anal. Calcd. for
C39H44N4ClO3BCo: C, 64.85; H, 6.09; N, 7.76. Found: C, 64.54; H, 5.98; N, 7.50.
[Ag((1S)-10-camphorsulfonate)] (2).
The synthesis was carried out following literature procedures.[45] 2.05 g (8.82 mmol) (S)10-camphorsulfonic acid was mixed with 2.02 g (8.82 mmol) Ag2O in 15 mL acetonitrile.
The suspension was stirred overnight. The solid residue was filtered off and after removal
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of solvent a white powder was obtained. Yield: 98 % (2.85 g, 8.40 mmol). IR (cm-1) ν:
2939 (CH3), 1729 (C=O), 2870 (CH2), 1417 (C-H), 1011, 1036 (CH2-SO2-O), 1152, 1165
(CH2-SO2-O). MALDI-TOF MS: (m/z) 402.29 [M]+, calcd. 402.32.
Tris(oxazoline) cobalt(II) complex (3A).
The cobalt complex 1A (11.3 mg, 0.023 mmol) was dissolved in 2 mL THF. Silver
camphor salt 2 (15.76 mg, 0.046 mmol) was added portion wise. After stirring for 16
hours, the silver chloride salt (AgCl) was filtered through Celite (Celite 545, 0.02-0.1 mm).
After removal of solvent a blue crystalline powder was obtained. Yield: 95 % (15.8 mg,
0.022 mmol). IR (cm-1) ν: 2959 (C-Hmethyl), 2868 (C-H), 1655 (C=N), 1476 (C=C), 1019,
1096 (CH2-SO2-O), (C-N). MALDI-TOF MS: (m/z) 486.37 [M]+, calcd. 486.20. UV-Vis
(nm) λ 612 in Acetone. Anal. Calcd. for C31H55N4ClO7BSCo: C, 51.86; H, 7.60; N, 7.80.
Found: C, 50.74; H, 7.50; N, 7.50.
[Rh(cod)Cl]2]
The synthesis was carried out following literature procedures.[46] 1.93 g (7.3 mmol)
RhCl3·3H2O and 6 mL (48 mmol) of cycloocta-1,5-diene were dissolved in 50 mL ethanol
and refluxed for 4 hours. After cooling the crude product was obtained. The yellow solid
was filtered off and recrystallized from dichloromethane and hexane. Yield 82 % (1.50 g,
2.04 mmol).
[Rh(cod)2]BF4
The synthesis was carried out following literature procedures.[46] 500 mg (1.01 mmol)
[Rh(cod)Cl]2 was dissolved in 10 mL dichloromethane and 0.37 mL (3.03 mmol) of
cycloocta-1,5-diene was added followed by a solution of AgBF4 (450 mg, 2.31 mmol) in
10 mL acetone. This resulted in the immediate formation of a deep red solution, containing
a white precipitate (AgCl), which was stirred for 0.5 hour and then was filtered through
Celite 545 (0.02-0.1 mm). To the filtrate, 20 mL THF was added and subsequent
concentration of the solution in vacuo to 7 mL a red solid precipitated. The solid was
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filtered, washed with THF and diethyl ether and dried under vacuum. Yield 97 % (800 mg,
1.62 mmol).
Tris(oxazoline) rhodium(III) complex (4A).
The synthesis was carried out following literature procedures.[17] 100 mg (0.380 mmol)
RhCl3·3H2O was dissolved in 5 mL ethanol and to this was added 150 mg (0.380 mmol)
tris(oxazoline) A in 5 mL ethanol. This solution was stirring at 50 °C under argon for one
hour and then at room temperature for 12 hours. The solvent was removed under vacuum
and the yellow solid was dissolved in chloroform. The solid was filtered through Celite
(Celite 545, 0.02-0.1 mm) and after addition of diethyl ether a yellow solid precipitated.
Yield: 75 % (171 mg, 0.285 mmol). IR (cm-1) ν: 2958 (CH3), 1669 (C=N), 1506 (C=C),
1152 (C-N), 868 (C-H). MALDI-TOF MS: (m/z) 565.37 [M]+, calcd. 565.57. Anal. Calcd.
for C21H36N4Cl3O3Rh: C, 41.90; H, 5.98; N, 9.31. Found: C, 41.74; H, 5.50; N, 9.15.
Tris(oxazoline) rhodium(I) complex (5A).
The rhodium(I) precursor, [Rh(cod)2]BF4 (50.3 mg, 0.123 mmol) was dissolved in 5 mL
dichloromethane. 48 mg (0.123 mmol) Tris(oxazoline) A was dissolved in 3 mL
dichloromethane. This solution was added dropwise to the metal precursor solution under
argon at –41 °C. The mixture was stirred for 16 hours at room temperature (18 °C). The
solution was concentrated to 2 mL and cooled down to 0 °C. After slow addition of 5 mL
diethyl ether a yellow solid precipitated. The solid was filtered, washed with diethyl ether
and dried under vacuum. Yield: 65 % (55.2 mg, 0.08 mmol). 1H NMR (CDCl3) δ: 4.18 (b,
4H, cod), 3.01 – 3.63 (m, N-CH2, O-CH2), 2.63 (m, 4H, C-H exo, cod), 2.21 (t, 4H, C-Hendo
cod) 1.78 (m, 3H, C-H), 0.91 (dd, 18H, J= 6.4, 6.2 Hz, CH3). IR (cm-1) ν: 2957 (CH3),
2913 (CH2), 2868 (C-H), 1662 (C=N), 1506 (C=C), 1151 (C-N), 1051 (BF4-), 868 (C-H).
MALDI-TOF MS: (m/z) 603.14 [M]+, calcd. 603.37.
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cis-Dichlorotetrakis(dimethyl sulfoxide)ruthenium(II). cis-[RuCl2(dmso)4]
The synthesis was carried out following literature procedures.[47] 0.50 g (1.92 mmol)
RuCl3·3H2O was heated under reflux with 2.17 mL (30.6 mmol) dimethylsulfoxide for 30
minutes. The solution was cooled to room temperature and 15 mL acetone was added. The
complex precipitated as a yellow solid. The product was filtered off, washed with acetone
(5 mL) and dried under vacuum. Yield: 80 % (0.70 g, 1.54 mmol)
Bis(µ-chloro-[chloro(η6-p-isopropyltoluene)Ru]). [Ru(p-cymene)Cl2]2
The synthesis was carried out following literature procedures.[48] 1.0 g (3.92 mmol)
RuCl3·3H2O was heated under reflux with 8.72 mL (7.29 g, 53.57 mmol) α-terpinene
(90 %) in 30 mL dry ethanol for 22 hours. The reaction mixture was cooled down and the
red precipitate was filtered off, washed with cold methanol and dried under vacuum. Yield:
70 % (0.70 g, 1.14 mmol). 1H NMR (CDCl3) δ: 5.21 - 5.41 (d, arene J= 6.4 Hz), 2.81 (m,
CH), 2.15 (s, CH3), 1.21 (d, 6H, J= 5.8 Hz, i-Pr).

13

C NMR (CDCl3) δ: 101.21 (C-H,

C6H5), 96.73 (C-H, C6H5), 81.28 (C-H, C6H5), 80.51 (C-H, C6H5), 30.60 (C-H), 22.12
(CH3), 18.91 (CH3, i-Pr). IR (cm-1) ν: 3054 (C-H aromatic), 3029 (C-H aromatic), 2956
(CH3), 2865 (CH3), 1448 (C-H), 877 (C-C).
Bis[(η6-p-isopropyltoluene)Ru][BF4]2. [Ru(p-cymene)2] [BF4]2
The synthesis was carried out following literature procedures.[49] 100 mg (0.16 mmol)
[Ru(p-cymene)Cl2]2 was dissolved in 7 mL acetone. To this solution 127 mg (0.65 mmol)
of AgBF4 was added. The reaction mixture was stirred vigorously for 15 minutes at 18 ºC.
The silver chloride salt (AgCl) was filtered through Celite (Celite 545, 0.02-0.1 mm) and
the resulting yellow-orange solution was dried under vacuum. To the oily residue, an
excess of p-cymene was added, 3 mL (19.2 mmol) followed by 3 ml (19.2 mmol)
trifluoroacetic acid. The solution was heated up at 90 °C for 10 minutes. The solvent was
removed under vacuum to give a viscous oil. The oil was washed with 5 mL of dry diethyl
ether and after evaporation of the solvent a colorless solid was obtained. The solid was
filtered off, washed with 5 mL ether and 5 mL methanol and dried under vacuum. Yield:
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70 % (61.0 mg, 0.112 mmol). m.p. 251 ºC. 1H NMR (DMSO-d6) δ: 6.98 (q, 4H, arene),
2.94 (m, 1H, C-H), 2.43 (s, 3H, CH3), 1.24 (d, 6H, J= 6.1 Hz, i-Pr). 13C NMR (DMSO-d6)
δ: 120.91 (C-H, C6H5), 112.05 (C-H, C6H5), 94.77 (C-H, C6H5), 92.46 (C-H, C6H5), 31.53
(C-H), 22.73 (CH3), 19.35 (CH3, i-Pr).
Tris(oxazoline) ruthenium(II) complex (6A).
Ruthenium(II) precursor, cis-[RuCl2(DMSO)4] (91.1 mg, 0.19 mmol) was dissolved in 5
mL toluene. To this solution, 73.7 mg (0.19 mmol) tris(oxazoline) A in 2 mL toluene was
added. The solution was refluxed for 2 hours and stirred at room temperature for 12 hours.
The solvent was evaporated under vacuum and a yellow solid was obtained. The product
was recrystallized from dichloromethane layering with pentane. Yield 90 % (96.18 mg,
0.17 mmol). IR (cm-1) ν: 2968 (CH3), 1658 (C=N), 1516 (C=C), 1142 (C-N), 878 (C-H).
MALDI-TOF MS: (m/z) 530.32 [M]+, calcd. 529.24. Anal. Calcd. for C21H36N4Cl2O3Ru:
C, 44.54; H, 6.36; N, 9.89. Found: C, 43.74; H, 5.98; N, 9.15.
Tris(oxazoline) ruthenium(II) complex (7A).
Ruthenium(II) precursor, [Ru(p-cymene)Cl2]2 (200 mg, 0.32 mmol) was dissolved in 4 mL
dichloromethane. To this solution, 256 mg (0.65 mmol) tris(oxazoline) A in 4 mL
dichloromethane was added. After stirring for 18 hours a dark orange solution was
obtained. The solvent was evaporated and a dark orange solid was isolated. The solid was
recrystallized from dichloromethane layering with pentane. Yield: 85 %. IR (cm-1) ν: 2949
(CHmethyl), 1648 (C=N), 1445 (C=C), 1095 (C-N), 873 (C-H). 1H NMR (CDCl3) δ: 5.11 –
6.50 (d, 4H, J= 7.2 Hz, arene), 2.94 (m, 1H, C-H), 2.43 (s, 3H, CH3), 1.24 (d, J= 5.8 Hz,
6H, i-Pr). MALDI-TOF MS: (m/z) 732.16, 697.20, 681.41, 579.12, 542.10[M]+, calcd.
627.54.
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Tris(oxazoline) ruthenium(II) complex (7B).
The same procedure was followed as described for 7A, using 200 mg (0.65 mmol)
ruthenium(II) precursor, [Ru(p-cymene)Cl2]2 in 4 mL dichloromethane. 256 mg (0.65
mmol) tris(oxazoline) B in 4 mL dichloromethane. The solvent was evaporated and a dark
orange solid was obtained. The solid was recrystallized from dichloromethane layering
with pentane. Yield: 75 % IR (cm-1) ν: 2959 (C-Hmethyl), 1650 (C=N), 1435 (C=C), 1095
(C-N), 872 (C-H). MALDI-TOF MS: (m/z) 751.07, 697.21 [M]+, calcd. 771.07.
[Ru(p-cymene)(B)] [BF4]2 (8B).

Ruthenium(II) precursor, [Ru(p-cymene)2] [BF4]2 (80 mg, 0.128 mmol) was dissolved in 7
mL acetone. To this solution, 50 mg (0.128 mmol) tris(oxazoline) B in 5 mL acetone was
added at low temperatures (-40 °C). After stirring for 16 hours at 18 ºC, a green-yellow
solution was obtained. The solvent was removed under vacuum and the oily residue was
washed with dichloromethane to precipitate the starting ruthenium precursor. The solid
was filtered off and the solvent was removed under vacuum and a white powder was
obtained. Yield 75 % IR (cm-1) ν: 2947 (CHmethyl), 1658 (C=N), 1442 (C=C), 1091 (C-N).
1

H NMR (CDCl3) δ: 5.1 – 5.5 (d, 4H, J= 9.7 Hz, arene), 2.90 (m, 1H, C-H), 2.38 (s, 3H,

CH3), 1.22 (d, 6H, J= 6.8 Hz, i-Pr). MALDI-TOF MS: (m/z) 758.07, 427.41[M]+, calcd.
771.07.
Tris(oxazoline) copper(II) complex (9C).

Copper(II) precursor, Cu(BF4)2·6H2O (77 mg, 0.32 mmol) was dissolved in 3 mL
acetonitrile. To this solution, 100 mg (0.32 mmol) tris(oxazoline) C in 3 mL acetonitrile
was added. After stirring for 12 hours at room temperature a green precipitate was
obtained. The solid was filtered off and dried under vacuum. The complex was
recrystallized from hexafluoroisopropanol layering with pentane. Yield: 85 % (174 mg,
0.30 mmol). IR (cm-1) ν: 2959 (CH3), 1748, 1667 (C=N), 1056 (BF4). MALDI-TOF MS:
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(m/z) 371.21 [M], calcd. 371.54. Anal. Calcd. for C17H27N5O3B2F8Cu: C, 34.80; H, 4.60;
N, 11.94. Found: C, 34.84; H, 4.13; N, 11.10.
Tris(oxazoline) copper(I) complex (10A).

Copper(I) precursor, [Cu(CH3CN)4][BF4] (0.44 g, 1.20 mmol) was dissolved in 7 mL
acetonitrile. To this solution, 0.47 g (1.20 mmol) tris(oxazoline) A in 5 mL acetonitrile was
added. The solution was stirred for 12 hours at room temperature. After evaporation of the
solvent under vacuum a colorless solid was obtained. The solid was filtered off, washed
with diethylether and dried under vacuum. The complex was recrystallized from hot
hexafluoroisopropanol. Yield: 65 % (560 mg, 0.93 mmol). IR (cm-1) ν: 2962 (CH3), 1665
(C=N), 1061 (BF4). MALDI-TOF MS: (m/z) 909.60 [M]+, calcd. 911.54.
Tris(oxazoline) silver(I) complex (11A).
Tetrafluoroborate silver salt (AgBF4) (124 mg, 0.63 mmol) was dissolved in 5 mL THF
and 3 mL acetonitrile. Tris(oxazoline) A (250 mg, 0.63 mmol) was dissolved in 7 mL THF.
This solution was added dropwise to the solution containing the silver metal precursor.
After stirring for 12 hours a light yellow solid precipitated. The solid was filtered off,
washed with diethylether and dried under vacuum. Yield: 95 % (0.30 g, 0.60 mmol). IR
(cm-1) ν: 2946 (CH3), 2831 (CH3), 1664 (C=N), 1043 (C-N). MALDI-TOF MS: (m/z)
501.30 [M]+, calcd. 500.10. Anal. Calcd. for C21H36N4BF4O3Ag: C, 42.96; H, 6.13; N,
9.54. Found: C, 42.74; H, 5.98; N, 9.15.
Tris(imidazoline) complexes
Tris(imidazoline) manganese(II) complex (12D).
Manganese(II) acetate precursor, Mn(CH3COO)2·4H2O (300 mg, 1.22 mmol) was
dissolved in 6 mL ethanol. Tris(imidazoline) D (500 mg, 1.23 mmol) was dissolved in 5
mL ethanol and 515 mg (1.47 mmol) NaBPh4 was added. This solution was added to the
solution containing the manganese metal precursor and after stirring for 12 hours a white
solid was obtained. The solid was filtered and dried under vacuum. The complex was
recrystallized from dichloromethane layering with pentane. Yield: 95 % (0.97 g, 1.16
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mmol). IR (cm-1) ν: 3307 (N-H), 3054 (C=C), 1471 (C=N), 1335 (C=C), 1033 (C-N), 744
(BPh4-). MALDI-TOF MS: (m/z) 522.15 [M]+, calcd. 522.20. UV-Vis (nm) λ 540 and 600
in Acetone. Anal. Calcd. for C50H44N7BO2Mn: C, 71.32; H, 5.23; N, 11.64. Found: C,
70.74; H, 4.98; N, 11.05.
Tris(imidazoline) manganese(II) complex (12E).
The same procedure was followed as described for 12D, using 121 mg (0.51 mmol)
Mn(CH3COO-)2·4H2O in 4 mL ethanol, 200 mg (0.51 mmol) tris(imidazoline) D in 6 mL
ethanol and 209 mg (0.61 mmol) NaBPh4. After stirring for 12 hours the purple light solid
was filtered, washed with ethanol and dried under vacuum. The complex was recrystallized
from hot ethanol. Yield: 95 % (347.0 mg, 0.484 mmol). IR (cm-1) ν: 3312 (N-H), 3056
(C=C), 1473 (C=N), 1337 (C=C), 1037 (C-N), 747 (BPh4-). MALDI-TOF MS: (m/z)
562.53 [M]+, calcd. 562.93. UV-Vis (nm) λ 544 and 610 in Acetone. Anal. Calcd. for
C53H50N7BO2Mn: C, 72.13; H, 5.67; N, 11.11. Found: C, 71.74; H, 5.18; N, 10.95.
Tris(imidazoline) ruthenium(II) complex (13D).
The same procedure was used as described for 8B, using Ruthenium(II) precursor, [Ru(pcymene)2] [BF4]2 (80 mg, 0.128 mmol) in 7 mL acetone. 50 mg (0.128 mmol)
tris(imidazoline) D in 5 mL acetone. The solvent was removed under vacuum and the oily
residue was washed with dichloromethane to precipitate the starting ruthenium precursor.
The solid was filtered off and the solvent was removed under vacuum and a white powder
was obtained. Yield 75 % IR (cm-1) ν: 2949 (CHmethyl), 1648 (C=N), 1445 (C=C), 1095 (CN), 873 (C-H). 1H NMR (CDCl3) δ: 5.1 – 5.5 (d, 4H, J= 9.6 Hz, arene), 2.94 (m, 1H, CH), 2.43 (s, 3H, CH3), 1.24 (d, 6H, J= 6.2 Hz, i-Pr). MALDI-TOF MS: (m/z) 732.16,
697.20, 626.07, 542.10[M]+, calcd. 643.07.
Tris(imidazoline) cobalt(II) complex (14D).
The same procedure was used as described in the literature,[43] using 121 mg (0.51 mmol)
CoCl2.H2O in 4 mL ethanol, 200 mg (0.51 mmol) tris(imidazoline) D in 6 mL ethanol and
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209 mg (0.61 mmol) NaBPh4. After stirring for 12 hours the purple solid was filtrated,
washed with ethanol and dried under vacuum. The complex was recrystallized from hot
ethanol. Yield: 95 % (347.0 mg, 0.484 mmol). IR (cm-1) ν: 3292 (N-H), 3055 (C6H5),
1473, 1453 (C=N), 1335 (C=C), 1043 (C-N), 745 (C-H). MALDI-TOF MS: (m/z) 501.03
[M]+, calcd. 501.38. UV-Vis (nm) λ 550.5 and 599.5 in Acetone.
Tris(imidazoline) cobalt(II) complex (14E).
The same procedure was used as described for 14D, using 210 mg (0.90 mmol) CoCl2.H2O
in 8 mL ethanol, 400 mg (0.90 mmol) tris(imidazoline) E in 5 mL ethanol and 306 mg (1.1
mmol) NaBPh4. After stirring for 12 hours the purple solid was filtrated, washed with
ethanol and dried under vacuum. The complex was recrystallized from dichloromethane
layering with pentane. Yield: 95 % (417.5 mg, 0.484 mmol). IR (cm-1) ν: 3294 (N-H),
1589 (C=N), 1478 (C=C), 1029 (C-N), 732 (C-H). MALDI-TOF MS: (m/z) 543.11 [M]+,
calcd. 543.38. UV-Vis (nm) λ 541 and 590 in Acetone. Anal. Calcd. for C51H47N7BClCo:
C, 70.98; H, 5.45; N, 11.36. Found: C, 70.74; H, 5.18; N, 10.95.
Tris(imidazoline) cobalt(II) complex (14F).
The same procedure was used as described for 14D, using 370 mg (1.4 mmol) CoCl2.H2O
in 8 mL ethanol, 200 mg (1.4 mmol) tris(imidazoline) F in 6 mL ethanol and 530 mg (1.5
mmol) NaBPh4. After stirring for 12 hours the purple solid was filtrated, washed with
ethanol and dried under vacuum. The complex was recrystallized from dichloromethane
layering with pentane. Yield: 90 % (378.0 mg, 0.460 mmol). IR (cm-1) ν: 3292 (N-H),
1594, 1408 (C=N), 1270 (C=C), 1024 (C-N), 771 (C-H). MALDI-TOF MS: (m/z)
504.20[M]+, calcd. 504.38. UV-Vis (nm) λ 556 and 590 in Acetone. Anal. Calcd. for
C45H38N10BClCo: C, 65.62; H, 4.61; N, 17.01. Found: C, 65.14; H, 4.18; N, 16.95.
Crystal structure determination of 1A and 12D.
The data were collected on a Nonius Kappa CCD diffractometer with rotating mode. The
structure was solved by direct methods using SHELX97,[50] and refined F2 by least-squares
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procedures using SHELXL97.[50] All non-hydrogen atoms were refined with anisotropic
displacement parameters. Hydrogen atoms were constrained to idealize geometries and
allowed to ride on their carrier atoms with an isotropic displacement parameter related to
the equivalent displacement parameter of their carrier atoms. Structure validation and
molecular graphics preparation were performed with the PLATON package.

[51]

Crystal

data are given in Table 3.6.
Table 3.6 Selected crystallographic data for complexes 1A and 12D

Formula
FW / M
Crystal system
Space group
A (Å)
B (Å)
c (Å)
α(°)
β(°)
γ(°)
V(A3)
Z
dcalc (g cm-3)
µ (Mo-Kα) (mm-1)
T (K)
λ (Å)
R1
F(000)

1A

12D

C45H56N4O3BClCo
806.13
Monoclinic
P21/c (no. 4)
9.067 (2)
12.711 (3)
18.177 (5)
90
98.679 (18)
90
2070.9 (9)
2
1.2928 (6)
0.524
110
0.71073
0.19827
854.0

C62H68N7O5BMn
1056.98
Monoclinic
P21/c (no. 14)
11.1034 (10)
27.627 (2)
18.646 (3)
90
105.22 (2)
90
5519.1
4
1.2721 (6)
0.296
150
0.71073
0.23500
2236.0

Rint = ∑ [F02 - F02 (mean)]/ ∑ [F02]; wR(F2) = [∑ [w(F02 – Fc2)2]/ [∑ [w(F02)2]]1/2;
R(F) = ∑ (||F0| – Fc ||) /∑|F0|

3.6

References

1
2

C. Moberg, Angew. Chem. Int. Ed. 1998, 37, 248-268.
B. Hammes, D. Ramos-Maldonado, G. Yap, L. Liable-Sands, A. Rheingold, V.
Young, A. Borovik, Inorg. Chem. 1997, 36, 3210-3211.
B. Hammes, V. Young, A. Borovik, Angew. Chem. Int. Ed. 1999, 38, 666-669.
L. J. Que, R. Ho, Chem. Rev. 1996, 96, 2607-2624.

3
4

89

Chapter 3

5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36

90

M. Costas, A. Tipton, K. Chen, D. H. Jo, L. J. Que, J. Am. Chem. Soc. 2001, 123,
6722-6723.
D. Yandulov, R. Schrock, Science 2003, 301, 76-78.
T. Murakami, J. I. Kikuchi, Y. Hisaeda, O. Hayashida, Chem. Rev. 1996, 96, 721758.
C. Bianchini, R. W. Zoelner, Adv. Inorg. Chem. 1997, 44, 263-339.
T. M. Kooistra, K. F. W. Hekking, Q. Knijnenburg, B. De Bruin, P. H. M.
Budzelaar, R. De Gelder, J. M. M. Smits, A. W. Gal, Eur. J. Inorg. Chem. 2003,
648-655.
A. B. P. Lever, Inorganic electronic spectroscopy 1984, 2nd Ed., Elsevier,
Amsterdam, The Netherlands.
S. H. Strauss, Chem. Rev. 1993, 93, 927-942.
F. Fache, E. Schulz, L. Tommasino, M. Lemaire, Chem. Rev. 2000, 100, 21592231.
S. P. Shum, S. D. Pastor, A. D. DeBellis, P. A. Odorisio, L. Burke, H. F. Clarke, G.
Rihs, B. Piatek, K. R. Rodebaugh, Inorg. Chem. 2003, 42, 5097-5106.
R. A. Findeis, L. H. Gade, Eur. J. Inorg. Chem. 2003, 99-110.
W. Kläui, D. Schramm, G. Schramm, Inorg. Chim. Acta 2004, 357, 1642-1648.
G. Zamora, J. Pons, J. Ros, Inorg. Chim. Acta 2004, 357, 2899-2904.
S. Bellemin-Laponnaz, L. Gade, Angew. Chem. Int. Ed. 2002, 41, 3473-3475.
P. Valerga, M. C. Puerta, D. S. Pandey, J. Organomet. Chem. 2002, 648, 27-32.
E. Solomon, U. Sundaram, T. Machonkin, Chem. Rev. 1996, 96, 2563-2605.
E. Solomon, P. Chen, M. Metz, S.-K. Lee, A. E. Palmer, Angew. Chem. Int. Ed.
2001, 40, 4570-4590.
M. Mar Diaz-Requejo, A. Caballero, T. Belderrain, M. C. Nicasio, S. Trofimenko,
P. Perez, J. Am. Chem. Soc. 2002, 124, 978-983.
M. Weitzer, S. Schindler, Inorg. Chem. 2003, 42, 1800-1806.
X. Hu, I. Castro-Rodriguez, K. Meyer, Organometallics 2003, 22, 3016-3018.
K. Kawasaki, T. Katsuki, Tetrahedron 1997, 53, 6337-6350.
S. Bellemin-Laponnaz, L. Gade, Chem. Commun. 2002, 1286-1287.
J. Zhou, Y. Tang, Org. Biomol. Chem. 2004, 2, 429-433.
X. Xu, K. J. Maresca, D. Das, S. Zahn, J. Zubieta, J. W. Canary, Chem. Eur. J.
2002, 8, 5679-5683.
T. Sorrell, C. Pigge, P. White, Inorg. Chim. Acta 1993, 210, 87-90.
Y. Cui, C. He, J. Am. Chem. Soc. 2003, 125, 16202-16203.
C.-Y. Su, B.-S. Kang, C.-X. Du, Q.-C. Yang, T. C. W. Mak, Inorg. Chem. 2000,
39, 4843-4849.
S. Hiraoka, T. Yi, M. Shiro, M. Shionaya, J. Am. Chem. Soc. 2002, 124, 1451014511.
V. L. Pecoraro, M. J. Baldwin, A. Gelasco, Chem. Rev. 1994, 94, 807-826.
C. Bolm, N. Meyer, G. Raabe, T. Weyhermüller, E. Bothe, Chem. Commun. 2000,
2435-2436.
J. Chen, K. Woo, J. Organomet. Chem. 2000, 601, 57-68.
Y. Gultneh, T. B. Yisgedu, Y. T. Tesema, R. J. Butcher, Inorg. Chem. 2003, 42,
1857-1867.
M. U. Triller, D. Pursche, W. Y. Hsieh, V. L. Pecoraro, A. Rompel, B. Krebs,
Inorg. Chem. 2003, 42, 6274-6283.

Coordination Chemistry of C3-Symmetric Tris(oxazoline) and Tris(imidazoline) Ligands

37
38
39
40
41
42
43
44
45
46
47
48
49
50
51

A. Oki, P. Bommarreddy, H. Zhang, N. Hosmane, Inorg. Chim. Acta 1995, 231,
109-114.
C. Bazzicaluppi, A. Bencini, A. Bianchi, M. Cecchi, B. Escuder, V. Fusi, E.
Garcia-España, G. C., S. V. Luis, G. Maccagni, V. Marcelino, P. Paoletti, B.
Valtancoli, J. Am. Chem. Soc. 1999, 121, 6807-6815.
D. Reger, J. Gardinier, R. Semeniuc, M. Smith, Dalton Trans. 2003, 1712-1718.
C. Hamann, A. von Zelewsky, A. Neels, H. Stoeckli-Evans, Dalton Trans. 2004,
402-406.
L. Mishra, R. Sinha, Monatshefte für Chemie 2002, 133, 59-69.
D. W. Christianson, C. A. Fierke, Acc. Chem. Res. 1996, 29, 331-339.
L. Thompson, B. S. Ramaswamy, E. A. Seymour, Can. J. Chem. 1977, 55, 878888.
M. S. Lah, M. Moon, Bull. Korean Chem. Soc. 1997, 18, 406-409.
A. Ohno, A. Tsutsumi, Y. Kawai, N. Yamazaki, Y. Mikata, M. Okamura, J. Am.
Chem. Soc. 1994, 116, 8133-8137.
T. Schenck, J. Downes, C. Milne, P. Mackenzie, Boucher H., J. Whelan, B.
Bosnich, Inorg. Chem. 1985, 24, 2334-2337.
I. P. Evans, A. Spencer, G. J. Wilkinson, J. Chem. Soc., Dalton Trans. 1973, 204209.
M. Bennett, A. Smith, J. Chem. Soc., Dalton Trans. 1974, 233-241.
S. Suravajjala, R. J. Polam, L. Porter, J. Organomet. Chem. 1993, 461, 201-205.
G. M. Sheldrick, SHELXS97; University of Göttingen, Germany, 1997.
A. L. Spek, A Multipurpose Crystallographic Tool; Utrecht University, The
Netherlands, 2002.

91

4

Chapter 4

C3-Symmetric Ligands in the
Ruthenium(II)-Catalyzed Transfer
Hydrogenation of Ketones
Two types of C3-symmetric ligands, chiral tris(oxazolines) and achiral tris(imidazolines)
were applied in the ruthenium(II)-catalyzed transfer hydrogenation of ketones. The
catalytic conditions were optimized for both systems. Tris(oxazoline) ligands in the
presence

of

ruthenium(II)

showed

moderate

activities

and

enantioselectivities.

Tris(imidazoline) ligands gave good activities and proved to be more stable than oxazoline
ligands under catalytic conditions. The equilibrium constant for the transfer hydrogenation
based on the ruthenium tris(imidazoline) system was measured experimentally. Catalyst
testing and substrate screening has been automated using a ChemSpeed ASW 1000.

Chapter 4

4.1

Introduction
Catalytic reduction of polar functional groups, such as ketones and imines mediated

by transition metal complexes has attracted remarkable interest in both the academic and
industrial world.[1-3] Among the catalytic methods available for reduction, the transfer
hydrogenation has advantages over other processes in operational simplicity and because
of the use of non-hazardous hydrogen donors, such as 2-propanol and formic acid. The
general reaction is depicted in Scheme 4.1.
O
R

C

OH

[Cat]
R'

+ DH2

R

C

H

+ D

R'
DH2 = Hydrogen donor

Scheme 4.1 Transfer hydrogenation
Hydrogen transfer reactions in which formally two hydrogen atoms are transferred
from an alcohol to a ketone have been known since 1925. At that time, aluminum
isopropoxide was used to promote transfer of hydrogen from 2-propanol to a ketone. This
reduction is referred to as the Meerwein-Ponndorf-Verlay (MPV) reduction after its
discoverers.[4] The reaction can also be run in the opposite direction, a reaction studied by
Oppenauer in the mid 1930s. The hydrogen transfer reactions are equilibrium reactions that
can be shifted to a certain side by the use of an excess of either alcohol or ketone as
starting materials. A drawback presented by the classical aluminum alkoxide systems is
that the aluminum salt is required in stoichiometric amounts and the presence of strong
acids is highly recommended. Catalytic transfer hydrogenations are often an attractive
alternative.
Catalytic transfer hydrogenations have been carried out most commonly using
iridium,[5-7] ruthenium[8-10] or rhodium[11-13] as metal precursors. However, ruthenium
complexes have been found to be the best catalysts in transfer hydrogenations. The first
ruthenium-catalyzed hydrogen transfer reaction of practical use was reported by Sasson
and Blum.[14] Later, in 1991 studies based on RuCl2(PPh3)3 in the presence of a base were
conducted by Bäckvall et al.[15] In these systems, small amounts of base were found to
have a dramatic effect on the reaction rate. Since then, the number of ruthenium complexes
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applied in transfer hydrogenation has increased rapidly.[16-18] Several complexes based on
Ru(II)(arene) dimers with structurally different bidentate ligands have been successfully
applied in the reduction of both simple and functionalized ketones. This success can be
attributed to the excellent catalytic performance of amine-based transition metal complexes
in combination with the effectiveness of certain C2-symmetric ligands in chiral
recognition.[19,20]
The most conventional and successful ligands applied in transfer hydrogenation
contain nitrogen as the donor atom and are used in combination with ruthenium(II),
rhodium(I) and iridium(I). Chiral diamines, phenanthrolines, bipyridines and amino
alcohols are the most applied ligands (Figure 4.1).[21]

R*

R*
N

N

Ph

Ph

N

N

H

H

S
Ph(H)N

H3C

Ph

Ph

N

N

H

H

CH3
RO2S(H)N

S
N(H)Ph

Ph
N

N
R*

H2N

NH2

Ph
OH

Figure 4.1 Chiral nitrogen-based ligands applied in ruthenium-catalyzed transfer
hydrogenation
In the field of oxazoline ligands, mainly chiral mono- and bis(oxazolines) have
been applied in the asymmetric ruthenium(II)-catalyzed transfer hydrogenation of aromatic
ketones (Figure 4.2).[22] In relation with chiral mono(oxazolines), mostly phosphino-,
ferrocene phoshino- and tetrahydroquinolinyl oxazoline ligands proved to give excellent
turnover numbers and high enantioselectivities in combination with ruthenium.[23-25] The
tridentate (ambox) ligand developed by Zhang et al.,[26] proved to be a very good chiral
ligand in the transfer hydrogenation reaction. The catalyst was generated in situ from the
bis(oxazolinylmethyl)amine (ambox) ligand and RuCl2(PPh3)3 affording high activities
(77 % in 10 min., 82 ºC) and high enantioselectivities (95 %). Tridentate ligands with
phosphine linking groups have been prepared and applied by Zhang et al. in the same
reaction, giving high activities (94 % in 48 h, room temperature) but moderate
enantioselectivity (31 %) in the reduction of acetophenone. The low enantioselectivity was
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attributed to different orientations of the phenyl groups on the phosphine.[27] The last class,
biphenyl- and phenyl bis(oxazolines) in combination with ruthenium (p-cymene) dimer
gave low activities and enantioselectivities.[28]
H
N
O

H

N

N

O

O

O

N

N

N

Ph

Ph

Ph2P

Mono- oxazolines

Phosphinooxazolines

Ambox

Ph
P
O

O
N

N

Ph

Ph

N, P, N- tridentate

O

O
N

N

phenyl-bisoxazoline

O

N
O

N

biphenyl-bisoxazoline

Figure 4.2 Chiral oxazoline ligands applied in ruthenium-catalyzed transfer hydrogenation

Only few examples concerning the use of imidazoline-based ligands in asymmetric
catalytic reactions can be found,[29,30] despite the fact that the nitrogen atom can easily tune
the electronic and conformational properties of the ligands. Mainly, applications of
mono(imidazoline) ligands in different catalytic reactions are found in iridium-catalyzed
hydrogenation,[31] palladium-catalyzed copolymerization,[32] or ruthenium-catalyzed DielsAlder reaction.[33] However, no application in ruthenium-catalyzed transfer hydrogenation
has been reported until now.
From a mechanistic point of view, two general pathways have been proposed for
the asymmetric transfer hydrogenation. One of the mechanisms is known as the 'hydridic
route'. This route involves the intermediate formation of a metal hydride by interaction of
the catalyst with the hydrogen donor, followed by hydride transfer from the metal to the
substrate (Scheme 4.2).[1]
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Scheme 4.2 Hydridic route mechanism
The other mechanism is called 'direct hydrogen transfer' and this route implies that
hydrogen is transferred to the substrate in a concerted process where both the hydrogen
donor and hydrogen acceptor are held together in close proximity by the catalyst (Scheme
4.3).[1]
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H3C H
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O
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H
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H
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M S

Scheme 4.3 Direct hydrogen transfer mechanism
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A direct hydrogen transfer is claimed to occur with main group elements, while a
hydride mechanism is thought to be involved with transition metal complexes.[34,35] For the
ruthenium-catalyzed transfer hydrogenation, Noyori et al. have proposed in their studies
that the active species in the ruthenium(II)-catalyzed transfer hydrogenation is a 16electron ruthenium(II) complex which contains a diphenylethylene diamine (TsDPEN)
ligand and an arene moiety (Scheme 4.4). In the presence of 2-propanol, an 18-electron
ruthenium hydride species is formed and this species catalyzes the reduction of various
ketones, a mechanism that supports the hydridic route.[36] It was also proposed that an N-H
moiety in the ligand framework might be very important to obtain the product in high
enantioselectivities (99 % ee).
In addition, Noyori et al. suggested a six-membered cyclic transition structure as a
possible way in which a hydride can be transferred from the metal to the substrate (Scheme
4.4).[37]
OH

O
H

H3C

Ru N

H3C

CH3

+2

+

Cl

CH3

KOH
-HCl

+

Ru

Ru N

H

N
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H2N
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16e-

18e-

ArSO 2

N

N

=
N

H2N

H2C

H

Ru N

O

H

N

O

OH
H

Ar= 4-CH3C6H4

R1

R2

H

R1

R2

Scheme 4.4 Mechanism of transfer hydrogenation
From the investigations carried out by Bäckvall et al. two different pathways were
proposed in order to explain whether the metal hydride arises from the (a) C-H of the
secondary alcohol or (b) may originate from both the O-H and C-H of the alcohol (Scheme
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4.5).[38-40] Theoretical studies have been performed in order to support the experimental
data and to understand the mechanistic pathway of the metal-catalyzed transfer
hydrogenation reactions, especially the process of the hydrogen transfer from the metal to
the substrate (the step that determines the enantioselectivity).[41-48]
O
LnMX
a

OH

R2

R1

+ LnMH*

+ HX

H*
R1

R2

O
LnM
b

R1

R2

+ LnM

H*
H

Scheme 4.5 Pathways proposed for the hydridic route
In terms of enantioselectivity, the excellent catalytic performance of nitrogen-based
ligands in combination with transition metals can be attributed to the effectiveness of C2symmetric ligands in chiral recognition, as mentioned before.[19,20] Thus, symmetry plays
an important role not only in synthesis but also in catalysis. By using symmetry, the
number of possible intermediates/transition states can be reduced affording high
selectivities in asymmetric catalysis (Chapter 1). In this respect, C3-symmetric ligands have
been shown to provide high degrees of stereocontrol.[49] In the case of C3-symmetric
oxazoline ligands some applications in asymmetric catalysis can be found, showing good
activities and enantioselectivities.[50] Although tris(imidazoline) ligands have been reported
as anticancer drugs[51] and as good building blocks for molecular assembly[52] their
application in catalytic reactions is missing. In this chapter the applicability of chiral
tris(oxazolines) and achiral tris(imidazolines) in the ruthenium(II)-catalyzed transfer
hydrogenation of ketones will be discussed.

4.2

Transfer Hydrogenation: Chiral Tris(oxazoline) Ligands
The influence of tris(oxazoline) 8a-c (Figure 4.3) as ligands on the ruthenium-

catalyzed asymmetric transfer hydrogenation of acetophenone was investigated.
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Figure 4.3 Chiral tris(oxazoline) ligands
In order to understand the behavior of these ligands, the reaction was studied using
different catalyst-preformation conditions, different bases, temperatures and substrates and
various sources of hydrogen. The general catalytic reaction is depicted in Scheme 4.6.
O

OH
OH

R1

+
R2

[Ru]
t-BuOK

*
R2

R1

O

+

R, S

R1 = Me, Et
R2 = Cl, MeO

Scheme 4.6 Reduction of ketones
4.2.1

Preformation Time
The catalytic behavior was first explored with in situ systems generated from

(p-cymene)ruthenium(II) chloride dimer, [Ru(p-cymene)Cl2]2 and 8a (in a 1 : 1 ratio with
respect to Ru) in 2-propanol. After stirring this mixture at room temperature for 12 hours,
the base (potassium tert-butoxide, t-BuOK) and the substrate (acetophenone) were added
in a 6 : 400 ratio with respect to the catalyst. Under these conditions low activity was
observed (20 % in 22 hours) and no enantioselectivity (entry 3, Table 4.1). Preformation of
the catalyst at higher temperatures (40 ºC and 70 ºC) was carried out but similar results
were obtained, low conversions and no enantioselectivity (entry 4-5, Table 4.1).
Better activities and enantioselectivities were obtained when the preformation was
carried out at 85 °C for 16 hours, maintaining the same substrate/base ratio. Addition of the
base (potassium tert-butoxide) and substrate (acetophenone) at room temperature (18 ºC)
gave 45 % conversion in 16 hours with an enantiomeric excess of 32 % (S) (entry 6, Table
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4.1). It seems that the active catalyst is formed when the preformation is carried out at high
temperatures.

Table 4.1 Catalytic results using different temperatures for the preformation
Entry

Catalyst a

1
2
3
4
5
6

Rucym
Rucym
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8a

Preformation
Temperature
(°C) b
18
80
18
40
70
85

Conversion (%) c

Enantiomeric excess
(%, config.) d

5 (24h)
8 (24h)
20 (22h)
20 (16h)
25 (16h)
45 (16h)

32 (S)

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym), 0.021 mmol ligand 8a, 20 mL (0.26 mol) iPrOH, 4 mmol acetophenone, 0.06 mmol t-BuOK (0.1 M), 18 ºC, 16-24 h. Ru : L : substrate: base :
i-PrOH = 1 : 2 : 400 : 6 : 26000. Experiments in duplo. b Preformation of the catalyst was carried
out by stirring (Rucym) with ligand 8a at the indicated temperature for 16h. c Determined by GC
analysis with a Pona column. d Determined by GC analysis with a chiral column.

The optimum conditions were achieved when the preformation of the catalyst was
carried out at 85 °C for 16 h. After this preformation, the base and the substrate were added
at room temperature and after stirring for 16h activity and enantioselectivity were observed
as indicated in entry 6, Table 4.1.

4.2.2

Role of the Base
It is known that in some catalytic systems the presence of a strong base such as

potassium tert-butoxide or potassium hydroxide can improve the reaction rate in hydrogen
transfer reactions.[1,17] The base is not only responsible for the abstraction of the hydrogen
atoms of 2-propanol, but also for the chloride ions of the ruthenium complex.[53] The role
of the base is the generation of a hydride species from the chloride derivative. Three
different bases, i.e. potassium hydroxide, triethylamine and potassium tert-butoxide, were
used to investigate their effect on activity. The optimum conditions described in Section
4.2.1 were employed while using three different bases. As a metal precursor (pcymene)ruthenium(II)chloride dimer, ([RuCl2(p-cymene)]2) was used. The results are
presented in Table 4.2. Similar activities were observed when KOH and t-BuOK were used
101

Chapter 4

but no effect on enantiomeric excess (32 %, config. S) was observed. Using triethylamine
as a base, no conversion was detected. This base is not as strong as KOH. However, there
are examples in the literature in which a catalytic system in the presence of triethylamine
can afford high activities and enantioselectivities.[54] Experiments using different
equivalents of the base were also carried out. These experiments suggested that at least 6
equivalents of the base were needed in order to observe any catalytic activity. Using less
than 6 equivalents of the base, no conversion was observed (entry 4, 5, Table 4.2). This
suggests that the active species is formed once the chloride atoms are completely removed
from the metal center. This takes place only after addition of the base (6 eq.).

Table 4.2 Transfer hydrogenation of acetophenone using different bases a
Entry

Base (eq.)

Conversion (%) b

1
2
3
4
5

t-BuOK (6)
KOH (6)
NEt3 (6)
t-BuOK (5)
t-BuOK (3)

45
40
0
5
0

Enantiomeric excess
(%, config.) c
32 (S)
32 (S)
n.d.
n.d.
n.d.

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, 0.021 mmol ligand 8a, 20 mL (0.26 mol) i-PrOH, 4
mmol substrate, 0.06 mmol base (0.1 M), 18 ºC, 16 h. Ru : L : substrate : base : i-PrOH = 1 : 2 :
400 : 6 : 26000. Experiments in duplo. b Determined by GC analysis with a Pona column.
c
Determined by GC analysis with a chiral column. n.d. = not detected.

4.2.3

Temperature
Since high temperatures gave a positive effect for the catalyst preformation,

catalytic experiments were carried out at high temperatures (40 ºC and 80 °C) as well.
However, the catalyst no longer showed any activity at these temperatures. This result may
indicate deactivation of the catalyst. The tris(oxazoline) ligands are not stable under basic
conditions at higher temperatures. This possible cause of deactivation is discussed in more
detail in paragraph 4.2.8. The catalytic results using different temperatures are summarized
in Table 4.3.
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Table 4.3 Transfer hydrogenation of acetophenone using different temperatures
Entr
y
1
2
3
4
5

Catalyst a
Rucym
Rucym
Rucym - 8a
Rucym - 8a
Rucym - 8a

Reaction
Temperature (°C)
18
80
18
40
80

Conversion (%) b
5 (24h)
8 (24h)
45 (16h)
8 (16h)
12 (16h)

Enantiomeric excess
(%, config.) c
32 (S)
-

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym), 0.021 mmol ligand 8a, 20 mL (0.26 mol) iPrOH, 4 mmol acetophenone, 0.06 mmol t-BuOK (0.1 M), 18 ºC, 16-24 h. Ru : L : substrate: base :
i-PrOH = 1 : 2 : 400 : 6 : 26000. Experiments in duplo. b Determined by GC analysis with a Pona
column. c Determined by GC analysis with a chiral column.

4.2.4 Influence of Metal Precursors and Hydrogen Source
The most common metal precursors used in the catalytic transfer hydrogenation are
(p-cymene)ruthenium(II)chloride dimer ([RuCl2(p-cymene)]2) and (benzene)ruthenium(II)
chloride dimer ([RuCl2(benzene)]2). They provide unique reactivity and selectivity to the
metal center due to their good interaction with the substrate via aromatic interactions
(Figure 4.4).[55]

L
Ru
L
O

Figure 4.4 Representation of the aromatic interactions
Using different precursors, activities and enantioselectivities can be influenced.
(Benzene)ruthenium(II) chloride dimer as a precursor for example, enhances
enantioselectivity while (p-cymene)ruthenium(II) chloride dimer enhances activity. Both
precursors were applied in combination with ligand 8a and the best results were obtained
when (p-cymene)ruthenium(II) chloride dimer was used as a precursor. In the case of using
(benzene)ruthenium(II) chloride dimer, very low activities and enantioselectivities were
found. Reaction times had to be significantly longer to observe any activity but no
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enantioselectivity was observed (entry 4-5, Table 4.4). Ruthenium(II) dimethylsulfoxide
precursor, [Ru(dmso)4Cl2] was also applied in this reaction, since the coordination mode
with ligand 8a was studied based on this precursor. (Chapter 3) However, no activity was
observed under the same experimental conditions used for the other precursors. All
catalytic results are summarized in Table 4.4.

Table 4.4 Transfer hydrogenation using different metal precursors
Entry

Catalyst a

Base

Conversion (%) b

1
2
3
4
5
6
7
8

Rucym
Rubenz
Rudmso
Rubenz - 8a
Rubenz - 8a
Rucym - 8a
Rudmso - 8a
Rudmso - 8a

t-BuOK
t-BuOK
t-BuOK
t-BuOK
t-BuOK
t-BuOK
t-BuOK
KOH

5 (24h)
2 (24h)
0 (24h)
8 (16h)
15 (72h)
45 (16h)
1 (24h)
1 (24h)

Enantiomeric excess
(%, config.) c
32 (S)
-

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym) or [RuCl2(benzene)]2, (Rubenz) or
[Ru(dmso)4Cl2], (Rudmso), 0.021 mmol ligand 8a, 20 mL (0.26 mol) i-PrOH, 4 mmol acetophenone,
0.06 mmol base (0.1 M), 18 ºC, 16 h. Ru : L : substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 26000.
Experiments in duplo. b Determined by GC analysis with a Pona column. c Determined by GC
analysis with a chiral column.

An inherent problem of transfer hydrogenation is the reversibility of the reaction,
which prevents complete conversion. This also results in a decrease of enantioselectivity,
because of racemization.[37] Formic acid is a different inexpensive reducing agent. The
asymmetric reduction using this hydrogen donor, an adduct of H2 and CO2, in place of 2propanol should proceed irreversibly with truly kinetic enantioselection and in principle,
complete conversion (Scheme 4.7).[37,56]
O
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HCO2H
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[Ru]
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+
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R2 = Cl, MeO

Scheme 4.7 Transfer hydrogenation using formic acid as hydrogen donor
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Experiments involving hydrogen gas and the azeotropic mixture of formic acid and
triethylamine in 2-propanol were carried out (entry 3, Table 4.5). Using this azeotropic
mixture, no activity was found and most probably the tris(oxazoline) ligands were not
stable under these conditions; this lack of stability was also observed by Gomez et al.[28]
Using hydrogen gas (30 bar, 50 ºC) better activities were observed (65 % in 16 hours), but
the enantiomeric excess remained the same (32 %, config. S) (entry 4, Table 4.5).
The reverse reaction can also be used in a beneficial way, increasing the
enantiomeric purity of 1-phenylethanol by kinetic resolution of the racemic mixture
(Scheme 4.8). In this case, one of the enantiomers reacts faster than the other one.
Experiments taking into account the reverse process were carried out using the racemic
alcohol and acetone in the presence of 2-propanol. In these experiments, the catalytic
system consisted of (p-cymene)ruthenium(II) chloride dimer and ligand 8a. After 24 hours,
10 % conversion to the formation of the acetophenone was obtained but no kinetic
resolution was observed (entry 5, Table 4.5).
OH

OH

OH
O

+

+

O
OH

[Ru]

+

+

t-BuOK

Scheme 4.8 Back reaction for kinetic resolution
Table 4.5 Transfer hydrogenation using different hydrogen sources and back reaction
Entry

Catalyst a

Hydrogen Source

Conversion (%) b

1
2
3
4d
5e

Rucym
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8a

t-BuOK/i-PrOH
t-BuOK/i-PrOH
HCO2H/NEt3
H2
t-BuOK/i-PrOH

5 (24h)
45 (16h)
0 (16h)
65 (16h)
10 (16h)

Enantiomeric excess
(%, config.) c
32 (S)
32 (S)
-

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym), 0.021 mmol ligand 8a, 20 mL (0.26 mol) iPrOH, 4 mmol acetophenone, 0.06 mmol t-BuOK (0.1 M), 18 ºC, 16-24 h. Ru : L : substrate: base :
i-PrOH = 1 : 2 : 400 : 6 : 26000. Experiments in duplo. b Determined by GC analysis with a Pona
column. c Determined by GC analysis with a chiral column. d Catalytic reaction run under H2 gas
(30 bar, 50 ºC). e back reaction using racemic alcohol and acetone.
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4.2.5

Variations of Substrate
It is known from the literature that substrates with electron donating substituents

can enhance the enantiomeric excess although the relative rate tends to decrease. In the
case of substrates with electron withdrawing substituents, the enantiomeric excess tends to
decrease while the relative rate increases.[57]
Different substrates such as 4'-chloroacetophenone, 4'-methoxyacetophenone,
propiophenone among others, were tested in the transfer hydrogenation with the (pcymene)ruthenium(II) chloride dimer and tris(oxazoline) (8a). Considerable activity was
observed only when acetophenone was used as a substrate. Under the same catalytic
conditions the other substrates did not show any activity. These results suggested that the
tris(oxazoline) (8a) could form a chiral cavity around the ruthenium and this cavity allows
the reduction of the acetophenone only (Figure 4.5).

Figure 4.5 Molecular model view of a ruthenium(II)benzene tris(oxazoline) 8a complex
and an illustration of the chiral cavity without the benzene moiety.
There are examples of specific chiral cavities based on tripodal ligands.[58-61]
Recently, Schrock et al.[62] showed that the tripodal ligand based on the tris(amidoamines)
creates a protected cavity when coordinated to molybdenum, allowing the activation of
small molecules such as dinitrogen. Additionally, the crystal structure of cobalt
tris(oxazoline) 8a (Chapter 3) also shows the formation of the chiral cavity around the
metal center and suggests that a similar arrangement might be possible for the ruthenium
system. In order to find support for our concept concerning the effect of the chiral cavity,
similar substrates to acetophenone, such as propiophenone, were tested in transfer
hydrogenation. Indeed, the catalyst did not show any activity. This result might suggest
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that this system based on ruthenium tris(oxazoline) (8a) is specific for acetophenone only.
In order to support this argument, the effect of different substituents on the tris(oxazoline)
ligands was investigated.
4.2.6 Variations of Substituents on Tris(oxazoline) Ligands

By varying the substituents on the tris(oxazoline) ligands, different conformations
leading to differences in the chiral cavity may be expected and these might have an
influence on activity and enantioselectivity in transfer hydrogenation.
From the results obtained with the ruthenium tris(oxazoline) (8a) system, only
acetophenone was reduced to the corresponding alcohol (entry 2-5, Table 4.6). Apparently,
the isopropyl substituents on the tris(oxazolines) in combination with ruthenium were
required in order to observe activities. Using tris(oxazoline) ligands with benzyl
substituents (8b), low activities of the corresponding metal complexes can be expected
because of the steric hindrance. Indeed, no activity was observed (entry 6-9, Table 4.6).
Possibly, there is not enough space in the chiral cavity and the substrate (acetophenone)
cannot be reduced. Applying tris(oxazoline) ligands with methyl substituents (8c) an effect
on the activity and enantioselectivity may be expected. This chiral cavity should be
appropriate for different substrates. Unfortunately, this system showed no positive effect at
all with any of the substrates tested (entry 10-13, Table 4.6).
A possible explanation for these results might be that the ruthenium center is being
blocked and there is not enough space for the coordination of the substrate as well as the
base. The coordination of the tris(oxazolines) was studied in detail with different metals
(Chapter 3) and in most cases all the nitrogen atoms are coordinated to the metal center,
leaving one or two free positions at the metal center. This means that in the case of the
ruthenium oxazoline system, apart from the coordination of the p-cymene substituents, at
least three of the nitrogen atoms should be coordinated to the ruthenium, leading to the
formation of an 18e- complex. Several attempts to isolate a stable complex were carried out
(Chapter 3). The results suggest that in the solid state, only three nitrogen atoms are
directly bonded to the ruthenium. There is, however, no experimental evidence that shows
that the coordination behavior of the ligand remains the same during the catalytic
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experiments. Table 4.6 summarizes all catalytic results including variations of the substrate
for all ruthenium(II) tris(oxazoline) systems.

Table 4.6 Transfer hydrogenation using different substituents on the tris(oxazoline) ligands
and different substrates
Entry

Catalyst a

Substrate

1
2
3
4
5
6
7
8
9
10
11
12
13

Rucym
Rucym – 8a
Rucym – 8a
Rucym – 8a
Rucym – 8a
Rucym – 8b
Rucym – 8b
Rucym – 8b
Rucym – 8b
Rucym – 8c
Rucym – 8c
Rucym – 8c
Rucym – 8c

Acetophenone
Acetophenone
4’-chloroacetophenone
4’-methoxyacetophenone
Propiophenone
Acetophenone
4’-chloroacetophenone
4’-methoxyacetophenone
Propiophenone
Acetophenone
4’-chloroacetophenone
4’-methoxyacetophenone
Propiophenone

Conversion
(%) b
5 (24h)
45 (16h)
2 (16h)
0 (16h)
3 (16h)
12 (16h)
0 (16h)
0 (16h)
0 (16h)
6 (16h)
0(16h)
0 (16h)
0 (16h)

Enantiomeric excess
(%, config.) c
32 (S)
n.d
-

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym), 0.021 mmol ligand 8a-c, 20 mL
(0.26 mol) i-PrOH, 4 mmol substrate, 0.06 mmol t-BuOK (0.1 M), 18 ºC, 16 h. Ru : L :
substrate : t-BuOK : i-PrOH = 1 : 2 : 400 : 6 : 26000. Experiments in duplo. b Determined
by GC analysis with a Pona column. c Determined by GC analysis with a chiral column.
4.2.7

Influence of Substrate Concentration

The effect of substrate concentration was investigated using the Ru(p-cymene)
dimer, [RuCl2(p-cymene)]2 in combination with ligand 8a. Normally, a ratio of 1: 400 : 6
(Cat : Substrate : Base) is used in all the experiments (entry 2, Table 4.7). If the ratio of
the substrate is decreased from 400 to 20, full conversion is obtained but the enantiomeric
excess remains the same (entry 3, Table 4.7). If the substrate concentration is increased up
to 1000 very low conversion is obtained without enantioselectivity (entry 5, Table 4.7).
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Table 4.7 Catalytic results using different substrate concentration
Entry Catalyst a
1
2
3
4
5

Acetophenone
Equivalents
400
400
20
20
1000

Rucym
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8a

Conversion (%) b

Enantiomeric excess
(%, config.) c
32 (S)
30 (S)
30 (S)
-

5 (24h)
45 (16h)
100 (16h)
100 (2h)
5 (16h)

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym), 0.021 mmol ligand 8a, 20 mL (0.26
mol) i-PrOH, 0.06 mmol t-BuOK (0.1 M), 18 ºC, 16-24 h. Ru : L : substrate: base : i-PrOH
= 1 : 2 : 20-1000 : 6 : 26000. b Determined by GC analysis with a Pona column.
c
Determined by GC analysis with a chiral column.
4.2.8 Catalyst Decomposition

Deactivation by decomposition of the tris(oxazoline) ligands was suggested as a
possible cause for low activities and enantioselectivities. In general, oxazoline ligands are
known to be sensitive to strong acids and bases.[63] The same behavior was observed for
tris(oxazoline) ligands. They seem to be very sensitive to acids, bases and oxygen. The
main consequence of this decomposition is the opening of the oxazoline ring by water and
oxygen leading to the formation of the intermediate product, the tris(amido alcohol)
(Scheme 4.9). This decomposition was investigated by 1H NMR spectroscopy.
OH
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N

O

O
N

O

N
N

O
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N

O

N

H

OH

Scheme 4.9 Formation of tris-amido alcohol in the presence of oxygen
The tris(oxazoline) ligand with the isopropyl substituents (8a) gives among others,
a characteristic signal (singlet at 3.6 ppm) for the protons of the methylene group next to
the central nitrogen (HA). In contrast, the protons in the tris(amido alcohol) (HA) give a
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doublet at 3.2 ppm. In this way, decomposition of the tris(oxazolines) can be followed by
1

H NMR. Figure 4.6 shows two 1H NMR spectra. The first spectrum (a), corresponds to

the 1H NMR for the pure tris(oxazoline). The second spectrum (b), shows that the
tris(amido alcohol) has partially been formed. This is an indication of the decomposition of
the tris(oxazoline) after exposure to air for 2 hours. After approximately 12 hours, the
tris(oxazoline) is completely converted into the corresponding tris(amido alcohol).
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Figure 4.6 Decomposition of the tris(oxazoline)
The same situation was found when potassium tert-butoxide was added to the
tris(oxazoline) ligand. After 2 hours at room temperature typical signals in the 1H NMR
indicate the opening of the oxazoline ring. At higher temperatures (50 ºC), this
decomposition occurs faster and after 2 hours the three oxazoline rings have been
completely opened. All catalytic results are summarized in Table 4.8.
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Table 4.8 Catalytic results for ruthenium(II) tris(oxazoline) systems
Entry

Catalyst a

Base

Conversion (%) b

1
2d
3
4
5
6e
7f
8
9
10g
11
12

Rucym
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8a
Rucym - 8b
Rucym - 8c
Rucym - 8a
Rudmso - 8a
Rubenz - 8a

t-BuOK
t-BuOK
t-BuOK
KOH
NEt3
t-BuOK
t-BuOK
t-BuOK
t-BuOK
t-BuOK
t-BuOK

5 (24h)
0 (16h)
45 (16h)
40 (16h)
0 (16h)
65 (16h)
2 (16h)
0 (16h)
0 (16h)
100 (2h)
0 (16h)
5 (16h)

Enantiomeric excess
(%, config.) c
32 (S)
32 (S)
32 (S)
n.d
32 (S)
n.d

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym) or [RuCl2(benzene)]2, (Rubenz) or
[Ru(dmso)4Cl2], (Rudmso), 0.021 mmol ligand, 20 mL (0.26 mol) i-PrOH, 4 mmol acetophenone,
0.06 mmol base (0.1 M), 18 ºC, 16 h. Ru : L : substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 26000.
Experiments in duplo. b Determined by GC analysis with a Pona column. c Determined by GC
analysis with a chiral column. d Catalytic reaction run at 80 ºC. e Catalytic reaction run under H2
gas (30 bar, 50 ºC). f 4’-Chloroacetophenone used as substrate. g 20 equivalents of substrate used.

4.3

Transfer Hydrogenation: Achiral Tris(imidazoline) Ligands
Since imidazoline ligands are analogous to oxazoline ligands and since there are not

many applications in homogeneous catalysis concerning tris(imidazoline) ligands we
decided to apply these systems in the ruthenium-catalyzed transfer hydrogenation of
ketones. Different aspects including preformation time, effect of substrates among others,
will be discussed. Ligands 17a-c (Figure 4.7) were applied in the ruthenium(II)-catalyzed
transfer hydrogenation. The same general catalytic reaction depicted in Scheme 4.1
applies.
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Figure 4.7 Achiral tris(imidazoline) ligands
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4.3.1

Preformation Time

The catalytic activity was first explored in situ with [Ru(p-cymene)Cl2]2 as a
precursor and 17a (in a 1 : 2 ratio) in 2-propanol. After stirring this mixture at room
temperature for 6 hours, the base (potassium tert-butoxide, t-BuOK) and acetophenone
were added in a 6 : 400 ratio with respect to the catalyst. Under these conditions no activity
was observed. (entry 3, Table 4.9) Using the same preformation conditions but carrying out
the transfer hydrogenation reaction at 80 ºC, catalytic activity was observed, (entry 4,
Table 4.9).
Better activities were obtained, maintaining the same substrate/base ratio, when the
preformation time was increased. The preformation was carried out at 18 ºC for 16 hours.
Subsequently, addition of the base and acetophenone at 80 ºC gave 26 % conversion in
0.5 h, and 80 % conversion in 16 hours (entry 5, Table 4.9). This means that the formation
of the complex requires more than 12 hours in order to observe activities. Similar catalytic
activity was found when the preformation of the catalyst was carried out at 80 ºC (entry 6,
Table 4.9).
Table 4.9 Catalytic results using different preformation temperatures
Entry

Catalyst a

1
2
3d

a

Rucym
Rucym
Rucym – 17a

Preformation
Temperature (°C) b
18
80
18

Time
Preformation (h)
6

4

Rucym – 17a

18

6

5

Rucym – 17a

18

16

6

Rucym – 17a

80

16

Conversion (%) c
5 (24h)
8 (24h)
0 (2h)
0 (16h)
5 (0.5h)
80 (16h)
26 (0.5h)
80 (16h)
20 (0.5h)
76 (16h)

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, (Rucym), 0.021 mmol ligand 17a, 6 mL (0.078 mol) iPrOH, 4 mmol acetophenone, 0.06 mmol t-BuOK (0.1 M), 80 ºC, 16-24 h. Ru : L : substrate: base :
i-PrOH = 1 : 2 : 400 : 6 : 7836. Experiments in duplo. b Preformation of the catalyst was carried out
by stirring (Rucym) with ligand 17a at the indicated temperature for 6 or 16h. c Determined by GC
analysis with a Pona column. d Determined by GC analysis with a chiral column. d Catalytic
reaction carried out at room temperature.
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4.3.2

Role of the Base

In the case of tris(imidazoline) ligands, different ratios and concentrations of the
base (t-BuOK) were applied. Using less than 6 equivalents of the base results in low
conversions. The minimal amount of equivalents of base required is 6. Experiments using 5
or 5.5 equivalents were carried out and indeed a big difference in the activity was found
(Table 4.10). Using more than 6 equivalents, high activities were found. In all cases the
final conversion after 16 hours was 80 %.

Table 4.10 Transfer Hydrogenation of acetophenone using Ru-Tris(imidazoline) system a
Entry Time (h)
1
2
3
4

1
2
3
4

Conversion (%) b
5 equiv. base 5.5 equiv. base 6 equiv. base
9.9
8.4
32
17
17
56
24
25
68
28
31
73

10 equiv. base
29
57
69
79

a

Conditions: 0.01 mmol [RuCl2(p-cymene)]2, 0.021 mmol ligand 17a, 6 mL (0.078 mol) i-PrOH, 4
mmol substrate, 0.06 mmol – 0.6 mmol potassium tert-butoxide (t-BuOK, 0.1 M), 80 ºC. Ru : L :
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836. b Determined by GC analysis with a Pona column.

The stability of the tris(imidazoline) ligand, 17a in the presence of potassium tertbutoxide at 18 ºC and 80 ºC was investigated. After 2 hours, there was no indication of
decomposition either at room temperature or at higher temperatures. Even after 24 hours
no signals indicating decomposition were observed. This shows that the tris(imidazoline)
ligand is still stable under strong basic conditions. Additionally, tris(imidazoline) ligands
(17a-c) did not show any indication of decomposition after exposure to air.

4.3.3 Variations of Substrate and Automated Experimentation

In order to study the catalytic system as a function of time the automated
synthesizer, ChemSpeed ASW 1000 was used (Figure 4.8).
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Figure 4.8 ChemSpeed ASW 1000 and reactor vessels
The catalytic system was based on [Ru(p-cymene)Cl2]2 and tris(imidazoline) ligand
17a. The base (potassium tert-butoxide) and the substrate (acetophenone) were added
automatically in a 6 : 400 ratio with respect to the catalyst. Samples were taken at suitable
time intervals to complete a reaction time of 16 hours. A typical plot obtained is shown in
Figure 4.9.
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Conditions: 0.01 mmol [RuCl2(p-cymene)]2, 0.021 mmol ligand 17a, 6 mL (0.078 mol) i-PrOH, 4
mmol substrate, 0.06 mmol potassium tert-butoxide (t-BuOK, 0.1 M), 80 ºC, 16 h. Ru : L :
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836. Conversion was determined by GC analysis with a
Pona column.

Figure 4.9 Transfer hydrogenation of acetophenone using the ChemSpeed ASW 1000
The catalytic system does not reach full conversion in 16 hours. After 2 hours the
maximum conversion is already reached. This result can be interpreted as evidence that the

114

C3-Symmetric Ligands in the Ruthenium(II)-Catalyzed Transfer Hydrogenation of Ketones

catalyst is reaching equilibrium or that the catalyst is being deactivated. Both situations
were investigated and these results are presented in paragraph 4.3.4.
In the same way, different substrates were tested using the Ru-17a system. Electron
donating and electron withdrawing substituents at the substrate were considered. Four
substrates were studied: acetophenone, 4'-chloroacetophenone, propiophenone and 4'methoxyacetophenone. The results are presented in Figure 4.10.
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Conditions: 0.012 mmol [RuCl2(p-cymene)]2, 0.024 mmol ligand 17a, 6 mL (0.078 mol) i-PrOH,
4.8 mmol substrate, 0.072 mmol potassium tert-butoxide (t-BuOK, 0.1 M), 80 ºC, 16 h. Ru : L:
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836. Conversion was determined by GC analysis with a
Pona column.

Figure 4.10 Transfer hydrogenation using different substrates
Except for the 4'-methoxyacetophenone, all substrates behave similarly in the
catalytic reaction. After two hours it seems that the reaction reaches equilibrium and
conversions up to 90 % are observed.
4.3.4 Equilibrium
In order to establish whether the catalytic system reaches equilibrium or if it is
being deactivated, an additional experiment was carried out. The system studied was based
on Ru(p-cymene) dimer and ligand 17a. The same conditions (16 hours preformation time,
6 eq. t-BuOK, 400 eq. acetophenone) were used and the experiment was run using the
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ChemSpeed STW 1000. From previous experiments (Figure 4.9) it was clear that after 2
hours the maximum conversion obtained was only 80 %. Based on these results, the
experiment was carried out in the same way and after 2 hours, an additional 400
equivalents of acetophenone were added. The reaction was followed in time. If
deactivation indeed occurred, no further reaction should be observed. However, the
reaction continues upon addition of more substrate as can be seen in Figure 4.11. From
these results we can conclude that the equilibrium was reached before, rather than that the
catalyst was deactivated.
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Conditions: 0.012 mmol [RuCl2(p-cymene)]2 , 0.024 mmol ligand 17a, 3.7 mmol substrate, 0.06
mmol potassium tert-butoxide (t-BuOK, 0.1 M), 6 mL (0.078 mol) i-PrOH, 80 °C. Ru : L :
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836. Conversion was determined by GC analysis with a
Pona column.

Figure 4.11 Addition of 400 equivalents acetophenone
As mentioned above, the most probable explanation is that the reaction reached
equilibrium and this equilibrium can be shifted by adding acetophenone or acetone. The
equilibrium constant of this system was calculated from experimental data. The
equilibrium constant was determined by approaching the equilibrium with the forward
reaction. The equilibrium constant Keq for this reaction is depicted in equation 4.1. The
thermodynamic equilibrium constant of the reaction can be written in terms of the
concentrations of the products and reactants and is a dimensionless number.
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K eq =

[1 − phenylethanol ][acetone]
[acetophenone][2 − propanol ]

(Equation 4.1)

The concentrations of phenylethanol, acetone, acetophenone and 2-propanol were
determined from their respective chromatographic areas in relation to the internal standard,
dibutyl ether. The equilibrium constant was determined to be Keq = 0.65.

4.3.5

Variations of Substituents on Tris(imidazoline) Ligands

In order to investigate whether different tris(imidazoline) ligands show similar
behavior compared to the system Ru-17a, the effect of substituents on the tris(imidazoline)
ligands was investigated. Mainly, tris(imidazolines) with methyl and nitro substituents on
the benzene ring 17b-c were studied. Both tris(imidazoline) ligands presented different
behavior in the ruthenium-catalyzed reduction of ketones. The results for the ruthenium
tris(imidazoline) with methyl substituents are depicted in Figure 4.12.
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Conditions: 0.012 mmol [RuCl2(p-cymene)]2, 0.024 mmol ligand 17b, 4.8 mmol substrate, 0.072
mmol potassium tert-butoxide (t-BuOK, 0.1 M), 6 mL (0.078 mol) i-PrOH, 80 °C, 16 h. Ru : L :
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836. Conversion was determined by GC analysis with a
Pona column.

Figure 4.12 Transfer hydrogenation using different substrates with Ru-17b
Similar behavior as shown in Figure 4.10 should be expected for acetophenone,
4’-chloroacetophenone and propiophenone, since a catalyst does not affect the equilibrium
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of a certain reaction and should give the same equilibrium constant. It can be argued from
these results that deactivation is taking place. This argument is in agreement with the
experimental observations. Similar experiments were carried out as discussed in paragraph
4.3.4 and after addition of 400 equivalents of propiophenone the reaction did not proceed
further, indicating deactivation of the catalyst.
In the case of the Ru-17c system, no activity was observed for all substrates.
During the experiments, the presence of a black precipitate was noticed, characteristic of
ruthenium metal. Most probably, under strong basic conditions, this catalytic system was
deactivated.
Figure 4.13 shows the results obtained in the reduction of acetophenone using Ru17a-c systems. It is clear that the catalytic reaction using these systems does not reach
equilibrium, which is most likely due to catalyst deactivation.
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Conditions: 0.012 mmol [RuCl2(p-cymene)]2, 0.024 mmol ligand 17a-c, 4.8 mmol substrate, 0.072
mmol potassium tert-butoxide (t-BuOK, 0.1 M), 6 mL (0.078 mol) i-PrOH, 80 °C, 16 h. Ru : L :
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836. Conversion was determined by GC analysis with a
Pona column.

Figure 4.13 Reduction of acetophenone using different tris(imidazoline) ligands
Using the systems Ru-17a-c in the catalytic reduction of 4'-chloroacetophenone,
Ru-17a and Ru-17b reach equilibrium while Ru-17c does not show appreciable activity,
which is most likely due to catalyst deactivation and is subject of further investigations
(Figure 4.14).
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Conditions: 0.012 mmol [RuCl2(p-cymene)]2, 0.024 mmol ligand 17a-c, 4.8 mmol substrate, 0.072
mmol potassium tert-butoxide (t-BuOK, 0.1 M), 6 mL (0.078 mol) i-PrOH, 80 °C, 16 h. Ru : L :
substrate : base : i-PrOH = 1 : 2 : 400 : 6 : 7836.

Figure 4.14 Reduction of 4'-chloroacetophenone using different tris(imidazoline) ligands
4.4

Conclusions
C3-symmetric

ligands

were

tested

in

the

ruthenium-catalyzed

transfer

hydrogenation of ketones. The ruthenium tris(oxazoline) (8a) system gives moderate
activity and enantioselectivity. High temperature is required for the preformation of the
catalyst using chiral tris(oxazolines). Activities and enantioselectivities were only observed
when the catalytic reaction proceeds at room temperature. In the presence of ruthenium (pcymene)ruthenium(II) chloride dimer, three donor arms of the chiral tris(oxazoline) ligands
coordinate to the ruthenium center and the other three coordination sites available at the
metal center are occupied by p-cymene substituents. In order to become active, most
probably, one of the donors (arm) of the tris(oxazoline) ligand has to dissociate from the
metal to generate free coordination sites for the formation of hydride species or for
coordination of the substrate. If this dissociation takes place, the free oxazoline arm will
easily react with base, causing opening of an oxazoline ring. This could explain the low
catalytic activity.
Ruthenium tris(imidazoline) systems proved to be more stable under catalytic
conditions and specifically also under strong basic conditions. Good activities were
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observed. Catalyst testing and substrate screening has been automated using a ChemSpeed
ASW 1000 workstation. A possible deactivation of the catalyst was studied in detail and
disproved, showing that the reaction had reached equilibrium at about 85 % conversion.
Experimental Section

4.5

All preparations were carried out under an atmosphere of dry argon using standard
Schlenk techniques unless otherwise stated. Solvents were freshly distilled under argon
atmosphere and dried using standard procedures. All glassware was dried by heating under
vacuum. The NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer
with

13

C spectra measured 1H decoupled unless otherwise stated. Chemical shifts are

referenced to TMS (1H,

13

spectrometer

ATR

in

the

C). IR spectra were recorded on a Shimadzu 7300 FT-IR
mode.

Acetophenone,

4'-chloroacetophenone,

4'-

methoxyacetophenone and propiophenone were distilled from potassium hydroxide prior to
use and triethylamine was distilled from CaH2. Solutions of potassium tert-butoxide and
sodium hydroxide were degassed and stored under argon.
Bis(µ-chloro-[chloro(η6-benzene)Ruthenium]), [Ru(benzene)Cl2]2
The synthesis was carried out following literature procedures.[64] 2.0 g (7.64 mmol)
RuCl3·3H2O was heated under reflux with 10 mL (8.6 g, 0.10 mol) 1,3-cyclohexadiene in
100 mL dry EtOH for 4 hours. The brown precipitate was filtered off, washed with MeOH
and dried under vacuum. Yield: 95 % (3.63 g, 7.26 mmol). 1H NMR (CDCl3) δ: 4.02 (s,
arene protons). 13C NMR (CDCl3) δ: 90.52 (C-H, C6H5), 86.35 (C-H, C6H5), 76.42 (C-H,
C6H5).
Bis(µ-chloro-[chloro(η6-p-isopropyltoluene)Ru]). [Ru(p-cymene)Cl2]2
The synthesis was carried out following literature procedures.[64] 1.0 g (3.92 mmol)
RuCl3·3H2O was heated under reflux with 8.72 mL (7.29 g, 53.57 mmol) α-terpinene (90
%) in 30 mL of dry EtOH for 22 hours. The reaction mixture was cooled to room
temperature and the red precipitate was filtered off, washed with cold MeOH and dried
under vacuum. Yield: 70 % (0.70 g, 1.14 mmol). 1H NMR (CDCl3) δ: 5.21 - 5.41 (d, arene
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J= 6.4 Hz), 2.81 (m, CH), 2.15 (s, CH3), 1.21 (d, 6H, J=6.0 Hz, i-Pr). 13C NMR (CDCl3) δ:
101.21 (C-H, C6H5), 96.73 (C-H, C6H5), 81.28 (C-H, C6H5), 80.51 (C-H, C6H5), 30.60 (CH), 22.12 (CH3), 18.91 (CH3, i-Pr). IR (cm-1) ν: 3054 (C-H aromatic), 3029 (C-H
aromatic), 2956 (CH3), 2865 (CH3), 1448 (C-H), 877 (C-C).
General Procedure for Transfer Hydrogenation. tris(oxazolines)
Source: 2-propanol
In a 15 mL Schlenk flask, 7 mg, (0.01 mmol) (p-cymene)ruthenium(II) chloride dimer and
0.022 mmol tris(oxazoline) ligand were dissolved in 2-propanol (7 mL). The solution was
refluxed for 22 hours. After cooling to room temperature, potassium tert-butoxide (tBuOK) (0.68 mL, 0.1 M), 2-propanol (20 mL) and dibutylether (internal standard, 200 µL)
were added. This solution was stirred for 0.5 h before the ketone (4.57 mmol) was added.
The reaction was run at room temperature under argon for the time indicated. The resulting
solution was passed through a small alumina column prior to quantitative analysis by GC.
Source: Hydrogen gas
A typical transfer hydrogenation reaction was performed using a stainless steel home-made
75 mL autoclave equipped with a copper mantle for rapid heat exchange and a glass beaker
insert. In a 15 mL Schlenk flask, 7 mg, (0.01 mmol) (p-cymene)ruthenium(II) chloride
dimer and 0.022 mmol tris(oxazoline) ligand were dissolved in 2-propanol (7 mL). The
solution was refluxed for 22 hours. After cooling to room temperature, potassium tertbutoxide (t-BuOK) (0.68 mL, 0.1M) and dibutylether (internal standard, 200 µL) were
added. This solution was stirred for 0.5 h before the ketone (4.57 mmol) was added. The
solution was then transferred to the autoclave and rinsed with 2-propanol (5 mL). The
autoclave was flushed with hydrogen and pressurized to 30 bar. After stirring the reactor
for 16 h at 50 ºC the pressure was released and the resulting solution was passed through a
small alumina column prior to quantitative analysis by GC.
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Source: Azeotropic mixture of formic acid and triethyl amine
In a 15 mL Schlenk flask, 7 mg (0.01 mmol) (p-cymene)ruthenium(II) chloride dimer and
0.022 mmol tris(oxazoline) were dissolved in dichloromethane (7 mL). The solution was
refluxed for 22 hours. After cooling to room temperature, dibutylether (internal standard,
200 µL) and the ketone (4.57 mmol) were added. To this solution the azeotropic mixture of
formic acid and triethyl amine (5/2) (5 mL) was added. The reaction was run at room
temperature for the time indicated. The resulting solution was passed through a small
alumina column prior to quantitative analysis by GC.
General procedure for kinetic resolution. tris(oxazolines)
In a 15 mL Schlenk flask, 7 mg (0.01 mmol) (p-cymene)ruthenium(II) chloride dimer and
9.86 mg (0.025 mmol) tris(oxazoline) ligand (13a) were dissolved in acetone (7 mL). The
solution was refluxed for 22 hours. After cooling to room temperature, potassium tertbutoxide (t-BuOK) (0.68 mL, 0.1 M), acetone (15 mL) and dibutylether (internal standard,
200 µL) were added. This solution was stirred for 0.5 h before racemic phenyl ethanol
(4.57 mmol) was added. The reaction was run at room temperature under argon for the
time indicated. The resulting solution was passed through a small alumina column prior to
quantitative analysis by GC.
General Procedure for Transfer Hydrogenation. tris(imidazolines)
In a 15 mL Schlenk flask, 7.35 mg (0.012 mmol) (p-cymene)ruthenium(II) chloride dimer
and 0.024 mmol tris(imidazoline) were dissolved in 2-propanol (10 mL). The solution was
stirred at 18 ºC for 16 hours, then potassium tert-butoxide (t-BuOK) (0.68 mL, 0.1 M) and
dibutylether (internal standard, 200 µL) were added. This solution was stirred for 0.5 h at
80 ºC before the ketone (4.57 mmol) was added. The reaction was run at 80 ºC under argon
for the time indicated. The resulting solution was passed through a small alumina column
prior to quantitative analysis by GC.
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Automated experimentation using ChemSpeed ASW 1000
The reaction was carried out in an automated synthesizer, ChemSpeed ASW1000
containing a block with 16 reactor vessels of 13 mL each. All reaction vessels were
equipped with a heating jacket, which was connected to a Lauda RM6 Thermostat (- 20 to
90oC) and cold finger reflux condensers. 7.35 mg (0.012 mmol) (p-cymene)ruthenium(II)
chloride dimer and 0.024 mmol tris(imidazoline) were dissolved in 2-propanol (4.0 mL).
The solution was stirred for 16 hours. Subsequently, dibutylether (internal standard, 200
µL) was added to this catalyst solution. Catalyst solution (4.0 mL), potassium tert-butoxide
(t-BuOK) (0.072 mmol, 0.1 M) and the ketone (4.8 mmol) were transferred into the
reaction vessel resulting in a 6 mL reaction mixture. Reaction vessels were heated to 80 oC
and stirred (vortex) at 600 rpm. At suitable time intervals, samples of 0.1 mL were taken
from the reactor and injected into GC vials. After 24 h, the remaining reaction mixture was
transferred to a vial.
Experimental determination of the equilibrium constant using ChemSpeed ASW 1000

The (p-cymene)ruthenium(II) chloride dimer (7.35 mg, 0.012 mmol) and 9.86 mg (0.024
mmol) tris(imidazoline) (17a) were dissolved in 2-propanol (4.5 mL). The solution was
stirred for 16 hours. Dibutylether (internal standard, 200 µL) was added to this solution.
Catalyst solution (4 mL), potassium tert-butoxide (t-BuOK) (0.72 mL, 0.1M) were added.
This solution was stirred for 0.5 h before the ketone (0.56 mL, 4.80 mmol) was added. At
suitable time intervals, samples of 0.1 mL were taken from the reactor and injected to GC
vials. After 48 h, the remaining reaction mixture was transferred into a vial. Conversion
was measured by GC.
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GC Analysis
Conversion
GC

:

Shimadzu GC 17A

Column

:

HP Pona (crosslinked Me Siloxane), 50 m, inner ø
0.20 mm, film thickness 0.5 µm

Carrier gas

:

Helium 208.0 kPa (total flow 69 mL/min)

Temperature program

:

70 ºC (hold: 1 min), 6 ºC/min to 120 ºC (hold: 12
min), 10 ºC/min to 250 ºC (hold: 1 min)

Injector

:

270 ºC

Detector (FID)

:

270 ºC

Split ratio

:

75

Injection volume

:

1.0 µL

Table 4.11 Selected retention times of various substrates, products and the internal standard

Compound
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Retention time (min)

Acetophenone

17.5

1- Phenylethanol

17.2

4'-Chloroacetophenone

26.5

1- Chorophenylethanol

27.3

4'-Methoxyacetophenone

28.3

1- methoxyphenylethanol

27.9

Propiophenone

23.7

1-phenylpropanol

23.1

Dibutylether

10.0

2-propanol

4.1

Acetone

3.8

C3-Symmetric Ligands in the Ruthenium(II)-Catalyzed Transfer Hydrogenation of Ketones

Enantiomeric excess 1- phenylethanol
GC

:

Carlo Erba 6000 Vega series 2

Column

:

FS-Cyclodex β I/P column, 50 m, inner ø 0.25 mm

Carrier gas

:

Helium 240 kPa

Temperature program

:

115 ºC (isotherm)

Injector

:

200 ºC

Detector (FID)

:

200 ºC

Split ratio

:

60

Injection volume

:

1.0 µL

(R)- 1-phenylethanol 21 min
(S)- 1-phenylethanol 23 min
4.6
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
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22
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Chapter 5

New Concepts: Post-Synthesis Ligand
Modification for Asymmetric Catalysis
Mono- and bis(phosphinomethyl)amines were synthesized using achiral secondary amines,
chiral primary amines and chiral diamines. The products were generally obtained in high
yield (95 %), allowing modification of the substituents at the nitrogen and at the
phosphorus moieties. The nitrogen functionality of these phosphinomethylamines was
protonated with chiral and achiral acids such as camphorsulfonic acid and
tetrafluoroboric acid, respectively. In this way, new modifications on the P,N systems can
be performed by using non-covalent interactions between ion pairs. These modified P,N
ligands were applied in the rhodium-catalyzed hydrogenation of methyl (Z)-2-acetamidocinnamate. Although these new metal complex systems showed higher activities than the
non-protonated P,N metal complex systems, no enantioselectivity was observed. In
addition, phosphinomethylamines were applied in the ruthenium-catalyzed transfer
hydrogenation of ketones. The catalytic systems showed good activities. Coordination
studies showed that only the phosphorus atom is coordinated to the metal center in the
solid state.

Chapter 5

5.1

Introduction
The development of homogeneous catalysis in general and the development of

ligands for metal-catalyzed reactions in particular can be considered as an evolutionary
process. Starting with simple compounds such as triphenylphosphine, more complex
systems can be obtained by specific functionalization of the ligand backbone.[1] This
strategy allows adaptation of well-known catalysts to new types of reactions, new reaction
conditions and new requirements. Since the design of chiral phosphorus ligands plays an
important role in the development of metal-catalyzed reactions, many studies have been
dedicated to the enlargement of the ligand pool. The successful application in metalcatalyzed reactions of some of these ligands resulted in significant directions for ligand
design.[2] Although the exploration of chiral phosphorus ligands is a continuous effort, their
synthesis and modification are in most cases a limiting step.
O
OCH3

O
P

P

P

PAr2
O
(S)-CAMP

N
R1

(S,S)-DIPAMP

(S)-JM-PHOS

Ph2P
O
N

PPh2
O

PPh2

PPh2

PPh2

PPh2

COOt-Bu
(S,S)-BPPM

(S,S)-DIOP

(S)-BINAP

Figure 5.1 Chiral phosphorus ligands
One of the most frequently applied catalytic reactions involving transition metal
complexes associated with chiral phosphorus ligands is the asymmetric hydrogenation.
After the discovery of Wilkinson's homogeneous hydrogenation catalyst based on rhodium
and triphenylphosphine,[3] Knowles made a significant improvement by synthesizing a C2symmetric chelating diphosphine ligand, DIPAMP (Figure 5.1). This ligand in
combination with rhodium was very successful in the hydrogenation of dehydroamino
acids, especially in the production of L-3,4-dihydroxyphenylalanine (L-DOPA), a drug
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used in the treatment of Parkinson's disease (Scheme 5.1). For this big achievement,
Knowles was awarded the Nobel Prize in 2001.[4] Later, Noyori and Takaya reported an
atropisomeric C2-symmetric diphosphine ligand, BINAP (Figure 5.1). The application of
this ligand in the rhodium-catalyzed hydrogenation afforded high selectivities, but the
significant impact was only recognized when the BINAP ligand was applied in ruthenium
chemistry.[5] In 1990, Noyori discovered that the Ru-BINAP diamine complexes are
efficient catalyst for asymmetric hydrogenation of unfunctionalized ketones.[6] Since then,
inspired by Knowles' and Noyori's work, many mono- and bidentate phosphorus ligands
have been developed and applied in rhodium-catalyzed asymmetric hydrogenations of
imines, ketones and prochiral alkenes.[1]
MeO

COOH

HO

*

1) [Rh(DIPAMP)]+ / H2
NHAc

AcO

2) H 3O+

COOH

NH2

HO
L-DOPA

Scheme 5.1 Synthesis of L-DOPA catalyzed by the cationic Rh-DIPAMP catalyst
Not only phosphorus-based ligands have been studied extensively, but also hybrid
ligands containing both a phosphorus and nitrogen functionality (P,N ligands).[7,8] The
success of these mixed donor ligands in metal-catalyzed reactions is due to their hemilabile
character, combining hard and soft donor atoms.[9-11] There are different features associated
with each donor atom that provide their metal complexes with a unique reactivity.[12,13] The
term hemilability was introduced about 25 years ago,[14] although the phenomenon itself
had been observed earlier as discussed by Naud et al.[15] In this context, P,N ligands are
considered to show hemilability, because the hard donor atom (nitrogen) can coordinate
only weakly to a soft metal center, while the soft donor atom (phosphorus) coordinates
strongly to a soft metal center, according to Pearson's HSAB (hard, soft, acid, base)
concept.
R1
P

N

R1
MLn

R2

R1

R2

R1

P

N

R2
R2

MLn

Scheme 5.2 Hemilability of a P,N ligand
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Due to the hemilabile behavior, a vacant coordination site at the metal center can be
provided in solution, whereas their chelate effect confers stability to the catalyst precursor
in the absence of substrate (Scheme 5.2).[16]

O
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N

Me
HN

Me

NH
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Diphenylphosphino
amino cyclohexane

(S)-MONOPHOS

N
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N

N

PPh2

PPh2 Ph

Bisaminophosphine

Me
N

O
PPh2

PAr2

PAr2

N

N
R1

R1
(R)-QUINAZOLINAP

O

N

(S)-PYRPHOX

(S)-PHOX

Figure 5.2 Chiral P,N ligands
Numerous catalytic systems containing P,N ligands have been applied successfully
in different catalytic reactions, such as the palladium-catalyzed allylic alkylation,[17,18]
rhodium-catalyzed transfer hydrogenation,[11,19] palladium-catalyzed copolymerization[20,21]
and the Heck reaction.[22]
In this context, a new way of functionalizing amines was introduced by Coates and
Hoyes. This synthesis consists of the reaction of hydroxymethylphosphonium cation with
primary and secondary amines. Since then, aminomethylphosphines have been used in
various commercial applications, such as flame-retardants.[23] However, the most favored
route to aminomethylphosphines has been the modified Mannich reaction using
hydroxymethylphosphines or hydroxymethylphosphonium salts as the key starting
materials developed by Russell et al., in 1993 (Scheme 5.3).[24] Some of these
bis(phosphinomethyl)amines

have

been

used

in

asymmetric

catalysis.

Bis(phosphinomethyl)amines based on amino esters for example, were applied in the
hydrogenation of methyl (Z)-2-acetamido-cinnamate giving low enantioselectivities, of up
to 28 % enantiomeric excess.[25,26]
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Scheme 5.3 Synthesis of phosphinomethylamines
Traditionally, chiral ligands coordinating to a metal center confine the substrate
orientation and thereby lead to selectivity towards one enantiomeric product. Nevertheless,
asymmetric induction is a very sensitive process and there is a possibility of using other
interactions than metal-ligand interactions to achieve chirality in metal-catalyzed reactions.
These interactions can be located in the second coordination sphere and they can, in
principle, incorporate chirality into active metal systems without affecting the reactivity.
Moreover, these interactions can be easily modified in search for high levels of
enantioselectivity. Although the properties of chiral anions have largely been neglected, it
has been shown by special NMR techniques that non-coordinating or weakly coordinating
counter anions can adopt fixed positions relative to the metal center and to the ligand
framework depending on the conditions, especially solvent polarity and temperature.[27] In
this respect, the terms contact, tight, or intimate ion pairs and solvent-separated or loose
ion pairs play an important role and will have a significant influence on the
enantioselectivity of a catalyst.
In the field of homogeneous catalysis, the steric- and electronic control of a
catalytic species is primarily limited to the first coordination sphere of the metal. This
contrasts to enzymes, which take advantage of both the first, second and even higher
coordination spheres to produce catalysts with very high activity and selectivity. In Nature,
biocatalysts or proteins in general maintain their three-dimensional functional structure
through disulfide bridges, hydrophobic forces, hydrogen bridges as well as electrostatic
forces. The latter are generated by the presence of ion pairs (Chapter 1).
Ion pairs are defined as pairs of oppositely charged ions, with a common solvation
shell, held together prevalently by Coulombic forces with lifetimes sufficiently longer than
the correlation time of Brownian motion (kinetic stability) and a binding energy higher
than kT (thermodynamic stability)[28,29] (Chapter 1). While the importance of ion paring in
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organic chemistry has been recognized for a long time, transition metal complexes with ion
pairs have only been extensively investigated in recent years.[30] The number of chemical
reactions with transition metal organometallic compounds that are affected by ion pairing
is remarkably high and includes all possible molecular geometries and electronic
configurations of metal centers and types of ligands and counterions.[31-33]
Some examples have been reported in the literature regarding chiral induction by
using different types of interactions. Asymmetric synthesis by phase transfer catalysis
using chiral ammonium salts has been used in a number of organic transformations.[34] The
application of these catalysts has been mainly reported in the areas of chiral induction and
kinetic resolution. More recently, optical yields of up to 99 % have been achieved.[35] In
1992, Trost et al.[2] showed that chiral spectator ions can induce chirality in the reactions
catalyzed by achiral metal complexes (Figure 5.3). The system studied consisted of achiral
palladium complexes in the presence of cinchonidinium alkaloids. They were applied in
allylic alkylation reactions affording low enantioselectivities (8 %).
H
N

O
R
O

Ph

P

Pd

Ph

Figure 5.3 Chiral ligand derived from 2-(diphenylphosphino)benzoic acid
In 1996, Osborn et al.[36] showed the effect of using different counteranions
affecting activities and enantioselectivities in the rhodium-catalyzed hydrogenation of
imines in the presence of micelles. In these studies, the enantioselectivity of the catalyst
was dependent on the nature of the ‘non-coordinating’ anion present, e.g. ClO4-, PF6-, BF4-,
as well as on the polarity of the solvent used. However, the mechanism involving these
interactions is still not clear.
In 2000, Arndtsen et al.[37] reported the first example of an enantioselective metalcatalyzed reaction using a chiral counteranion as the only source of chirality. The chiral
counteranion contained two binaphtyl units bound to a tetrahedral boron center (Figure
5.4). The copper(I) phenanthroline catalyst in the presence of the chiral counteranion was
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applied in styrene cyclopropanation. Low enantiomeric excess (up to 28 %) was obtained.
These studies showed again a solvent dependence of the enantiomeric excess.

Ph

+

PhI=NTs

[Cu(MeCN)4]X

N

NTs
Ph

X=

O
O

B

O
O

N

Figure 5.4 Chiral counterion based on binaphtyl unit
More recently, Milstein et al.[38] reported on achiral rhodium complexes of
sulfonated triphenylphosphine ligands; by exchanging the counterions by chiral
ammonium ions, a chiral catalyst was obtained (ligand depicted in Figure 5.5). The
systems were applied in the rhodium-catalyzed hydrogenation of methyl (Z)-2-acetamidocinnamate (MAC) giving low conversions and no enantioselectivity.

N
SO3
P
O3S
N

SO3
N

Figure 5.5 Chiral matrix using ammonium salts

In the same year, Beller et al.[39] showed the application of new
triphenylphosphine ligands containing functional sites in the backbone in the rhodiumcatalyzed hydroaminomethylation of styrene with piperidine. They were able to show the
existence of secondary interactions between the ligands and the Lewis acids enhancing
activities and selectivities.
New functionalities in known ligand systems may be implemented by making use
of non-covalent interactions between ion pairs. The ligands to be modified are readily
accessible and after a post-synthesis modification, they should be able to enhance the
activity and enantioselectivity in different catalytic reactions. In this chapter, the synthesis
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of (a)chiral phosphinomethylamines using (a)chiral primary and secondary amines will be
presented. The introduction of non-covalent interactions by quaternization, either
protonation or alkylation, of the nitrogen functionality with (chiral) acids will be
discussed. In order to induce chirality, the chiral information should be kept in close
proximity of the catalytically active center. Solvent will be of major importance, since it
has a direct effect on the electrostatic forces. The ion-pair interactions will determine the
conformation of the ligand, which will have effects on the activity and selectivity of the
catalyst. The modified systems were applied in the rhodium-catalyzed asymmetric
hydrogenation and the results obtained will be discussed.
5.2

Synthesis of Phosphinomethylamines
A variety of phosphinomethylamines was synthesized following the procedure

described by Russell et al.[24] The substituents on both the nitrogen and the phosphorus
atoms were varied. Via this synthesis, primary and secondary amines can be functionalized
with a phosphine moiety by reaction with hydroxymethylphosphonium salts. The
phosphonium salts were obtained in excellent yields (96 – 99 %) by reacting a secondary
phosphine, such as diphenylphosphine (HPPh2) or dicyclohexylphosphine (HP(C6H11)2)
with aqueous formaldehyde and concentrated hydrochloric acid (Scheme 5.4).
OH

O

R1
P

H

R1

+

H

H

+

HCl

R1

P

OH

+
Cl -

R1

R1= Ph, Cy

Scheme 5.4 Synthesis of phosphonium hydrochloride salt

It is also possible to use different substituents on the secondary phosphines, leading
to

non-symmetric

hydroxymethylphosphonium

salts.

Diphenylphosphine

and

dicyclohexylphosphine were used to prepare the phosphonium salts (Figure 5.6). The salts
were obtained as crystalline solids, which proved to be only soluble in polar solvents. The
substituents on the phosphorus atom determined the reactivity of the salts towards oxygen.
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Figure 5.6 Phosphonium salts
Phosphinomethylamines were obtained by the reaction of a phosphonium salt with
an excess of triethylamine (NEt3) or potassium hydroxide (KOH) and subsequent reaction
with a primary or secondary amine, to give the desired products in high yields (Scheme
5.5).
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+
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R2
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Scheme 5.5 General reaction for obtaining phosphinomethylamines
Different secondary amines were used, mainly symmetric amines with varying
electronic properties. Figure 5.7 shows the phosphinomethylamines synthesized, the
corresponding 31P NMR chemical shifts are depicted below the structures.
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Figure 5.7 Phosphinomethylamine P,N ligands
All products were obtained in good yields (85 – 97 %) and characterized by 1H, 31P
and

13

C NMR spectroscopy. Significantly harsher conditions were required to prepare 5

and 6 due to the combination of a sterically hindered phosphorus atom and a nitrogen atom
with bulky substituents. Depending on the amine, solid or oily products were obtained,
although in most of the cases the products were obtained as viscous oils. The products
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were air sensitive, especially those containing cyclohexyl substituents on the phosphorus.
The characteristics of ligand 5 are in agreement with the literature data.[40]
The same synthetic route can be applied using chiral primary amines or chiral
diamines. In this way, mono- and bidentate phosphinoamines can be obtained (Figure 5.8,
31

P NMR chemical shifts depicted below structure).
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N

δ= -26 ppm

10
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Figure 5.8 Chiral phosphinomethylamine P,N ligands
All products were obtained in good yields, 90 – 99 % and characterized by 31P, 1H
and 13C NMR spectroscopy. The products were obtained as viscous oils. The compounds
are air sensitive. In the presence of oxygen the corresponding phosphinoxides are obtained
(singlet at δ = 20 ppm in the 31P NMR spectrum). This synthetic route is shown to be an
efficient method to assemble new phosphinomethylamines in high yields.
5.3

Protonation of P,N Ligands
Modification of these phosphinomethylamines was carried out by protonation of

the nitrogen atom with a (chiral) acid. The nitrogen atoms in the phosphinomethylamines
can be protonated using chiral mono-acids, such as camphorsulfonic acid or chiral di-acids,
such as tartaric acid in order to generate bidentate phosphine ligands (Figure 5.9).
O

OH
O

SO3

O

O

HO

R2
R2

H

H
N
R2

N

O

R2

R2

R1

R1

R2
N

H

R1
P
R1

P
R1

P
R1

Figure 5.9 Protonation using chiral mono- and di-acids
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The general reaction for the protonation of phosphinomethylamines using
camphorsulfonic acid is depicted in Scheme 5.6.
SO3

SO3H
R1
P
R1

N
R2

O

R2

+ (R)

O

CH2Cl2
T= -63 °C

R2
18 °C

H

R1

N

P
R1

R2

R1= Ph, Cy
R2= Ph, Et

Scheme 5.6 Protonation of phosphinomethylamines with a chiral acid
The aminomethylphosphine based on piperidine (7), was protonated with (R)camphorsulfonic acid at low temperature (Scheme 5.7). After purification a crystalline
solid was obtained. The reaction was followed by

31

P NMR spectroscopy and after

protonation, one singlet at δ = –33 ppm was observed while the starting phosphinoamine
compound showed a singlet at δ = –27 ppm. In the 1H NMR spectrum, it was possible to
observe the characteristic signal given by the N-H proton, indicating the successful
protonation. Moreover, in the 1H NMR spectrum, signals of the hydrogen atoms next to the
nitrogen atom in compound 7 (P-CH2-N) are shifted downfield (δ = 4.0 ppm) in
comparison to those of the of phosphinomethylamine compound (δ = 3.4 ppm).
SO3

SO3H
P

31

N

P NMR: δ= -28 ppm
7

O

+ (R)

O

T= -63 °C

H
N

CH2Cl2

P

18 °C

31

P NMR: δ= -33 ppm
12

Scheme 5.7 Protonation of phosphinomethylamine (7) with chiral camphorsulfonic acid

Single crystals, suitable for crystallographic studies, were obtained for compound
12 by slow diffusion of diethyl ether into a toluene solution of 12. The resulting molecular
structure is presented in Figure 5.10. Selected bond distances and angles are collected in
Table 5.1. The asymmetric unit of the crystal structure contains two cations and two
anions.
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Figure 5.10 ORTEP representation of the protonated phosphinomethylamine (12).
Displacement ellipsoids drawn at the 50 % probability level.
Table 5.1 Selected bond lengths, distances and angles for compound 12
Bond lengths (Å)
P – CH2
S–O

1.865
1.477

N – CH2

1.473

N–H

0.96

103.7

O–S–O

110.22

Angles (°)
P- CH2 – N

115.5

CH2 – N - H

Protonations involving diacids such as tartaric acid were also carried out. The same
reaction conditions were used with two equivalents of phosphinomethylamine (7) (Scheme
5.8).
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Scheme 5.8 Protonation of aminomethyl compound using tartaric acid

140

New Concepts: Post-Synthesis Ligand Modification for Asymmetric Catalysis

The reaction was followed by

31

P NMR spectroscopy and after protonation, one

singlet at δ = –30 ppm was observed. In the 1H NMR spectrum, the characteristic signal
given by the N-H, was observed at δ = 7.6 ppm indicating protonation of the nitrogen
atom. In the 1H NMR spectrum, signals of the hydrogen atoms next to nitrogen atom (PCH2-N) in the phosphinomethylamine compound are shifted downfield (δ = 4.0 ppm) in
comparison to those of the free compound (δ = 3.4 ppm).
Protonation reactions with chiral bis(phosphinomethyl)diamine 9 were carried out
using (R)-camphorsulfonic acid (R-CSA) and tetrafluoroboric acid (HBF4). The addition of
the corresponding acid was carried out at low temperature in dichloromethane. After
stirring for 12 hours at room temperature the solvent was removed. The desired protonated
compounds were obtained in good yields (85 %) (Scheme 5.9). The products were
obtained as solids and they were characterized by 1H, 31P and 13C NMR spectroscopy.
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H

N
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[X]2

14a-b

O

H-X = a) (R)
b) HBF4

Scheme 5.9 Protonation of compound 9 with (a)chiral acids
Initially, two equivalents of camphorsulfonic acid were added dropwise to
compound 9. The reaction was followed by 31P NMR spectroscopy and it turned out that
not all of the starting material had reacted. This reaction was also performed in acetonitrile,
but heating to reflux did not have an influence on the conversion to 14a. Even though full
conversion was not reached, isolation of 14a was successful by layering of a
dichloromethane solution with diethyl ether. After purification, the product was obtained
as a powder. The 31P NMR spectrum showed a singlet at δ = 16.3 ppm. In the same way as
the product was purified, crystals were grown, but they were not suitable for
crystallographic studies since they formed aggregates and their separation was not
possible.
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Protonation of compound 9 with tetrafluoroboric acid (HBF4) was carried out using
4 equivalents of acid. After 24 hours, there was no starting material present any more and
the nitrogen atoms were protonated. After purification a white powder was obtained (65 %
yield). The 31P NMR spectrum showed one singlet at δ = 18.5 ppm.
5.4

Phosphinomethylamines in Ruthenium-Catalyzed Transfer Hydrogenation of
Ketones
The synthesis of phosphinomethylamine compounds is well established, however,

neither their coordination chemistry, nor their application in metal-catalyzed reactions has
been given much attention. Therefore, also the non-protonated ligands were studied, which
will

be

discussed

in

this

paragraph.

Complexes

of

ruthenium(II)

with

phosphinomethylamine ligands 3-8 (Figure 5.7) were synthesized and applied in the
ruthenium-catalyzed transfer hydrogenation of ketones. The general reaction of a catalytic
transfer hydrogenation is depicted in Scheme 5.10. Mechanistic and general aspects
concerning this catalytic reaction are described in detail in Chapter 4.
O

OH
OH

R1

+
R2

[Ru]
t-BuOK

R1

O

+

R2

R1 = Me, Et
R2 = Cl, MeO

Scheme 5.10 Transfer hydrogenation of ketones
The catalytic behavior was studied with complexes synthesized from (p-cymene)
ruthenium(II) chloride dimer, [Ru(p-cymene)Cl2]2 and phosphinomethylamines (3-8) (in a
1 : 1 ratio with respect to Ru). The ruthenium complexes of 3-8 were dissolved in 2propanol and the base (potassium tert-butoxide, t-BuOK) and substrate (acetophenone)
were added in a 6 : 400 ratio with respect to the catalyst. Under these conditions no activity
was found, even after long reaction times (24 hours). However, when the base and the
substrate were added to the ruthenium complexes at 80 ºC, activity was observed in most
systems. Figure 5.11 shows the results obtained after a reaction time of 16 hours.
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Conditions: 0.01 mmol [RuCl2(p-cymene) P,N ligand 3-8], 10 mL i-PrOH, 4 mmol
substrate, 0.06 mmol t-BuOK, 80 °C, 16 h. No conversion was observed for the precursor
metal.
Figure 5.11 Transfer hydrogenation using neutral ruthenium phosphinomethylamine
complexes
The substituents on both the phosphorus and nitrogen atoms of the
phosphinomethylamine ligands have been systematically varied. The phosphine moiety is
either a diphenylphosphine or a dicyclohexylphosphine group; piperidine, diethylamine
and diphenylamine have been used for the amine functionality. Ruthenium complexes
containing ligands 3 and 4 show better activity when a diphenylphosphine moiety is
present in the ligand. Ruthenium complexes of 5 and 6 both show high activities, whereas
in complexes based on 7 and 8, no activity is observed when a diphenylphosphine moiety
is present. When comparing the activity of ruthenium complexes 3, 5 and 7 that all have
the diphenylphosphine functionality with complexes of 4, 6 and 8, containing the
dicyclohexylphosphine moiety, no regular trend can be identified. In order to check the
validity of the results, all experiments were repeated, but gave the same outcome. Also
when the catalytic behavior was studied in situ with systems generated from (pcymene)ruthenium(II) chloride dimer and phosphinomethylamines 3-8 no changes were
observed in activities. The observed catalytic behavior may be a result of complex
interactions between the phosphine and the amine, but remains difficult to explain without
the synthesis of additional ligands. Nevertheless, the richness of ligand-properties that can
be achieved with this simple set of variables makes them interesting for combinatorial
chemistry.
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In order to find a possible explanation for these differences in the catalytic activity,
the coordination chemistry of these ligands was studied with (p-cymene)ruthenium(II)
dimer. A mixture of [RuCl2(p-cymene)2] and ligand (5) in a 1 : 2 ratio was stirred in
dichloromethane for two hours at room temperature, the ruthenium(II) complex 15 was
isolated as an orange air stable solid. The complex obtained was characterized by 1H, 31P,
13

C NMR, IR spectroscopy and mass spectrometry. In the

31

P NMR spectrum, only one

singlet was observed at δ = 26.8 ppm indicating the formation of one single species and the
coordination of the phosphorus to the ruthenium. In the 1H NMR spectrum, signals for
protons between the nitrogen and the phosphorus atoms (N-CH2-P) are shifted downfield
in comparison to those of the free ligand. The nitrogen atom is not coordinated to the
ruthenium center, otherwise a bigger shift would have been observed for the protons close
to the nitrogen atom. Moreover, if an 18e- complex is formed, the coordination of the
nitrogen atom to the ruthenium center is not expected. In fact, this behavior was confirmed
by X-ray analysis. Single crystals, suitable for crystallographic studies, were obtained by
slow diffusion of pentane into a dichloromethane solution of 15. The resulting molecular
structure is presented in Figure 5.12. Selected bond distances and angles are collected in
Table 5.2.

Figure 5.12 ORTEP representation of complex 15 Ru-5. Displacement ellipsoids drawn at
the 50 % probability level. All hydrogens are omitted for clarity.
The single crystal X-ray analysis indicates that the geometry around the
ruthenium(II) atom is distorted tetrahedral. The metal center is coordinated to one
phosphorus atom and indeed the nitrogen atom is not coordinated to the metal center in the
solid state. The two chloride substituents and the p-cymene moiety, which acts as a neutral
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six-electron donor, complete the coordination sphere of the ruthenium atom forming an
18e- complex. Selected bond distances and angles are collected in Table 5.2. A stable 18ecomplex was obtained in solid state and in solution, in which only the phosphorus atom
coordinates to the ruthenium center as indicated by spectroscopic data and crystallographic
studies.
Table 5.2 Selected bond lengths, distances and angles for Ru-5 complex (15)
Bond lengths (Å)
Ru – Cl1

2.4185

Ru – Cl2

2.4155

Ru – P

2.3510

Cl2 - Ru – P

84.40

Angles (°)
Cl1 - Ru – Cl2 88.28
P – CH2 - N 113.29

Cl1 - Ru – P 87.50
Ru -P – CH2 113.20

Since ligands 7 and 8 gave very low activities in the ruthenium-catalyzed transfer
hydrogenation of acetophenone, coordination of these ligands was investigated as well.
The

same

procedure

was

carried

out,

using

[Ru(p-cymene)Cl2]2

and

phosphinomethylamine 7 in a 1 : 2 ratio in dichloromethane. After stirring for two hours at
room temperature, the ruthenium(II) complex 16 was isolated as an air stable orange solid.
The complex obtained was characterized by 1H, 31P, 13C NMR, IR spectroscopy and mass
spectrometry. In the

31

P NMR spectrum, similar features were found as for complex 15;

only one singlet at δ = 27.6 ppm was observed and no presence of free ligand (singlet at δ
= –27.3 ppm). In the 1H NMR spectrum, signals for protons between the nitrogen and the
phosphorus atoms (N-CH2-P) are shifted downfield in comparison to those of the free
ligand. Here again, the nitrogen atom is not coordinated to the ruthenium and this behavior
was confirmed by X-ray analysis. Single crystals, suitable for crystallographic studies,
were obtained by slow diffusion of pentane into a dichloromethane solution of 16. The
resulting molecular structure is presented in Figure 5.13. Selected bond distances and
angles are collected in Table 5.3. The same situation in solid state and in solution was
found leading to the formation of a stable 18e- complex in which the phosphorus atom
coordinates to the ruthenium center.
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Figure 5.13 ORTEP representation of complex 16 Ru-7. Displacement ellipsoids drawn at
the 50 % probability level. All hydrogens are omitted for clarity.
Table 5.3 Selected bond lengths, distances and angles for Ru-7 complex (16)
Bond lengths (Å)
Ru – Cl1

2.4088

Ru – Cl2

2.4206

Ru – P

2.3454

Cl2 - Ru – P

85.04

Angles (°)
Cl1 - Ru – Cl2 88.47
P – CH2 - N 117.35

Cl1 - Ru – P 85.23
Ru -P – CH2 112.43

From these results, complexes 15 and 16 do not show noticeable differences. The
distance between the ruthenium and the phosphorus atom is the same for both complexes
(2.34 Å). In the solid state and in solution, 18e- complexes are obtained. Furthermore, no
formation of dimers was observed (as indicated by mass spectrometry) and only the
phosphorus atom coordinates to the ruthenium center. Similar features were found for the
phosphinomethylamine ligands (3, 4, 6, 8) in the presence of ruthenium(II) as indicated by
1

H,

31

P,

13

C NMR spectroscopy. These results suggest the same coordination behavior as

discussed before.
Concerning the behavior of these systems during catalysis, it is likely that the
catalytic cycle starts with the 18e- neutral complexes (15 or 16) in which two chloride
substituents are also coordinated to the ruthenium. After addition of the base, the
abstraction of one chloride takes place leading to the formation of a 16e- complex, which
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can be stabilized by the coordination of the nitrogen atom. Subsequently, the metal hydride
species can be formed following the hydridic mechanism as depicted in Scheme 5.11.[41]
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Scheme 5.11 Proposed mechanism for the transfer hydrogenation
The influence on the catalytic activity of Ru-4 and Ru-6 systems was studied with
different substrates. The results are presented in Figure 5.14. Three substrates were used,
acetophenone, 4'-chloroacetophenone and 4'-methoxyacetophenone.
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Conditions: 0.01 mmol [RuCl2(p-cymene) P,N ligand 4 and 6], 10 mL i-PrOH, 4 mmol
substrate, 0.06 mmol t-BuOK, 80 °C, 16 h.
Figure 5.14 Transfer hydrogenation using neutral ruthenium phosphinomethylamine
complexes with different substrates
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In the presence of Ru-4 and Ru-6 systems, almost complete reduction of the
4'-chloroacetophenone was observed. However, these systems did not reduce
4'-methoxyacetophenone. This is expected since electron-donating substituents tend to
decrease the relative rate as mentioned in section 4.2.5, Chapter 4.
In order to observe how these systems behave as a function of time, the transfer
hydrogenation reaction was carried out in the automated synthesizer, ChemSpeed ASW
1000 (Chapter 4). The catalytic system was based on [Ru(p-cymene)2Cl2]2 and ligand 4.
The results are presented in Figure 5.15.
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Conditions: 0.01 mmol [RuCl2(p-cymene) P,N ligand 3], 5 mL i-PrOH, 4 mmol substrate,
0.06 mmol t-BuOK, 80 °C, 16 h.
Figure 5.15 Transfer hydrogenation using Ru-3 complex
The catalytic system does not reach full conversion in 16 hours; the reaction is
reaching equilibrium as discussed in Section 4.3.4, Chapter 4.
It is known from the literature that cationic complexes can enhance the activity in
catalytic reactions. Attempts were made to prepare and isolate the cationic complexes of
ruthenium phosphinomethylamine complexes. In principle, the chloride atoms from the
neutral ruthenium complexes can be abstracted by using a silver salt generating a cationic
complex with a BF4- as a counterion. Additionally, the coordination of the nitrogen atom to
the ruthenium center can be forced as well (Scheme 5.12).
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Scheme 5.12 Formation of the cationic complex
Initially, neutral complexes were treated with one equivalent of silver
tetrafluoroborate
Unfortunately,

31

(AgBF4)

in

dichloromethane

to

abstract

one

chloride

atom.

P NMR and 1H NMR spectroscopy showed broad signals and the solid

obtained could not be characterized by these techniques. Furthermore, mass spectrometry
analysis indicated the presence of more than one species with high molecular weight,
which may suggest the formation of dimers. However, starting with ligand 3, ruthenium
dimer [Ru(p-cymene)2Cl2]2 and AgBF4, the abstraction of the chloride atom was possible
(Scheme 5.13). Using this procedure, an upfield shift to δ = 25 ppm was observed in the
31

P NMR spectrum for complex 17 (which is consistent with the increased electron density

on the phosphorus atom).
Ph
Ru
Cl

Cl
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31
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+
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31

3

P NMR: δ= 25 ppm
17

Scheme 5.13 Synthesis of complex 17
In the 1H NMR spectrum, signals for the amine and the phenyl protons are shifted
downfield in comparison to those of the free ligand. Based on these results the
coordination of the nitrogen atom to the ruthenium center can be suggested.
Cationic complexes, generated in the way as discussed above, were applied in the
ruthenium transfer hydrogenation of acetophenone. The results obtained with both cationic
and neutral complexes involving ligands 3-6 are depicted in Figure 5.16.

149

Chapter 5

Neutral Complex
100

Cationic Complex

Conversion (%)

80
60
40
20
0

3

4

P

P
N

6

5

P

P
N

N

N

Conditions: 0.01 mmol [RuCl2(p-cymene) P,N ligand 3-6], 10 mL i-PrOH, 4 mmol
substrate, 0.06 mmol t-BuOK, 80 °C, 16 h.
Figure

5.16

Transfer hydrogenation with cationic
phosphinomethylamine complexes

and

neutral

ruthenium

From these results a positive effect on the activity is observed for the Ru-4 system.
Similar activities were found in the case of Ru-3 system and in the other two systems,
lower activities were observed for Ru-5 and Ru-6 systems in comparison with the
corresponding neutral complexes. These results can be explained by the fact that in the Ru5 and Ru-6 systems coordination of the nitrogen atom is not possible due to steric effects.
Coordination of the nitrogen would have shown a shift of the methylene protons (P-CH2N) in the ligands, which is not the case.
5.5

Mono-

and

Bis(phosphinomethyl)amines

in

the

Rhodium-Catalyzed

Hydrogenation
As discussed in Chapter 1 and Section 5.1, non-bonding interactions between ion
pairs provide an attractive potential source of asymmetry in catalysis since they can affect
the enantioselectivity of a catalytic reaction. In this respect, the protonated mono- and bis(phosphinomethyl) amines (12, 14a-b) were investigated in the rhodium-catalyzed
hydrogenation of methyl (Z)-2-acetamido-cinnamate. The general catalytic reaction is
depicted in Scheme 5.14.

150

New Concepts: Post-Synthesis Ligand Modification for Asymmetric Catalysis

COOCH3

*

[Rh-cat] / H2
NHAc

COOCH3

NHAc

Scheme 5.14 Hydrogenation of methyl (Z)-2-acetamido-cinnamate
The catalytic behavior was studied in situ with systems generated from rhodium
metal precursor and the phosphinomethylamine 7 as well as the corresponding protonated
ligand 12 (containing chiral counteranion) (in a 1 : 2 ratio with respect to Rh). Different
solvents were applied such as dichloromethane, methanol, toluene and ethyl acetate. After
stirring the metal precursor with the ligand at room temperature for 4 hours, the substrate
was added. The reaction was carried out under hydrogen atmosphere (1 bar) for the time
indicated. Table 5.4 shows the results obtained using the rhodium phosphinomethylamine
7 and the corresponding protonated ligand 12.
SO3
H

O
P

N

N

P

12

7

Figure 5.17 Non-protonated ligand 7 and protonated ligand 12 used in hydrogenation
Table 5.4 Hydrogenation of methyl (Z)-2-acetamido-cinnamate with Rh-7, 12 systems a
Entry

Precursor

Solvent

1
2

[Rh(nbd)(CSA)]
[Rh(cod)2]BF4

Toluene
CH2Cl2

3

[Rh(cod)2]BF4

Toluene/CH2Cl2

4

[Rh(nbd)2]BF4

CH2Cl2

5
6
7

[Rh(cod)2]BF4
[Rh(cod)2]BF4
[Rh(cod)2]BF4

MeOH
EtOAc
CHCl3

Conversion (%) b
Non-protonated
Protonated
ligand 7
ligand 12
0 (16h)
83 (16h)
8 (2h)
46 (2h)
17 (17h)
100 (17h)
5 (1h)
33 (1h)
24 (17h)
100 (17h)
0 (2h)
7 (2h)
0 (16h)
31 (16h)
3 (16h)
100 (16h)
2 (16h)
100 (16h)
4 (2h)
20 (2h)
10 (16h)
100 (16h)

a

Conditions: 0.01 mmol Rh, 0.021 mmol ligand, 1 mmol methyl (Z)-2-acetamidocinnamate , 7 mL solvent. Rh : ligand : substrate = 1 : 2.1 : 100. p (H2) = 1.2 bar, 20 °C; b
reaction time denoted in brackets, conversion determined by GC analysis.
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The rhodium complexes containing the protonated phosphinomethylamine 12 are
more reactive than the rhodium phosphinomethylamine 7 systems. After 16 hours, all
catalytic systems containing the protonated ligand reached full conversion, whereas the
systems containing the non-protonated ligand reached only low conversions. The metal
precursor is also of importance and using the cationic rhodium cycloocta-1,5-diene
precursor, ([Rh(cod)2][BF4]) high activities were found. Using the protonated ligand 12 in
combination with rhodium, higher activities were observed, however no enantiomeric
excess was detected. Most likely the distance between the chiral anion and the metal center
is quite large resulting in poor chiral induction. In order to gain more information,
coordination chemistry studies with rhodium were carried out. For these studies, the
chloride anion of the rhodium cyclooctene precursor, [RhCl(coe)]2 (coe = cyclooctene) 18
was exchanged with the silver salt of camphorsulfonate 19 in the presence of an excess of
norbornadiene (nbd) to obtain the rhodium precursor 20 with the same counteranion as
used for the protonated ligand (Scheme 5.15).
SO3-Ag

SO3Rh(NBD)
O

O
[Rh(coe)2Cl]2
18

THF, NBD

+ (R)

-AgCl
19

20

Scheme 5.15 Synthesis of rhodium precursor with (R)-camphor sulfonate as a counterion
A mixture of the rhodium precursor 20 and the protonated ligand 12 in a 1 : 2 ratio
was stirred in dichloromethane for two hours at room temperature. The rhodium(I)
complex 21 was isolated as a yellow solid. In the 31P NMR spectrum, the resonance of the
free ligand had completely disappeared and only a doublet was present (δ = 9.40 ppm),
indicating the coupling Rh-P with a coupling constant JRh-P of 120 Hz.
It is known from the literature that bidentate ligands with C2 symmetry exhibit
excellent stereochemical control in metal-catalyzed hydrogenations.[42] Therefore, the
bidentate bis(phosphinomethyl)amine ligands 9, 14a and 14b may be good candidates for
the application of non-covalent interactions between ion pairs. In order to observe any
effect of these modifications, the protonated bidentate ligands (14a and 14b) were applied
in the rhodium-catalyzed hydrogenation of methyl (Z)-2-acetamido-cinnamate (Scheme
5.14).
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The catalytic behavior was studied in situ with systems generated from rhodium
cycloocta-1,5-diene, [Rh(cod)2]BF4, and bis(phosphinomethyl) diamine 9 as well as the
corresponding protonated ligand 14a (in a 1 : 2 ratio with respect to Rh). Different solvents
were applied, such as dichloromethane, methanol and ethyl acetate. After stirring the metal
precursor with the ligand at room temperature for 4 hours, the substrate was added. The
reaction was carried out under hydrogen atmosphere (1.2 bar) for the time indicated. The
results are presented in Table 5.5.

Ph

N

N

PPh2

Ph2P

9

Ph

Ph

H

H

N

N

PPh2

Ph2P

Ph

SO3O

2

14a

Figure 5.18 Non-protonated ligand 9 and protonated ligand 14a used in hydrogenation
Table 5.5 Hydrogenation of methyl (Z)-2-acetamido-cinnamate with Rh-9, Rh-14a a
Entry

Solvent

1

CH2Cl2

2

MeOH

3

EtOAc

Non-protonated ligand 9
Protonated ligand 14a
Conversion Enantiomeric Conversion
Enantiomeric
(%)b
excess (%) c
(%) b
excess (%)
23 (2.5 h)
45 (R)
14 (2.5 h)
63 (7 h)
22 (R)
45 (7 h)
56 (0.5 h)
65 (R)
35 (1 h)
100 (3 h)
46 (R)
100 (4 h)
31 (0.5 h)
71 (R)
6 (0.5 h)
96 (7 h)
36 (R)
52 (7 h)
-

a

Conditions: 0.01 mmol Rh, 0.011 mmol ligand, 1 mmol methyl (Z)-2-acetamidocinnamate , 7 mL solvent. Rh : ligand : substrate = 1 : 1.1 : 100. p (H2) = 1.2 bar, 20 °C. b
determined by GC analysis c determined by chiral GC.
Clearly, the solvent plays an important role in obtaining good activities and
enantioselectivities. The best activities for all systems Rh-9, 14a-b were obtained when the
catalytic reaction was carried out in methanol. After four hours complete conversion was
reached. It seems that the interaction of the substrate with the metal center is stronger when
the reaction is carried out in methanol rather than in dichloromethane or ethyl acetate.
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The same solvent effect is observed for the Rh-14b system (BF4- as a counterion).
High activities are obtained when the catalytic reaction is carried out in methanol (Table
5.6). Furthermore, the Rh-14a system showed higher activity than the Rh-14b system
suggesting that the counterion has an effect on the catalytic activity.
Table 5.6 Hydrogenation of methyl (Z)-2-acetamido-cinnamate with Rh-9, Rh-14b a
Entry

Solvent

1

CH2Cl2

2

MeOH

3

EtOAc

Nonprotonated ligand 9
Conversion Enantiomeric
(%) b
excess (%) c
7 (0.5 h)
66 (R)
63 (7 h)
22 (R)
56 (0.5 h)
69 (R)
100 (3 h)
46 (R)
31 (0.5 h)
71 (R)
96 (7 h)
36 (R)

Protonated ligand 14b
Conversion Enantiomeric
(%) b
excess (%)
8 (0.5 h)
80 (7 h)
64 (0.5 h)
100 (3 h)
21 (0.5 h)
100 (7 h)
-

a

Conditions: 0.01 mmol Rh, 0.011 mmol ligand, 1 mmol methyl (Z)-2-acetamidocinnamate , 7 mL solvent. Rh : ligand : substrate = 1 : 1.1 : 100. p (H2) = 1.2 bar, 20 °C. b
determined by GC analysis c determined by chiral GC.
In terms of enantioselectivity, only the catalytic system based on rhodium and the
non-protonated ligand 9 gave considerable enantiomeric excess (70 %). The effect of
solvent on enantiomeric excess was also examined (Table 5.7). Similar enantioselectivities
were obtained using different solvents. However, the enantioselectivity was slightly higher
when the catalytic reaction was carried out in ethyl acetate. The results also show that
during the catalysis experiments, the enantiomeric excess decreased in time. Initially, an
enantiomeric excess of 71 % was observed in ethyl acetate for the Rh-9 system. After 3
hours the enantiomeric excess dropped to 36 %. The same trend was observed using
dichloromethane or methanol (Table 5.7). Most probably the catalyst is highly
enantioselective, but rapidly decomposes into a catalytic species with similar reactivity, but
much lower enantioselectivity.
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Table 5.7 Enantiomeric excess for Rh-9 system a
Time (h)

ee (%) b CH2Cl2

ee (%) b MeOH

ee (%) b EtOAc

0.5
3
5
7

66 (R)
41 (R)
27 (R)
22 (R)

69 (R)
46 (R)
40 (R)
-

71 (R)
48 (R)
38 (R)
36 (R)

a

Conditions: 0.01 mmol Rh, 0.011 mmol ligand, 1 mmol methyl (Z)-2-acetamidocinnamate , 7 mL solvent. Rh : ligand : substrate = 1 : 1.1 : 100. p (H2) = 1.2 bar, 20 °C. b
Enantiomeric excess determined by chiral GC. Absolute configurations are given in
parentheses.
In the cases of the Rh-14a and Rh-14b systems no enantioselectivities were
observed for any of the solvents. Most probably, the ligands were unstable under
hydrogenation conditions as mentioned above.
Attempts to isolate rhodium complex 22 containing the non-protonated ligand 9
were carried out using [Rh(cod)2]BF4 (cod = cycloocta-1,5-diene) as a precursor in
dichloromethane. The

31

P NMR spectrum at room temperature showed a doublet at δ =

9.95 ppm, indicating the coupling Rh-P with a coupling constant JRh-P of 146 Hz. 1H NMR
spectroscopy shows that cycloocta-1,5-diene is still coordinated to the rhodium center
suggesting the formation of the species in Figure 5.19.
Ph
N

Ph
P Ph
Rh

N
Ph

-

[BF4]

P Ph
Ph

22

Figure 5.19 Proposed coordination of complex 22
Further research should involve different and more stable P,N ligands since ligands
(9, 14a-b) were not stable enough for the catalytic hydrogenation. Possible nitrogen
functionalities that can be used are pyrrolidine, pyrrole or pyridine derivatives. In
combination with a phosphorus functionality this may lead to more rigid systems and keep
the chiral anion in closer proximity to the metal center to achieve chiral induction. Studies
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concerning the relative cation-anion position in solution to evaluate the preferred
orientation and conformation of the counteranion should be performed. This may be done
with NMR techniques such as NOESY and HOESY.[27,43]
5.6

Conclusions
Different (a)chiral phosphinomethylamine ligands were synthesized by reacting

phosphonium salts with primary and secondary amines. This procedure gives access to a
diversity of P,N ligands with different substituents at the phosphorus and at the nitrogen.
Non-covalent interactions between ion pairs were generated by protonating the nitrogen
functionality of the (a)chiral phosphinomethylamines with (a)chiral acids. Modification of
phosphinomethylamines proved to be very selective and quantitative in the case of monophosphinomethylamine compounds. In the case of bis-phosphinomethylamines with chiral
primary amines, the protonation was not complete. Nevertheless, it was possible to
separate the protonated compound from the starting phosphinomethylamine compound.
The coordination chemistry of mono-phosphinomethylamines was studied with
ruthenium. From these studies, it was clear that only the phosphorus atom coordinates to
the ruthenium. Coordination of the nitrogen can be forced by abstracting the chloride
atoms with silver tetrafluoroborate as indicated by a downfield shift of the phosphorus
atoms by 10 ppm in

31

P NMR. These ruthenium phosphinomethylamine systems were

applied in the transfer hydrogenation of ketones giving good activities.
The non-covalently modified phosphinomethylamine ligands were tested in the
hydrogenation of methyl (Z)-2-acetamido-cinnamate in order to see the influence of noncovalent interactions between ion pairs on enantioselectivity and reactivity. The protonated
phosphinomethylamine ligands in combination with rhodium, showed better activity than
the rhodium systems with non-protonated ligands although they showed only low
enantioselectivities (4 %). When the catalytic hydrogenation was carried out in methanol,
high activities were observed. The catalyst with the non-protonated bidentate ligand 9 gave
good enantioselectivities in ethyl acetate (70 %), but the enantiomeric excess decreased
over time. Neither the protonated, nor the non-protonated ligands were stable enough to be
used in the rhodium-catalyzed hydrogenation. Most likely, decomposition of the
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complexes leads to different catalytic species with similar activities, but lower
enantioselectivities.
5.7

Experimental Section
All chemicals were purchased from Aldrich, Acros, or Merck and used as received

unless otherwise stated. All preparations were carried out under an atmosphere of dry
argon using standard Schlenk techniques. Solvents were freshly distilled under argon
atmosphere and dried using standard procedures. All glassware was dried by heating under
vacuum. The NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer
with both the

31

P and

13

C spectra measured 1H decoupled unless otherwise stated.

Chemical shifts are reported on a ppm scale and referenced to TMS (1H,

13

C) and 85 %

H3PO4 (31P). The IR spectra were recorded on a Shimadzu 7300 FT-IR spectrometer in the
ATR mode. MALDI-TOF MS spectra were obtained using a Voyager-DE™ PRO Bio
spectrometry™ Workstation (Applied Biosystems) time-of-flight mass spectrometer
reflector, using dithranol as a matrix. Only characteristic fragments containing the isotopes
of the highest abundance are listed. Elemental analyses were performed on a Perkin Elmer
2400, Series II CHNS/O Analyzer or by Kolbe Mikroanalytisches Laboratorium, Mülheim
an der Ruhr, Germany. Solutions of potassium tert-butoxide and methanol/water were
degassed

and

stored

under

argon.

Acetophenone,

4’-chloroacetophenone

and

4’-methoxyacetophenone were distilled from potassium hydroxide prior to use.
Synthesis Phosphonium hydrochloride salts
Bis(hydroxymethyl) phosphonium hydrochloride salt [PPh2(CH2OH)2]+Cl- (1).
The synthesis was carried out following literature procedures.[24] 9 mL (37 %, 0.327 mol)
formaldehyde and 5 mL (37 %, 0.163 mol) of hydrochloric acid were added to stirred
diphenylphosphine (10.0 g, 0.054 mol). The mixture became hot and homogeneous. On
cooling a white solid crystallized out. The pure product was filtered off and dried under
vacuum. Yield: 99 % (15.0 g, 0.053 mol), white solid. m.p.161-162 °C. 31P NMR (CDCl3)
δ: 16.73 (s). 1H NMR (D2O) δ: 7.71 – 7.55 (m, 10H, C6H5), 5.00 (s, 2H, OH), 4.64 (s, 2H,
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P-CH2). 13C NMR (D2O) δ: 134.81 (C6H5), 132.79 (C6H5), 139.47 (C6H5), 113.66 (C6H5),
52.85 (P-CH2).
Bis(hydroxymethyl)dicyclohexylphosphonium hydrochloride salt
P(C6H11)2(CH2OH)2]+Cl- (2)

The same procedure was used as described for 1, using 9 mL (37 %, 0.327 mol)
formaldehyde, 5 mL (37 %, 0.1632 mol) hydrochloric acid and 10.0 g (0.054 mol)
dicyclohexylphosphine. The pure product was filtered off and dried under vacuum. Yield:
98 % (15.0 g, 0.053 mol), white solid. m.p. 171-172 °C. 31P NMR (CD3OD) δ: 28.31 (s).
1

H NMR (CD3OD) δ: 4.51 (br s, 2H, OH), 4.32 (d, J= 6.2 Hz, 4H, CH2), 1.10 - 2.51 (m,

22H, C6H11).

13

C NMR (CD3OD) δ: 46.22 (P-CH2), 27.33 (CH2), 26.35 (CH2), 25.12

(CH2), 24.71 (C-H).
Synthesis of phosphinomethylamines with secondary amines
(Diphenylphosphinomethyl)diethylamine (3).
Triethylamine (0.4 mL, 2.15 mmol) was added to a solution of the phosphonium salt 1
(0.43 g, 1.74 mmol) in 10 mL degassed methanol/water (1 : 2). To this solution, 0.17 mL
(1.63 mmol) of diethylamine was added. The mixture was refluxed for 3 hours at 55 °C.
On cooling, two layers were formed and the product was extracted with CH2Cl2 (15 mL).
The organic layer was dried over Na2SO4 and filtered. The solvent was removed under
vacuum to give the desired product as a viscous oil. Yield: 85 % (0.31 g, 1.13 mmol). 31P
NMR (CDCl3) δ: -23.87 ppm. 1H NMR (CDCl3) δ: 7.50 (m, 10H, C6H5), 3.50 (s, 2H, PCH2-N), 2.80 (q, 4H, CH2CH3), 1.15 (t, 6H, CH2CH3).

13

C NMR (CDCl3) δ: 140.08

(C6H5), 137.53 (C6H5), 134.25 (C6H5), 128.82 (C6H5), 127.21 (C6H5), 55.83 (P-CH2-N),
51.3 2(CH2), 15.11 (CH3).
(Dicyclohexylphosphino)diethylamine (4).
The same procedure was used as described for 3, using 0.4 mL (2.87 mmol) triethylamine,
0.66 g, (2.25 mmol) phosphonium salt 2 in 5 mL degassed methanol/water (1 : 2) and 0.24
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mL (2.30 mmol) diethylamine. The mixture was refluxed for 3 hours at 55 °C. The solvent
was removed under vacuum to give the desired product as a viscous oil. Yield: 90 % (0.60
g, 2.70 mmol).

31

P NMR (CDCl3) δ: -16.65 ppm. 1H NMR (CDCl3) δ: 2.45 (m, 6H, P-

CH2-N, CH2CH3), 1.73 (m, 10H, C6H11), 1.48 (m, 1H, C6H11), 1.14 (m, 10H, C6H11), 0.93
(t, 6H, CH2CH3). 13C NMR (CDCl3) δ: 50.22 (CH3-CH2-N), 47.53 (N-CH2-P), 36.10 (P-CH, C6H11), 31.22 (CH2, C6H11), 26.89 (CH2, C6H11), 25.82 (CH2, C6H11), 13.10 (CH3-CH2).
(Diphenylphosphinomethyl)diphenylamine (5).
The same procedure was used as described for 3, using 0.6 mL (4.30 mmol) triethylamine,
0.83 g (3.36 mmol) phosphonium salt 1 in 10 mL methanol/water (1 : 2) and 0.54 g (3.19
mmol) diphenylamine. The mixture was refluxed for 48 hours at 70 °C. The solid was
filtered and dried under vacuum. Yield: 98 % (2.0 g, 5.45 mmol), yellow solid. 31P NMR
(CDCl3) δ: -23.40 ppm. 1H NMR (CDCl3) δ: 7.01 - 7.64 (m, 20H, C6H5), 4.55 (d, J= 6.1
Hz, 2H, CH2). 13C NMR (CDCl3) δ: 151.21 (C6H5), 138.72 (C6H5), 134.10 (C6H5), 129.87
(C6H5), 120.95 (C6H5), 117.22 (C6H5), 56.21 (P-CH2-N).
(Dicyclohexylphosphino)diphenylamine (6).
The same procedure was used as described for 3, using 0.3 mL (2.15 mmol) triethylamine,
0.52 g (1.76 mmol) phosphonium salt 2 in 5 mL degassed methanol/water (1 : 2), and 0.30
g (1.80 mmol) diphenylamine. The mixture was refluxed for 3 hours at 70 °C. The solid
was filtered and dried under vacuum. Yield: 90 % (0.62 g, 1.62 mmol), yellow solid. 31P
NMR (CDCl3) δ: -28.24 ppm. 1H NMR (CDCl3) δ: 6.98 – 7.38 (m, 10H, C6H5), 4.10 (m,
2H, P-CH2-N), 1.87 (m, 11H, C6H11), 1.27 (m, 11H, C6H11). 13C NMR (CDCl3) δ: 150.81
(P-C, C6H5), 130.52 (C-H, m-C6H5), 118.72 (C-H, p-C6H5), 116.32 (C-H, o-C6H5), 47.31
(P-CH2-N), 36.30 (P-C-H, C6H11), 31.53 (CH2, C6H11), 27.32 (CH2, C6H11), 26.31 (CH2,
C6H11).
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(Diphenylphosphinomethyl)piperidine (7).
The same procedure was used as described for 3, using 1.4 mL (0.010 mol) of
triethylamine, 2.0 g (7.59 mmol) phosphonium salt 1 in 10 mL methanol/water (1 : 2) and
0.646 g (7.59 mmol) of piperidine. The mixture was refluxed for 2 hours at 70 ºC. The
solvent was removed under vacuum to give the desired product as a viscous oil. Yield:
98 % (2.36 g, 7.43 mmol). 31P NMR (CDCl3) δ: -27.31 ppm. 1H NMR (CDCl3) δ: 7.38 7.58 (m, 10H, C6H5), 3.40 (s, 2H, P-CH2-N), 2.75 (m, 4H, C5H10), 1.78 (m, 4H, C5H10),
1.55 (m, 2H, C5H10). 13C NMR (CDCl3) δ: 138.92 (C6H5), 138.71 (C6H5), 132.81 (C6H5),
132.50 (C6H5), 128.23 (C6H5), 62.52 (CH2), 55.71 (P-CH2-N), 25.92 (CH2), 23.94 (CH2).
(Dicyclohexylphosphino) piperidine (8).
The same procedure was used as described for 3, using 0.19 mL (1.32 mmol) of
triethylamine, 0.30 g (1.01 mmol) phosphonium salt 2 in 8 mL methanol/water (1 : 2) and
0.10 mL (1.01 mmol) of piperidine. The mixture was refluxed for 2 hours at 70 ºC. The
solvent was removed under vacuum to give the desired product as a viscous oil. Yield:
98 % (0.30 g, 1.01 mmol). 31P NMR (CDCl3) δ: -16.37 ppm. 1H NMR (CDCl3) δ: 2.48 (d,
2H, J= 5.6 Hz, P-CH2-N), 2.22 (m, 4H, CH2, C5H10N), 1.79 (m, 2H, CH-P, C6H11), 1.48
(m, CH2, C5H10, CH2, C5H10N).

13

C NMR (CDCl3) δ: 56.89 (N-CH2, C5H10N), 47.20 (P-

CH2-N), 37.22 (P-CH-C6H11), 31.14 (P-CH, C6H11), 27.20 (CH2, C6H11), 26.32 (CH2,
C5H10N), 23.71 (CH2, C5H10N).
Synthesis of bis(aminophosphine) with chiral diamines (9).
The same procedure was used as described for 3, using 0.61 mL (8 mmol) triethylamine,
2.1 g (7.4 mmol) phosphonium salt 1 in 10 mL degassed methanol/water (1 : 2) and 1.11 g
(4.1 mmol) N,N'-Bis[(S)-1-phenylethyl]ethylenediamine.[44] The mixture was refluxed for
16 hours at 70 °C. The solvent was removed under vacuum to give the desired product as a
viscous oil. Yield: 99 % (2.67 g, 4.02 mmol). 31P NMR (CDCl3) δ: -25.78 ppm. 1H NMR
(CDCl3) δ: 7.10 - 7.42 (m, 30H, C6H5), 4.10 (m, 4H, N-CH2-P), 3.21 (m, 1H, C-H), 2.62
(m, 4H, CH2-N), 1.20 (d, J= 6.0 Hz, 6H, CH3).
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133.39 (C6H5), 133.17 (C6H5), 132.98 (C6H5), 128.43 (C6H5), 128.27 (C6H5), 126.53
(C6H5), 59.57 (C-H), 54.54 (N-CH2-P), 49.67 (CH2), 15.75 (CH3).
Synthesis of phosphinomethylamines with chiral primary amines
Bis(phosphinomethyl)amine (L-methylbenzylamine) (10).
The same procedure was used as described for 3, using 1.09 mL (7.82 mmol)
triethylamine, 2 g (7.10 mmol) phosphonium salt 1 in 15 mL methanol/water (1 : 2) and
0.42 mL (3.25 mmol) L-methylbenzylamine. The mixture was refluxed for 24 hours at 70
°C. The solvent was removed under vacuum to give the desired product as a viscous oil.
Yield: 80 % (1.34 g, 2.60 mmol). 31P NMR (CDCl3) δ: -27.44 ppm. 1H NMR (CDCl3) δ:
7.18 - 7.58 (m, 25H, C6H5), 4.78 (m, 1H, C-H), 3.78 (d, 2H, J= 5.4 Hz, P-CH2-N), 3.52 (d,
2H, J= 5.8 Hz, P-CH2-N), 1.42 (d, J= 6.5 Hz, 3H, CH3).

13

C NMR (CDCl3) δ: 140.10

(C6H5), 138.22 (C6H5), 134.85 (C6H5), 130.97 (C6H5), 127.89 (C6H5) 73.42 (C-H), 57.43
(N-CH2-P), 24.97 (CH3).
Phosphinomethylamine (L-valine methyl ester) (11).
The same procedure was used as described for 3, using 0.61 mL (4.42 mmol)
triethylamine, 1 g (3.53 mmol) phosphonium salt 1 in 10 mL methanol/water (1 : 2) and
0.30 g (1.76 mmol) L- valine methyl ester. The mixture was refluxed for 3 hours at 70 °C.
The solvent was removed under vacuum to give the desired product as a viscous oil. Yield:
88 % (0.82 g, 1.55 mmol). 31P NMR (CDCl3) δ: -26.14 ppm. 1H NMR (CDCl3) δ: 7.22 7.58 (m, 20H, C6H5), 4.18 (m, 1H, C-H), 4.02 (d, 4H, J= 4.7 Hz, P-CH2-N), 3.78 (s, 3H, OCH3), 3.21 (m, 1H, C-H), 0.82 (d, 3H, J= 6.6 Hz, CH3), 0.38 (d, 3H, J= 6.6 Hz, CH3). 13C
NMR (CDCl3) δ: 133.52 (C6H5), 132.22 (C6H5), 128.20 (C6H5), 61.33 (N-CH2), 27.42 (PCH2), 19.40 (CH3), 18.92 (CH3).
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Protonations with (R)-camphorsulfonic acid and tetrafluoroboric acid
Phosphinomethylamine 7 protonated with (R)-camphorsulfonic acid (12).
Phosphinomethylamine 7 (500 mg, 1.76 mmol) was dissolved in 5 mL dichloromethane.
408 mg (1.76 mmol) (R)-camphorsulfonic acid was dissolved in 2 mL CH2Cl2. The
solution containing the phosphinomethylamine was cooled to –63 °C using a CHCl3/N2
bath. The solution of the (R)-camphorsulfonic acid was added dropwise to the solution of
phosphinomethylamine 7 and stirred for 4 hours at 20 °C. After removal of the solvent an
oil was obtained. Diethyl ether (5 mL) was added and after evaporation of the solvent a
white powder was isolated. The product was recrystallized from CH2Cl2/ether. Yield: 87 %
(0.80 g, 1.53 mmol), white solid. 31P NMR (CDCl3) δ: -32.90 ppm. 1H NMR (CDCl3) δ:
11.20 (b, 1H, N-H), 7.40 - 7.58 (m, 10H, C6H5), 4.14 (s, 2H, P-CH2-N), 3.43 (m, 11H,
C6H11), 3.02 (m, 11H, C6H11), 2.78 (m, 11H, C6H11), 2.12 (m, 11H, C6H11), 1.89 (m, 11H,
C6H11), 1.38 (m, 11H, C6H11), 1.15 (s, 3H, CH3), 0.92 (s, 3H, CH3). 13C NMR (CDCl3) δ:
153.12 (C=O), 132.94 (CH-C6H5), 129.91 (CH-C6H5), 129.21 (CH-C6H5), 58.44 (P-CH2N), 53.64 (CH2-C6H10N), 53.54 (C-CH2), 47.87 (C-CH2), 47.33 (CH2-C), 42.91 (CH2SO3), 42.66 (P-CH, C6H5), 22.89 (CH2-C6H10N), 21.55 (CH2-C6H10N), 19.99 (CH3), 19.80
(CH3).
Phosphinomethylamine 7 protonated with (R)-tartaric acid (13).
Phosphinomethylamine 7 (200 mg, 0.70 mmol) was dissolved in 5 mL ethanol. 53 mg
(0.352 mmol) tartaric acid was dissolved in 2 mL ethanol. The solution containing the
phosphinomethylamine 7 was cooled to –63 °C using a CHCl3/N2 bath. The solution of the
tartaric acid was added dropwise to the solution of the phosphinomethylamine 7 and stirred
for 4 hours at 20 °C. Removal of the solvent, gave the product as a viscous oil. 5 mL
dietlylether was added and after evaporation a white powder was isolated. Yield: 80 %
(0.16 g, 0.28 mmol) 31P NMR (CDCl3) δ: -30.12 ppm. 1H NMR (CDCl3) δ: 7.61 (b, 1H,
N-H), 7.18 - 7.38 (m, 10H, C6H5), 3.95 (s, 2H, P-CH2-N), 3.53 (m, 11H, C6H11), 2.81 (m,
11H, C6H11), 2.41 (m, 11H, C6H11), 1.61 (m, 11H, C6H11), 1.34 (m, 11H, C6H11), 1.10 (s,
3H, CH3).
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132.10 (CH-C6H5), 70.21 (CH-OH), 66.52 (CH2-C6H10N), 57.42 (P-CH2-N), 22.82 (CH2C6H10N), 21.51 (CH2-C6H10N).
Phosphinomethylamine 9 protonated with (R)-camphorsulfonic acid (14a).
Bis(phosphinomethyl)amine 9 (150 mg, 0.225 mmol) was dissolved in 3 mL
dichloromethane. The solution was cooled to –40 °C using a CHCl3/N2 bath. To this
solution, 105 mg (0.451 mmol) of (R)-camphorsulfonic in 4 mL dichloromethane was
added dropwise. After stirring for 24 hours at 20 °C, the solvent was removed and an oil
was isolated. To this oil, 5 mL diethyl ether was added and after evaporation a white
powder was obtained. The product was further purified by layering with dichloromethane
and diethyl ether. Yield: 70 % (141.0 mg, 0.151 mmol) 31P NMR (CDCl3) δ: 16.32 ppm.
1

H NMR (CDCl3) δ: 7.62 (b, 1H, N-H), 7.21 - 7.38 (m, 10H, C6H5), 3.92 (s, 2H, P-CH2-

N), 3.52 (m, 11H, C6H11), 2.82 (m, 11H, C6H11), 2.41 (m, 11H, C6H11), 1.58 (m, 11H,
C6H11), 1.28 (m, 11H, C6H11), 1.08 (s, 3H, CH3).

13

C NMR (CDCl3) δ: 145.60 (C6H5),

138.22 (C6H5), 133.87 (C6H5), 130.97 (C6H5), 128.84 (C6H5), 128.14 (C6H5), 126.89
(C6H5), 68.12 (C-H), 56.32 (N-CH2-P), 54.12 (CH2), 21.98 (CH3).
Phosphinomethylamine 9 protonated with tetrafluoroboric acid (14b).
The same procedure was used as described for 14a, using Bis(phosphinomethyl)amine 9
(582 mg, 0.88 mmol) in 7 mL dichloromethane, 0.31 g (3.5 mmol) tetrafluoroboric acid in
3 mL dichloromethane. After stirring for 20 hours at 20 °C, the solvent was removed and
the product was obtained as an oil. Diethyl ether (5 mL) was added to the product and after
evaporation a white powder was isolated. Yield: 65 % (0.25 g, 0.30 mmol)

31

P NMR

(CDCl3) δ: 18.52 ppm. 1H NMR (CDCl3) δ: 7.20 – 7.68 (m, 30H, C6H5), 4.67 (m, 2H, PCH2-N), 4.52 (m, 2H, P-CH2-N), 3.78 (m, 1H, C-H, C6H5), 3.72 (m, 4H, N-CH2), 1.62 (d,
6H, J= 6.4 Hz, CH3). 13C NMR (CDCl3) δ: 145.62 (C6H5), 138.20 (C6H5), 133.95 (C6H5),
130.96 (C6H5), 128.84 (C6H5), 128.12 (C6H5), 126.89 (C6H5), 68.12 (C-H), 55.32 (N-CH2P), 54.10 (CH2), 21.89 (CH3).
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Ruthenium complexes
di µ-chloro-bis[chloro(η6-p-isopropyltoluene)Ru]. [Ru(p-cymene)Cl2]2
The synthesis was carried out following literature procedures.[45] 1.0 g (3.92 mmol)
RuCl3·3H2O was heated under reflux with 8.72 mL (7.29 g, 53.57 mmol) α-terpinene (90
%) in 30 mL dry ethanol for 22 hours. The reaction mixture was cooled down and the red
precipitate was filtered off, washed with cold methanol and dried under vacuum. Yield: 70
% (0.70 g, 1.14 mmol). 1H NMR (CDCl3) δ: 5.21 - 5.41 (d, arene J= 6.4 Hz), 2.81 (m,
CH), 2.15 (s, CH3), 1.21 (d, i-Pr). 13C NMR (CDCl3) δ: 101.21 (C-H, C6H5), 96.73 (C-H,
C6H5), 81.28 (C-H, C6H5), 80.51 (C-H, C6H5), 30.60 (C-H), 22.12 (CH3), 18.91 (CH3, iPr). IR (cm-1) ν: 3054 (C-H aromatic), 3029 (C-H aromatic), 2956 (CH3), 2865 (CH3),
1448 (C-H), 877 (C-C).
Ruthenium(diphenylphosphinomethyl) diphenylamine complex (15).
Ruthenium dimer ([Ru(p-cymene)Cl2]2) (84.0 mg, 0.137 mmol) was dissolved in 5 mL
dichloromethane. To this solution, 101 mg (0.27 mmol) of ligand 5 was added. The
solution was stirred for 4 hours. After removal of solvent under vacuum an orange solid
was obtained. The solid was recrystallized from dichloromethane layering with pentane.
Yield: 98 % (0.19 g, 0.32 mmol). 31P NMR (CDCl3) δ: 26.80 ppm. 1H NMR (CDCl3) δ:
7.88 (m, 4H, P-C6H5), 7.30 (m, 6H, P-C6H5), 6.93 (m, 4H, N-C6H5), 6.74 (m, 2H, N-C6H5),
6.55 (d, 4H, N-C6H5), 5.36 (d, 2H, J= 4.2 Hz, P-CH2-N), 5.21 - 5.33 (dd, 4H, J= 5.4, 6.2
Hz, C6H4cymene), 2.43 (m, 1H, C-Hcymene), 1.82 (s, 3H, CH3), 0.98 (d, 6H, J= 6.6 Hz, CH3).
13

C NMR (CDCl3) δ: 158.21 (C6H5), 148.52 (C6H5), 142.83 (C6H5), 130.52 (C6H5), 124.20

(C6H5), 102.52 (C6H5, p-cymene), 96.42 (C6H5, p-cymene), 57.50 (P-CH2-N), 32.22 (C-H),
23.21 (CH3), 19.97 (CH3, i-Pr). MALDI-TOF MS: (m/z) 670.25 [M]+, calcd. 672.94. IR
(cm-1) ν: 3036 (C-Haromatic), 1588 (C=C), 1495 (C=C), 1095 (C-N), 873 (C-H). Anal. Calcd
for C35H36NPCl2Ru: C, 62.41;H, 5.34; N, 2.08. Found: C, 62.2; H, 5.28; N, 1.95
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Ruthenium(diphenylphosphinomethyl) piperidine complex (16).
The same procedure was used as described for 15, using 1.07 g (1.76 mmol) [Ru(pcymene)Cl2]2 in 6 mL dichloromethane and 100 mg (3.52 mmol) ligand 7. After removal
of solvent an orange solid was obtained. The solid was recrystallized from
dichloromethane layering with pentane. Yield: 95 % (0.67 g, 1.14 mmol).

31

P NMR

(CDCl3) δ: 27.58 ppm. 1H NMR (CDCl3) δ: 7.28 - 7.68 (m, 10H, C6H5), 5.01 - 5.21 (dd,
4H, J= 5.8, 6.2 Hz, C6H4cymene), 3.62 (d, 2H, J= 2.4 Hz, P-CH2-N), 2.38 (m, 1H, C-Hcymene),
1.83 (m, 4H, CH2), 1.80 (s, 3H, CH3), 1.10 (s, 6H, CH2), 0.92 (d, 6H, J= 6.8 Hz, CH3). 13C
NMR (CDCl3) δ: 148.52 (C6H5), 138.21 (C6H5), 132.80 (C6H5), 131.52 (C6H5), 129.22
(C6H5), 110.51 (C6H5, p-cymene), 101.43 (C6H5, p-cymene), 65.50 (P-CH2-N), 38.23 (CH), 28.21 (CH3), 27.32 (CH2), 25.34 (CH3, i-Pr), 24.20 (CH2). IR (cm-1) ν: 3038 (CHaromatic), 2926 (CH2), 2852 (CH2), 1586 (C=C), 1490 (C=C), 1093 (C-N), 875 (C-H).
MALDI-TOF MS: (m/z) 588.25 [M]+, calcd. 588.97. Anal. Calcd for C28H36NPCl2Ru: C,
57.05; H, 6.11; N, 2.37. Found: C, 56.98; H, 6.02; N, 2.30.
Ruthenium (diphenylphosphinomethyl) diethylamine complex (17).
One equivalent of silver tetrafluoroborate (100.4 mg, 0.52 mmol) was added to a mixture
of ligand 3 (141 mg, 0.52 mmol) and [Ru(p-cymene)Cl2]2 (160 mg, 0.26 mmol) in 7 mL
dichloromethane. The solution was stirred at room temperature for 6 hours. After filtration
and evaporation of dichloromethane, complex 18 was recovered as an orange solid. Yield:
90 % (0.47 g, 0.74 mmol). 31P NMR (CDCl3) δ: 25.32 ppm. 1H NMR (CDCl3) δ: 7.38 –
7.68 (m, 10H, P-C6H5), 5.12 (dd, 4H, J= 5.4, 5.6 Hz, C6H4cymene), 3.78 (bs, 2H, P-CH2-N),
2.42 (m, 4H, C-H), 2.12 (m, 4H, CH2), 1.75 (s, 3H, CH3cymene), 0.88 (d, 3H, J= 7.0 Hz,
CH3), 0.52 (t, 6H, CH3). IR (cm-1) ν: 3036 (C-Haromatic), 2959 (C-Hmethyl), 1435 (C=C),
1095 (C-N), 872 (C-H). MALDI-TOF MS: (m/z) 627.28 [M]+, calcd. 628.33. Anal. Calcd
for C27H36NPCl2BF4Ru: C, 57.05; H, 5.72; N, 2.22. Found: C, 56.98; H, 5.12; N, 1.98.
Ruthenium(diphenylphosphinomethyl) diethylamine complex Ru-3.
The same procedure was used as described for 15, using 128 mg (0.21 mmol) [Ru(pcymene)Cl2]2 in 6 mL dichloromethane and 114 mg (0.42 mmol) ligand 3. After removal
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of solvent an orange solid was obtained. The solid was recrystallized from
dichloromethane layering with pentane. Yield: 95 % (104.0 mg, 0.18 mmol).

31

P NMR

(CDCl3) δ: 25.23 ppm. 1H NMR (CDCl3) δ: 7.28 - 7.68 (m, 10H, C6H5), 5.05 (m, 4H,
C6H4cymene), 3.82 (bs, 2H, P-CH2-N), 2.42 (m, 1H, C-Hcymene), 2.12 (m, 4H, CH2), 1.81 (s,
3H, CH3), 0.92 (d, J= 6.8 Hz, 6H, CH3cymene), 0.52 (t, 6H, CH3).

13

C NMR (CDCl3) δ:

151.52 (C6H5), 142.42 (C6H5), 134.63 (C6H5), 133.50 (C6H5), 131.63 (C6H5), 114.52
(C6H5, p-cymene), 105.41 (C6H5, p-cymene), 64.52 (P-CH2-N), 54.64 (CH2), 38.21 (C-H),
28.20 (CH3), 27.32 (CH2), 25.31 (CH3, i-Pr), 17.20 (CH3). IR (cm-1) ν: 3040 (C-Haromatic),
1588 (C=C), 1492 (C=C), 1095 (C-N). MALDI-TOF MS: (m/z) 576.50 [M]+, calcd.
576.97. Anal. Calcd for C27H36NPCl2Ru: C, 56.15; H, 6.23; N, 2.42. Found: C, 56.08; H,
6.28; N, 2.30.
Ruthenium(dicyclohexylphosphinomethyl) diethylamine complex Ru-4.
The same procedure was used as described for 15, using 90.4 mg (0.15 mmol) [Ru(pcymene)Cl2]2 in 6 mL dichloromethane and 66 mg (0.30 mmol) ligand 4. After removal of
solvent an orange solid was obtained. The solid was recrystallized from dichloromethane
layering with pentane. Yield: 90 % (82.0 mg, 0.14 mmol).

31

P NMR (CDCl3) δ: 27.58

ppm. 1H NMR (CDCl3) δ: 5.22 (dd, 4H, J= 5.4, 5.6 Hz, C6H4cymene), 3.04 (bs, 2H, P-CH2N), 2.82 (m, C-H, C6H11), 2.42 (m, 1H, C-Hcymene), 1.83 (m, CH2; C-H, C6H11), 1.80 (m,
CH3; C-H, C6H11), 1.10 (m, C-H, C6H11), 1.02 (d, 6H, J= 6.8 Hz, CH3cymene), 0.72 (t, 6H,
CH3). IR (cm-1) ν: 3040 (C-Haromatic), 2960 (CH3), 2928 (CH2), 2870 (CH3), 2850 (CH2),
1086 (C-N), 873 (C-H). MALDI-TOF MS: (m/z) 588.25 [M]+, calcd. 588.97. Anal. Calcd
for C27H48NPCl2Ru: C, 55.01; H, 8.14; N, 2.37. Found: C, 54.48; H, 7.02; N, 2.10.
Ruthenium(dicyclohexylphosphinomethyl) diphenylamine complex Ru-6.
The same procedure was used as described for 15, using 100 mg (0.16 mmol) [Ru(pcymene)Cl2]2 in 5 mL dichloromethane and 95 mg (0.32 mmol) ligand 6. After removal of
solvent an orange solid was obtained. The solid was recrystallized from dichloromethane
layering with pentane. Yield: 90 % (80.0 mg, 0.13 mmol).

31

P NMR (CDCl3) δ: 27.58

ppm. 1H NMR (CDCl3) δ: 7.28 - 7.58 (m, 10H, C6H5), 5.22 (dd, 4H, J= 5.3, 5.5 Hz,
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C6H4cymene), 4.21 (bs, 2H, P-CH2-N), 2.78 (m, C-H, C6H11), 2.38 (m, 1H, C-Hcymene), 1.83
(m, C-H, C6H11), 1.80 (m, C-H, C6H11), 1.60 (s, 3H, CH3), 1.12 (m, C-H, C6H11), 1.04 (d,
6H, J= 6.8 Hz, CH3, i-Pr).

13

C NMR (CDCl3) δ: 153.6 (C-H, C6H5), 138.7 (C-H, C6H5),

132.8 (C-H, C6H5), 122.3 (C-H, C6H5), 118.21 (C-H, C6H5), 112.52 (C6H5, p-cymene),
103.40 (C6H5, p-cymene), 45.72 (P-CH2-N), 41.84 (C-H, C6H11), 38.23 (C-H), 34.35 (C-H,
C6H11), 31.32 (C-H, C6H11), 28.30 (C-H, C6H11), 27.22 (CH3), 25.31 (CH3, i-Pr). IR (cm-1)
ν: 3040 (C-Haromatic), 2926 (CH2), 2852 (CH2), 1588 (C=C), 1480 (C=C), 1090 (C-N), 878
(C-H). MALDI-TOF MS: (m/z) 703.25 [M]+, calcd. 704.97. Anal. Calcd for
C35H44NPCl2Ru: C, 61.7; H, 6.46; N, 2.05. Found: C, 58.98; H, 6.02; N, 1.90.
Ruthenium(dicyclohexylphosphinomethyl) piperidine complex Ru-8.
The same procedure was used as described for 15, using 100 mg (0.16 mmol) [Ru(pcymene)Cl2]2 in 5 mL dichloromethane and 100 mg (0.32 mmol) ligand 8. After removal
of solvent an orange solid was obtained. The solid was recrystallized from
dichloromethane layering with pentane. Yield: 95 % (0.70 g, 1.14 mmol).

31

P NMR

(CDCl3) δ: 27.58 ppm. 1H NMR (CDCl3) δ: 5.01 - 5.22 (dd, 4H, J= 5.4, 5.6 Hz,
C6H4cymene), 3.42 (d, 2H, J= 5.4 Hz, P-CH2-N), 2.64 (m, C-H, C6H11), 2.42 (m, CH2, CHcymene), 1.78 (m, CH2; C-H, C6H11), 1.58 (s, 3H, CH3), 1.12 (m, C-H, C6H11), 1.02 (d, 6H,
CH3, J= 6.8 Hz, i-Pr). IR (cm-1) ν: 3044 (C-Haromatic), 2928 (CH2), 2850 (CH2), 1080 (CN), 875 (C-H). MALDI-TOF MS: (m/z) 609.25 [M]+, calcd. 610.97. Anal. Calcd for
C28H58NPCl2Ru: C, 54.99; H, 9.49; N, 2.29. Found: C, 53.78; H, 9.02; N, 1.98.
Rhodium complexes
[RhCl(coe)]2 (18).
The synthesis was carried out following literature procedures.[46] 200 mg (0.95 mmol)
RhCl3.3H2O was dissolved in 10 mL 2-propanol/water (5 : 1) and to this solution, 0.75 mL
(5.76 mmol) cyclooctene was added. The solution was stirred for 0.5 hours under argon.
The product crystallized out after 24 hours. The solution was filtered and the remaining
solid was dried under vacuum. Yield: 45 % (212.0 mg, 0.43 mmol) brown solid. IR (cm-1)
ν: 2972 (CH3), 2913 (CH2), 2838 (CH3), 1443 (C=C).
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[Ag((1S)-10-camphorsulfonate)] (19).
The synthesis was carried out following literature procedures.[47] 2.05 g (8.82 mmol) (S)10-camphorsulfonic acid was mixed with 2.02 g (8.82 mmol) Ag2O in 15 mL acetonitrile.
The suspension was stirred overnight. The solid residue was filtered off and after removal
of solvent a white powder was obtained. Yield: 98 % (2.85 g, 8.40 mmol). IR (cm-1) ν:
2939 (CH3), 1729 (C=O), 2870 (CH2), 1417 (C-H), 1011, 1036 (CH2-SO2-O), 1152, 1165
(CH2-SO2-O). MALDI-TOF MS: (m/z) 402.29 [M]+, calcd. 402.32.
[Rh((1S)-10-camphorsulfonate)(nbd)] (20).
The synthesis was carried out following literature procedures.[38] 0.25 mL (2.31 mmol)
norbornadiene (nbd) was added dropwise to a stirred slurry of [RhCl(coe)]2 18 (255 mg,
0.355 mmol) in THF (5 mL). The resulting dark yellow solution was stirred for 20 minutes.
253 mg (0.711 mmol) of [Ag((1S)-10-camphorsulfonate)] 19 was added portion wise. The
resulting mixture was stirred for 24 hours. The volatiles were removed under vacuum and
the residue was taken up in dichloromethane (5 mL). The mixture was filtered through
Celite (545, 0.02-0.1 mm) and the solvent was evaporated. The solid was washed with cold
diethyl ether and dried under vacuum. Yield: 81 % (246.0 mg, 0.57 mmol), yellow powder.
IR (cm-1) ν: 2923 (CH3), 2854 (CH2), 1739 (C=O), 1140, 1024 (SO3-).
Rhodium-protonated phosphinomethylamine (piperidine) complex (21).
A solution of the protonated phosphinomethylamine ligand 12 (36.40 mg, 0.070 mmol) in
methanol (3 mL) was added dropwise to a stirred solution of rhodium metal precursor 20
(15.0 mg, 0.035 mmol) in methanol (4 mL). The resulting yellow solution was stirred for
12 hours. The volatiles were evaporated and the solid was washed with diethyl ether.
Drying under vacuum afforded a yellow powder. Yield: 95 % (33.2 mg, 0.033 mmol). 31P
NMR (CDCl3) δ: 9.40 ppm, 8.66 ppm (d, JRh-P 120.2 Hz). 1H NMR (CDCl3) δ: 7.38 – 7.82
(m, 20H, P-C6H5), 4.42 (s, 4H, P-CH2-N), 3.42 (m, 4H, CH2-SO3-), 2.88 (m, 4H, C5H10),
1.58 (m, 4H, C5H10), 1.38 (m, 2H, C5H10), 1.18 (s, 6H, CH3), 0.91 (s, 6H, CH3). IR (cm-1)
ν: 3000 (CH2), 2928 (CH3), 2850 (CH2), 1740 (C=O), 1150, 1054 (SO3-).
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Rhodium-bis(aminophosphine) complex (22).
A solution of bisaminophosphine ligand 9 (100 mg, 0.150 mmol) in dichlorometane (4
mL) was added dropwise to a stirred solution of rhodium metal precursor, [Rh(cod)2]BF4
(61.1 mg, 0.150 mmol) in dichloromethane (4 mL). The resulting orange solution was
stirred for 12 hours. The volatiles were evaporated and the solid was washed with diethyl
ether. Drying under vacuum afforded a yellow powder. Yield: 95 % (137.2 mg, 0.142
mmol). 31P NMR (CDCl3) δ: 10.83 ppm, 9.95 ppm (d, JRh-P 145.7 Hz). 1H NMR (CDCl3)
δ: 7.17 – 7.49 (m, 30H, C6H5), 5.58 (bs, 4H, cod), 4.55 (bs, 4H, P-CH2-N), 3.96 (dd, 4H,
J= 6.8, 6.7 Hz, CH2), 3.50 (m, 2H, C-H), 3.32 (dd, 4H, J= 10.0, 10.4 Hz, C-Hexo cod), 2.21
(t, 4H, C-Hendo cod), 1.24 (d, 6H, J= 6.8 Hz, CH3). IR (cm-1) ν: 3058 (C-H, C6H5), 2960,
2876 (CH3), 2930, 2848 (CH2), 1051 (BF4-).
General Procedure for Transfer Hydrogenation
Hydrogen source: 2-propanol
In a 15 mL Schlenk flask, either 7 mg, (0.1 µmol) (p-cymene)ruthenium(II) chloride dimer
and 0.2 µmol of phosphinomethylamines 3-8 (in situ) or 0.2 µmol of ruthenium(II)
complexes of phosphinomethylamines 3-8 were dissolved in 2-propanol (7 mL). At room
temperature (18 ºC), potassium tert-butoxide (t-BuOK) (0.68 mL, 0.1M) and dibutylether
(internal standard, 200 µL) were added. This solution was stirred for 0.5 h before the
ketone (0.53 mL, 4.57 mmol) was added. The reaction was run at room temperature under
argon for the time indicated. The resulting solution was passed through a small alumina
column prior to quantitative analysis by GC.
ChemSpeed ASW 1000

The reaction was carried out in a ChemSpeed ASW1000 automated synthesizer, containing
a block with 16 reactor vessels of 13 mL each. All reaction vessels were equipped with a
heating jacket, which was connected to a Lauda RM6 Thermostat (- 20 to 90oC) and cold
finger reflux condensers. 0.2 µmol of ruthenium(II) complex of phosphinomethylamine 3
was dissolved in 2-propanol (4.5 mL). The solution was stirred for 16 hours. Subsequently,
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dibutylether (internal standard, 200 µL) was added to this catalyst solution. Catalyst
solution (4.5 mL), potassium tert-butoxide (t-BuOK) (0.68 mL, 0.1M) and the ketone (0.53
mL, 4.57 mmol) were transferred into the reaction vessel resulting in a 7 mL reaction
mixture. Reaction vessels were heated to 80 oC and stirred (vortex) at 600 rpm. At regular
intervals, samples of 0.1 mL were taken from the reactor and injected to GC vials. After 24
h, the remaining reaction mixture was transferred to a vial.
GC Analysis
Conversion
GC

:

Shimadzu GC 17A

Column

:

HP Pona (crosslinked Me Siloxane), 50 m, inner ø
0.20 mm, film thickness 0.5 µm

Carrier gas

:

Helium 208.0 kPa (total flow 69 mL/min)

Temperature program

:

70 ºC (hold: 1 min), 6 ºC/min to 120 ºC (hold: 12
min), 10 ºC/min to 250 ºC (hold: 1 min)

Injector

:

270 ºC

Detector (FID)

:

270 ºC

Split ratio

:

75

Injection volume

:

1.0 µL

Table 5.8 Selected retention times of various substrates, products and the internal standard
Compound

170

Retention time (min)

Acetophenone

17.5

1-Phenylethanol

17.2

4'-Chloroacetophenone

26.5

1-Chorophenylethanol

27.3

4'-Methoxyacetophenone

28.3

1-methoxyphenylethanol

27.9

Dibutylether

10.0

2-Propanol

4.1

Acetone

3.8
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General Procedure for Hydrogenation
A Schlenk tube filled with a solution of substrate (1 mmol), catalyst precursor
[Rh(cod)2]BF4 or [Rh(nbd)2]BF4 (0.01 mmol) and the phosphinomethylamine (0.022
mmol) or the bidentate aminophosphine ligand (0.011 mmol) in 7 mL CH2Cl2 was purged
three times with H2. The reaction mixture was stirred under H2 (1.1 bar) at 20 °C. The
resulting solution was passed through a small alumina column prior to quantitative analysis
by GC.
GC Analysis
Conversion
GC

:

Shimadzu GC 17A

Column

:

HP Pona (crosslinked Me Siloxane), 50 m, inner ø
0.20 mm, film thickness 0.5 µm

Carrier gas

:

Helium 250.0 kPa (total flow 35 mL/min)

Temperature program

:

70 ºC (hold: 1 min), 7 ºC/min to 120 ºC (hold: 0
min), 14 ºC/min to 270 ºC (hold: 4 min)

Injector

:

250 ºC

Detector (FID)

:

270 ºC

Split ratio

:

21

Injection volume

:

1.0 µL

Table 5.9 Selected retention times of substrate and product
Compound

Retention time (min)

(Z)-(N)-acetylaminocinnamate

20.9

Hydrogenated product

19.5
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Enantiomeric excess (Z)-(N)-acetylaminocinnamate
GC

:

Shimadzu GC 17A

Column

:

Chirasil L-Val, 25 m, inner ø

0.25 mm, film

thickness 0.12 µm
Carrier gas

:

Helium 120 kPa

Temperature program

:

170 ºC (hold: 25 min)

Injector

:

250 ºC

Detector (FID)

:

270 ºC

Split ratio

:

50

Injection volume

:

1.0 µL

Enantiomer (R)

:

5.26

Enantiomer (S)

:

5.59

Crystal structure determination of 12, 15 and 16
The data were collected on a Nonius Kappa CCD diffractometer with rotating mode. The
structure was solved by direct methods using SHELX97,
squeares procedures using SHELXL97.

[48]

[48]

and refined F2 by least-

All non-hydrogen atoms were refined with

anisotropic displacement parameters. Hydrogen atoms were constrained to idealize
geometries and allowed to ride on their carrier atoms with an isotropic displacement
parameter related to the equivalent displacement parameter of their carrier atoms. For
compound 12, the asymmetric unit of the crystal structure contains two cations and two
anions. The flack x-parameter gives information about the absolute configuration, amounts
to –0.03. This value indicates that the structure has the correct configuration assignment
for the chiral atoms and that the measured data set has inversion-distinguishing power
sufficient for enantio-pure samples. Structure validation and molecular graphics
preparation were performed with the PLATON package.[49] Crystallographic data are given
in Table 5.10.
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Table 5.10 Selected crystallographic data for compounds 12, 15 and 16
12

15

16

Formula

C28H38NO4PS

C35H36Cl2NPRu

C29H38Cl2NPRu

FW / M

515.63

673.59

674.44

Crystal system

Monoclinic

Monoclinic

Monoclinic

Space group

P21/c (no. 4)

P21/c (no. 14)

P21/c (no. 14)

A (Å)

10.0272 (10)

12.5574 (10)

10.0656 (10)

B (Å)

24.275 (4)

14.3340 (10)

14.9840 (10)

c (Å)

11.565 (2)

17.2239 (15)

21.895 (3)

α(°)

90

90

90

β(°)

102.745 (14)

93.433 (16)

115.555 (10)

γ(°)

90

90

90

2745.7 (7)

3094.7

2979.2 (6)

4

4

4

dcalc (g cm-3)

1.2474

1.4457 (2)

1.5037 (3)

µ (Mo-Kα) (mm-1)

0.209

0.756

0.958

150

150

150

61587

58984

56965

15107 (0.053)

6968 (0.066)

13205 (0.056)

ωR2(F2) (all data)

0.0819

0.0935

0.0874

λ (Å)

0.72078

0.70154

0.70154

R1

0.0329

0.0415

0.0315

F(000)

1104.0

1384.0

1384.0

V(A3)
Z

T (K)
Total reflections
Unique reflections
(Rint)

Rint = ∑ [F02 - F02 (mean)]/ ∑ [F02]; wR(F2) = [∑ [w(F02 – Fc2)2]/ [∑ [w(F02)2]]1/2; R(F) =
∑ (||F0| – Fc ||) /∑|F0|
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Summary
During the last decades, significant progress has been made in the design and
development of transition metal catalysts for a variety of asymmetric transformations. The
major focus in these efforts has been the selective formation of one stereoisomer from a
prochiral substrate. Symmetry considerations have contributed significantly to achieve this
goal. C2-symmetric ligands for instance, render the available coordination sites in square
planar complexes homotopic. In this way, the number of intermediates/transition states in a
catalytic reaction can be reduced, which is the reason for their success in many metalcatalyzed asymmetric reactions. In octahedral complexes, however, C2 symmetry is less
effective. Homotopicity of the available coordination sites can only be achieved with C3
symmetry.
Traditionally, chiral ligands coordinating to a metal atom have been used to confine
the substrate orientation with respect to the catalytically active center and thereby
determine the outcome of the enantiodifferentiating step. Nevertheless, asymmetric
induction is a very sensitive process and it is possible to use other interactions than direct
metal-ligand interactions to achieve enantioselectivity in metal-catalyzed reactions. These
interactions can be located in the second coordination sphere, for example through ion-pair
interactions with the ligand. Achiral counterions can influence a chiral catalyst, but also
using chiral counterions, an achiral catalyst can also be rendered enantioselective.
Although the possibilities of chiral anions have been largely neglected, it is known that
non-coordinating or weakly coordinating counter anions can adopt fixed positions relative
to the metal center and the ligand framework depending on different conditions such as
solvent polarity and temperature. With a great diversity of counterions at hand, these
interactions can easily be modified, with the purpose of obtaining high enantioselectivities.
This thesis describes the development of synthetic routes to C3-symmetric ligands.
The coordination chemistry of these ligands is studied, as well as their application in
metal-catalyzed reactions. In order to further diversify catalyst properties, the use of noncovalent interactions between ion-pairs as a tool for ligand modification are explored. The
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catalytic systems are modified by protonation (quaternization) of an amine functionality in
the ligand.
Chapter 1 gives a short literature review concerning the application of C3symmetric ligands as templates in biomimetic catalysis, in combination with transition
metals in asymmetric and polymerization catalysis, but also in molecular recognition.
Furthermore, concepts of non-covalent interactions are described as well as the application
of these interactions in asymmetric catalysis. The specific application of non-covalent
interactions generated by protonation (quaternization) of the amine functionalities in the
ligand is presented.
Chapter 2 focuses on the synthesis and characterization of C3-symmetric ligands.
Optimized synthetic routes were developed for the synthesis of chiral tris(oxazolines). A
new synthetic approach based on the use of protective groups is discussed. New achiral
tris(imidazolines) were synthesized starting from 1,2-diamines with different electronic
properties. Furthermore, C3-symmetric tris(imidazolines) were used as starting compounds
for the synthesis of new C3-symmetric ligands containing phosphorus functionalities. This
new ligand was synthesized by functionalization of the N-H bonds.
Chapter 3 is dedicated to the coordination chemistry studies of C3-symmetric
tris(oxazoline) and tris(imidazoline) ligands with different transition metals. The
complexes were characterized using spectroscopic techniques, such as NMR, IR and UVVis spectroscopy, MS spectrometry, CHN analysis and X-ray crystallography.
Coordination chemistry studies of Co(II) tris(oxazoline) complexes showed that in the
solid state, all four nitrogen atoms of the tris(oxazoline) ligands coordinate to the cobalt
center. Evidence supporting this coordination mode was also found for Rh(III) and Ag(I)
tris(oxazoline) complexes as well as for Co(II) and Mn(II) tris(imidazoline) complexes. In
addition, a hydrogen bond interaction was found for the Mn(II) tris(imidazoline) complex
between the counterion (BPh4-) and one of the N-H bonds of the benzimidazole rings as
indicated by crystallographic studies. Cu(I) tris(oxazoline) complexes showed the same
coordination mode as for Co(II) complexes, while the corresponding Cu(II) complexes
showed the formation of dimeric species in which two nitrogen atoms of the tris(oxazoline)
ligand coordinate to one copper center and the third nitrogen atom coordinates to the
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second copper center. Coordination studies for Ru(II) complexes based on tris(oxazoline)
and tris(imidazoline) ligands synthesized from Ru(II)(p-cymene) dimer indicated that the
p-cymene moiety coordinates to the Ru(II) center allowing the coordination of only three
nitrogen atoms of the respective C3-symmetric ligand.
Chapter 4 involves the application of C3-symmetric ligands in the rutheniumcatalyzed transfer hydrogenation of ketones. Different aspects such as catalyst lifetime,
effects of base and metal precursors on the catalytic systems were studied. Tris(oxazoline)
ligands

in

the

presence

of

ruthenium(II)

showed

moderate

activities

and

enantioselectivities. Ruthenium(II) tris(imidazoline) systems gave good activities and
proved to be more stable than Ru(II) tris(oxazoline) systems. Catalyst testing and substrate
screening with Ru(II) tris(imidazoline) systems was automated using a ChemSpeed
workstation.
The application of non-covalent interactions in (a)chiral N-containing phosphorus
ligands is presented in Chapter 5. Modifications on phosphinomethyl amines were carried
out by protonation (quaternization) of the amine functionality with (a)chiral acids. These
modified systems were applied in the rhodium-catalyzed hydrogenation of methyl (Z)-(2)acetamido-cinnamate. Furthermore, phosphinomethyl amines and their corresponding
ruthenium complexes were studied and applied in the transfer hydrogenation of ketones.
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Samenvatting
Er is de afgelopen decennia aanzienlijke vooruitgang geboekt in het ontwerp en de
ontwikkeling van overgangsmetaal katalysatoren voor asymmetrische transformaties. De
inspanningen zijn hoofdzakelijk gericht op de selectieve vorming van één enantiomeer uit
een prochiraal substraat. Het gebruik van symmetrie heeft significant bijgedragen aan het
bereiken van dit doel. C2- symmetrische liganden bijvoorbeeld, maken de overige
coördinatieplaatsen van een vlak vierkant complex identiek, ofwel homotopisch. Hierdoor
kunnen ze het aantal intermediairen/overgangstoestand in een katalytische reactie
reduceren, hetgeen de reden is voor hun succes in metaal gekatalyseerde asymmetrische
reacties. In octaëdrische complexen is C2 symmetrie echter minder effectief.
Homotopiciteit van de beschikbare coördinatieplaatsen kan alleen bereikt worden door
middel van C3 symmetrie.
De gebruikelijke manier om asymmetrische reacties te beïnvloeden is door middel
van chirale liganden die coördineren aan een metaal atoom. Hierdoor wordt de oriëntatie
van het substraat ten opzichte van het actieve centrum begrensd en kan de uitkomst van de
enantioselectieve stap worden bepaald. Asymmetrische inductie is echter een zeer gevoelig
proces en het is ook mogelijk om interacties anders dan de directe metaal-ligand interacties
te gebruiken om dit proces te beïnvloeden. Deze interacties kunnen zich in de tweede
coördinatie sfeer bevinden, bijvoorbeeld door ion-paar interacties met het ligand. Enerzijds
kunnen achirale tegenionen van invloed zijn op een chirale katalysator, anderzijds kan door
gebruik van chirale tegenionen een achirale katalysator enantioselectief worden. De
mogelijkheden van chirale anionen zijn nog grotendeels genegeerd, toch is het bekend dat
niet- of zwakcoördinerende tegenionen vaste posities kunnen innemen ten opzichte van het
metaal centrum en de liganden, afhankelijk van bepaalde condities zoals de polariteit van
het oplosmiddel en de temperatuur. Met een grote verscheidenheid aan beschikbare
tegenionen kunnen deze interacties gemakkelijk worden bijgesteld met als doel het behalen
van hogere enantioselectiviteit.
Dit proefschrift beschrijft de ontwikkeling van synthese routes naar C3symmetrische liganden. De coördinatiechemie van deze liganden wordt bestudeerd,
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evenals de toepassing in metaal gekatalyseerde reacties. Met het oog op het verder
diversifiëren van katalysatoren, zijn ook non-covalente interacties tussen ion-paren als
instrument voor katalysatormodificatie bekeken. Deze katalytische systemen zijn
aangepast door protonatie (quaternizatie) van de amine groep in het ligand.
Hoofdstuk 1 geeft een kort overzicht van de literatuur met betrekking tot de
toepassing van C3-symmetrische liganden enerzijds als sjabloon in biomimetische katalyse
en moleculaire herkenning en anderzijds in combinatie met overgangsmetalen in
asymmetrische en polymerisatiekatalyse. De concepten van non-covalente interacties
worden beschreven evenals de toepassing van deze interacties in asymmetrische katalyse.
De specifieke toepassing van non-covalente interacties gegenereerd door protonatie
(quaternizatie) van de amine groep in het ligand wordt eveneens besproken.
Hoofdstuk 2 behandelt de synthese en karakterisatie van C3-symmetrische
liganden. Geoptimaliseerde synthese routes zijn ontwikkeld voor de synthese van chirale
tris(oxazolines). Een nieuwe synthetische methode, gebruikmakend van beschermende
groepen, wordt besproken. Nieuwe achirale tris(imidazolines) zijn gesynthetiseerd,
startend van 1,2-diamines met verschillend elektronisch karakter. Bovendien zijn C3symmetrische tris(imidazolines) gebruikt als start materiaal in de synthese van nieuwe C3symmetrische liganden met fosfor functionaliteiten. Dit nieuwe ligand is gesynthetiseerd
door functionalisatie van de N-H bindingen.
Hoofdstuk 3 is gewijd aan de studie van de coördinatiechemie van C3symmetrische tris(oxazoline) en tris(imidazoline) liganden in combinatie met een
verscheidenheid van overgangsmetalen. De complexen zijn gekarakteriseerd met
spectroscopische technieken zoals NMR, infrarood, UV-Vis spectroscopie, massa
spectrometrie, element analyse en kristallografie. Coördinatiechemische studies aan Co(II)
tris(oxazoline) complexen wezen uit dat in de vaste fase alle vier de stikstof atomen van
het tris(oxazoline) ligand coördineren aan het kobalt centrum. Aanvullend bewijs dat deze
coördinatietoestand ondersteund werd gevonden voor zowel Rh(III) en Ag(I)
tris(oxazoline) complexen, als voor Co(II) en Mn(II) tris(imidazoline) complexen. In het
Mn(II) tris(imidazoline) complex werd een waterstofbrug interactie tussen het tegenion
(BPh4-) en één van de N-H bindingen van de benzimidazole ring geïdentificeerd door
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middel van kristallografie. Cu(I) tris(oxazoline) complexen vertoonden dezelfde
coördinatietoestand als de Co(II) complexen, terwijl vergelijkbare Cu(II) complexen
dimere structuren vormden, waarbij twee stikstof atomen gecoördineerd zijn aan een
tweede koper centrum. Coördinatie studies aan Ru(II) complexen gebaseerd op
tris(oxazoline) of tris(imidazoline) liganden en het Ru(II)(p-cymene) dimeer duidden op
coördinatie van de p-cymene eenheid aan het Ru(II) centrum, waardoor nog slechts drie
stikstof atomen van de C3-symmetrische liganden coördineren.
Hoofdstuk 4 betreft de toepassing van C3-symmetrische liganden in de rutheniumgekatalyseerde transferhydrogenering van ketonen. Aspecten zoals de levensduur van de
katalysator en effecten van base en metaal complex op het systeem zijn bestudeerd.
Tris(oxazoline) liganden, in combinatie met ruthenium(II), vertonen gemiddelde activiteit
en enantioselectiviteit. Ruthenium(II) tris(imidazoline) systemen geven goede activiteit en
zijn ook stabiel gebleken dan de Ru(II) tris(oxazoline) systemen. Het testen van
katalysatoren en het screenen van substraten met Ru(II) tris(imidazoline) systemen is
geautomatiseerd met een ChemSpeed workstation.
De toepassing van non-covalente interacties in (a)chirale stikstofbevattende fosfor
liganden wordt beschreven in Hoofdstuk 5. Modificaties aan fosfinomethyl amines
werden tot stand gebracht door protonatie (quaternizatie) van de amine groep met behulp
van (a)chirale zuren. Deze gemodificeerde systemen werden toegepast in de rhodium
gekatalyseerde hydrogenering van methyl (Z)-(2)-acetamido cinnamaat. Eveneens werden
fosfinomethyl amines en hun overeenkomstige ruthenium complexen bestudeerd en
toegepast in de transferhydrogenering van ketonen.
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