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Chapter 1 

 

New Directions in Homogeneous Catalysis 

 

 
 

 

1.1   Introduction 
 

The current needs of the human population in combination with the limited availability of 

natural resources necessitate a move towards a sustainable use of matter and energy. This 

is particularly applicable to the chemical industry, as the majority of its processes are based 

on the use of non-renewable hydrocarbons, typically from oil as the feedstock. One of the 

challenges that chemists face is the development of reactions that use the feedstock in a 

highly efficient manner1. Reactions operating at 100% atom economy (thus waste-free 

reactions in which all atoms of the reactants appear in the product) are required to achieve 

this goal. Homogeneous catalysis by transition-metal complexes can play a key role in 

developing these reactions2. The number of catalyzed transformations currently operating at 

100% atom economy is relatively small. For most catalyzed reactions several factors 

contribute to a low atom economy. For instance, the catalyst often requires starting materials 

with suitable leaving groups which are not incorporated in the product, but end up in the 

waste stream. A second problem which is commonly encountered is the formation of 

undesirable byproducts, for example, when the catalyst is not forming the desired isomer 

selectively. Overcoming the above described problems represents a great challenge and it is 

not surprising that there is great interest in new catalytic systems and in novel routes to 

generate catalysts. Several supramolecular inspired methodologies have already proven 

their effectiveness, as they allowed the development of new catalysts displaying 

unprecedented properties. Moreover, the methodologies have been successful in increasing 

the activity, stability and selectivity of established catalysts. Consequently, application of bio-

inspired and supramolecular approaches in the field of homogeneous catalysis open the way 

to a more sustainable way of chemical production. 

 

 

1.2   Outline 
 

In recent years various supramolecular techniques have been applied successfully in the 

field of homogeneous catalysis3. Initially, supramolecular catalysts were designed to mimic 
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the active sites of enzymes. Gradually, supramolecular systems appeared that were no 

longer based on biological systems, as these systems combined supramolecular strategies 

with traditional ligand design3b-d. The use of non-covalent interaction turned out to be a 

particularly effective tool to create (libraries of) ligands and catalysts. In the work described in 

this, thesis we have investigated the use of metal-ligand interactions as a route to form 

hetero-nuclear catalysts, of which the results are presented in chapters 2-5. In chapter 2 the 

coordination chemistry of a novel building block designed for the self-assembly of poly-

nuclear catalysts is summarized. The application of this building block in the assembly of, 

respectively, chiral and immobilized catalysts, is discussed in chapters 3 and 4. In chapter 5 

we report the formation of bidentate phosphine ligands by means of metal-mediated self-

assembly using a novel ditopic ligand. A discussion on the relationship of ligand structure 

and catalyst properties is given in the next section of this chapter (1.3). This part provides the 

reader with background information on the topic, without claiming to give a full overview. This 

is followed by a short introduction on metal-mediated self-assembly (1.4) and an overview of 

the types of self-assembled catalysts that have appeared in the literature (1.5). 

A second recent development in the field of homogeneous catalysis, cascade catalysis, also 

finds its origin in the application of bio-inspired strategies. It has recently received increasing 

interest from both academia and industry. The combination of bio- and homogeneous 

catalysts has led to systems displaying intriguing properties. With the aim to generate a 

waste-free process we have explored the integration of bio- and transition-metal catalyzed 

reactions in a single system, of which the results are discussed in chapter 6. A general 

introduction into cascaded catalytic transformations is given in the last section of this chapter 

(1.6). 

 

 

1.3   Structure and properties of transition-metal catalysts 
 

Ligand structure   Transition-metal catalysts generally consist of a transition-metal, 

stabilized by one or more ligand(s)4. A huge variety of ligands has been reported, giving a 

wealth of information on the relationship between ligand structure and catalyst properties. In 

numerous reactions, application of phosphorus-based ligands yielded highly efficient 

catalysts and the electronic and steric nature of the ligand was found to have a determining 

influence on the activity, stability and selectivity of the catalyst. For numerous reactions, 

superior catalysts are formed when bidentate ligands (with two donor atoms) instead of 

monodentate ligands (containing a single donor atom) are applied (fig. 1). Modifying the 

structure of the ligand allows for tuning of the catalyst performance and ligand design has 

evolved as the most powerful tool in the development of highly active and selective 

catalysts4. 
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Figure 1: Examples of commonly applied mono- and bidentate phosphine ligands. 

 

Several studies have revealed correlations between a specific ligand property and catalyst 

performance. This information in turn allows the rational design of ligands. For instance, the 

steric bulk of phosphine ligands often has a large impact on the catalyst performance. For 

monodentate phosphorus ligands the parameter describing the steric bulk of the ligand has 

been quantified by Tolman as the cone angle (θ, fig. 2)5. For a number of reactions a direct 

correlation between this angle and the catalyst performance exists. A commonly used 

parameter to quantify the structure of bidentate ligands is the natural bite angle (βn, fig. 2)
6. 

This is defined as the ligand preferred P-M-P angle and is calculated using computer models. 

For several reactions there is a direct relationship between this angle and the catalyst 

selectivity. The structural element that creates the ‘bridge’ between the two phosphorus 

atoms (fig. 2) has consequently become a tool to tune the catalyst selectivity. 
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Figure 2: Schematic representation of the cone angle and the bite angle. 

 

Enantioselective catalysts   The potential of chiral catalysts to enable the production of 

enantiopure compounds was acknowledged already in the sixties of the last century and is 

currently driven to a large extent by the pharmaceutical and fine chemical industry7,8. The 

development of chiral catalysts for asymmetric conversions allowed for replacing the 

traditional synthetic routes that produce racemates. With asymmetric catalysis, in theory, the 

desired enantiomer can be formed quantitatively and consequently presents a considerable 

economic advantage. Highly enantioselective catalysts have been developed (and are 

industrially applied) for a large variety of reactions, but asymmetric hydrogenation has 
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received the majority of the attention9. The chiral environment around the catalytic center 

originates from the use of chiral ligands10. A limited number of ligand structures proofed 

successful in a broad range of transformations and therefore have been labeled privileged 

ligands (fig. 3)7c. Since small variations of the ligand structure can have a decisive influence 

on the enantioselectivity, it often is essential to synthesize large libraries of chiral ligands to 

find an efficient catalyst. This in turn, has been a major driving force for the development of 

combinatorial techniques to synthesize and screen large ligand libraries in an efficient 

manner11. 

 

PPh2
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O

O
P N

P
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Figure 3: Examples of privileged phosphorus-based chiral ligands. 

 

Supported catalysts   The separation of the catalyst from the reaction mixture has received 

considerable attention12. Since catalysts are often based on toxic transition-metals, this is an 

important issue from an environmental point of view. The high costs generally involved with 

the use of transition-metals, makes recycling of homogeneous catalysts also highly 

economically attractive. In the last decades a variety of approaches have been investigated 

and a number are being applied industrially13. Since dendrimers, as a result of their size, can 

be separated from the reaction mixture by nano-filtration, they have been applied as a 

support to create recyclable homogeneous catalysts14. Figure 4 schematically depicts a 

dendrimer functionalized with catalysts at its periphery. A variety of dendrimers have been 

applied as support, and the introduction of the catalyst in the micro-environment of the 

dendrimer has yielded catalysts with interesting properties. Immobilization of a homogeneous 

catalyst on a (solid) support is a second approach that received considerable research 

attention (fig. 4)15. The supported catalysts are generally formed by application of 

immobilized ligands and consequently this approach combines the advantages of both 

homogeneous catalysis (good control over catalyst properties via ligand design) and 

heterogeneous catalysis (easy catalyst separation). 
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Figure 4: Schematic presentation of dendritic and solid-supported catalysts. 

 

Ligand synthesis   Since ligand design is one of the most efficient tools to tune catalysts 

properties (vide supra), it became essential that the ligand structure could be varied easily. 

Consequently, various synthetic procedures for the synthesis of (functionalized) ligands have 

been developed. Nevertheless, ligand synthesis generally remains laborious and time 

consuming3d. It is not surprising that there is great interest in novel routes to generate ligands 

and in the last decade the formation via self-assembly has established itself as a very potent 

methodology3a-d. Several successful approaches are discussed in the following section. 

 

 

1.4   Metal-mediated self-assembly 
 

Self-assembly is the spontaneous formation of a supramolecular entity from molecular 

components16. By appropriate design of the building blocks, the structure and properties of 

the assembly can be controlled to a very high degree. In the last decade, research has 

shifted from exploring (simple) host-guest interactions to the formation of highly complex 

functional systems17. Initially, chemists mainly focused on the use of hydrogen bonds, π-π 

interactions and hydrophobic effects, while the use of metal-ligand interactions has received 

considerable attention in the last decade17a,18. The main advantages of transition-metal 

mediated self-assembly are the relatively strong coordination bonds with the ligands and the 

greater directionality of metal-ligand interactions. By exploiting the specific geometrical 

requirements of the metals used, it is possible to control accurately the desired overall 

structure of the supramolecular complex19. Moreover, this also allows addressing the 

coordination of a metal to a specific binding site and enables the assembly of hetero-poly-

nuclear superstructures in a selective manner. These advantages have made metal-ligand 

interactions a particularly attractive tool and it is not surprising that an enormous variety of 

structures (e.g. molecular squares, bowls, helicates, etc.) have been reported18. 
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1.5   Self-assembly of catalysts 
 

Finding the optimal catalyst in a time efficient manner is of great importance for the chemical 

industry. As a result, the development of combinatorial techniques and efficient screening 

methods has received considerable attention11,20. Although combinatorial methodologies in 

principle allow fast screening of catalyst libraries, the often laborious synthesis of ligand 

libraries is still the bottleneck in finding new catalysts. Consequently, there is great interest in 

novel (synthetic) routes to generate rapidly large libraries of ligands3. The traditional 

approach to develop homogeneous catalysts can be regarded as a ‘one-dimensional’ 

approach; the synthesis of one ligand leads to one new catalyst and, at best, the workload 

can be reduced somewhat by a modular, synthetic approach. The assembly of ligands by 

using non-covalent interactions between two building blocks (A and B) can be regarded as a 

‘two dimensional’ approach; the different building blocks (n A + m B) can be combined to 

yield a multitude of catalysts (n x m A•B). For libraries lager than 5 catalysts, the approach 

already leads to a reduction in the number of building blocks required. Surprisingly, until quite 

recently this advantage of (metal-mediated) self-assembly as a tool to generate catalysts 

was hardly recognized. In the next part the different types of self-assembled catalysts that 

have appeared in literature are discussed, with the emphasis on the metal-mediated self-

assembly of the catalyst3. 

 

Encapsulation of catalysts by means of metal-mediated self-assembly   The cavities 

generally found in self-assembled super-structures have been the focus of considerable 

research interest, as they can supply unique micro-environments for guest molecules18. Hupp 

et al. investigated the inclusion of a catalyst inside such a cavity21. By means of self-

assembly they encapsulated a manganese-porphyrin catalyst in a zinc-porphyrin-based 

molecular square (fig. 5). In the epoxidation of cis-stilbenes, the encapsulated catalyst 

displayed, in comparison with non-encapsulated analogues, an enhanced stability and a 

decreased reactivity towards sterically more crowded substrates. 
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Figure 5: Manganese catalyst encapsulated in a Zn-Re metallomacrocycle. 
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Reek et al. used the interaction between pyridine-functionalized phosphines and zinc 

porphyrins to encapsulate phosphine ligands, thereby drastically increasing their steric bulk 

(scheme 1)22. The methodology is based on the selective coordination of two types of metals 

to two types of donor atoms. As a result of the low preference of zinc for phosphorus, the 

porphyrin coordinates selectively to the nitrogen atoms of the pyridines, leaving the 

phosphorus donor atom free to bind the catalytically active metal (3). Not only does this 

process increase the steric bulk of the phosphine, it also results in a unique overall shape, as 

the encapsulated catalyst possesses a cavity at the active site. Interestingly, while the 

assembly consists of two relatively simple building blocks (1 and 2), considerable synthetic 

effort is needed to create phosphines with a comparable size and shape23. 
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Scheme 1: Encapsulation of a phosphine ligand as a result of nitrogen-zinc interactions. 

 

In the rhodium-catalyzed hydroformylation of 1-octene, the encapsulation of tris-3-

pyridylphosphine (1) with meso-phenyl zinc porphyrin (2) leads to a 10-fold increase in 

activity. The authors attribute this partly to the exclusive formation of mono-ligated transition-

metal complexes as a result of the steric bulk of the encapsulated ligand 3, which is 

supported by in situ infrared spectroscopy. In addition, in contrast to what is commonly 

observed for this substrate, the branched aldehyde was formed as the predominant isomer 

(branched to linear 10:6). Later, Reek and co-workers reported that the encapsulated 

rhodium catalyst display unprecedented high regioselectivities in the hydroformylation of 

internal alkenes24. For instance, in the hydroformylation of trans-3-octene, the non-

encapsulated rhodium catalyst afforded 2-ethylheptanal and 2-propylhexanal in exactly a 1:1 

ratio, while application of the encapsulated analogue assembled from 1 and 2 led to a 

selectivity for 2-propylhexanal of 75% (scheme 2). The high selectivities for the branched and 

internal aldehydes are attributed to a reduced rotational freedom of the reactants in the cavity 

of the encapsulation catalyst. 
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Scheme 2: Regioselective hydroformylation of internal alkenes by a self-assembled high-

precision catalyst. 

 

Reek and co-workers systematically studied the encapsulation methodology in various 

reactions and with structurally diverse zinc porphyrins and pyridyl phosphines, as well as 

amino-functionalized phosphorus ligands, allowing the formation and evaluation of large 

ligand libraries22,25. Zinc salphen complexes were also applied successfully as building 

blocks26. In addition, the group utilized the selective axial nitrogen coordination of zinc 

porphyrin and zinc salphen to pyridyl or amino substituted phosphine ligands to assemble 

functionalized catalysts. Porphyrin modified silica, for instance, was combined with an amino-

substituted Xantphos ligand to anchor palladium non-covalently to the support27a. 

Enantioselective catalysts were assembled from achiral pyridyl phosphines and chiral zinc 

porphyrins27b. 

 

In the self-assembly of encapsulated catalysts from building blocks 1 and 2, selective 

coordination of the two types of metals relies on the use of two different donor atoms 

(phosphorus and nitrogen) in combination with the low affinity of zinc for phosphorus donors 

(scheme 1). Reek et al. applied a building block solely containing nitrogen donors (two 

imines and two pyridines) for the encapsulation of a palladium-based polymerization 

catalyst28. Selective coordination of the two types of metals (palladium and zinc, respectively) 

to the two types of nitrogen donors, was achieved by utilizing the different steric 

requirements of the metals. In the absence of zinc salphen, palladium coordinates 

unselectively to the building block; both the pyridyl and imine donors assist in binding the 

metal (A, scheme 3). As a result of its steric bulk, zinc salphen can only coordinate to the 

pyridine donors, leaving the diimine vacant for coordination to palladium (B). 
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Scheme 3: Encapsulation of a palladium-based polymerization catalyst. 

 

The assemblies were evaluated as catalysts in the CO/4-tert-butylstyrene copolymerization. 

In the absence of a zinc salphen building block, no polymerization activity was observed, 

which can be attributed to the unselective coordination of the metal to the pyridyl-substituted 

diimine ligand. The encapsulated complexes were all active and the structure of the applied 

zinc salphen building block had a strong influence on the activity and the average molecular 

weight of the polymer. Interestingly, the parent complex (C, scheme 3) gave polymer with a 

lower average molecular weight and the activity of this catalyst was also considerably lower 

than that of the most active encapsulated catalyst. Moreover this catalyst produced atactic 

copolymers, while the supramolecular catalysts provided syndiotactic copolymers. Actually, 

the encapsulation with a bulky zinc salphen resulted in one of the most selective catalysts 

known to date. 

 

The non-covalent modification of the (sterical) environment around the catalytic center is not 

limited to metal-ligand interactions. Hydrogen bond interactions have, for instance, been 

utilized to generate sterically encumbered dendritic catalysts14a. Clark et al. used hydrogen 

bonds to fine-tune the steric environment of a chiral organocatalyst (scheme 4)29. For this 

purpose a building block equipped with a chiral moiety and a hydrogen bonding motif (A) and 

6 different additives equipped with complementary motifs (B) were prepared. These 

components led to a family of self-assembled chiral organocatalysts with different steric 

properties (C). In the asymmetric nitro-Michael reaction the nature of the substituents of B 

(R1 and R2) has a considerable influence on the catalyst performance; the yield varied 

between 59 and 82%, the diastereomeric ratio between 31:1 and 77:1, whereas the 

enantiomeric excess (ee) varied between 16 and 47%. 
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Scheme 4: Fine tuning of the steric bulk of an organocatalyst (C) by hydrogen bonding. 

 

Coordination geometry of metal as a tool to influence catalyst properties    The group 

of Mirkin reported an intriguing catalytic system in which the performance of the catalytic 

center could be tuned by altering the coordination geometry of a second metal center also 

present in the poly-nuclear catalyst30. A metallo-macrocycle was prepared in which two 

salen-based chromium centers are catalytically active in the asymmetric ring opening of 

cyclohexene oxide. Two rhodium centers, coordinated by thioethers and phosphines, serve 

as flexible structural elements that respond to the presence of additional ligands (A, scheme 

5). Addition of chloride anion and carbon monoxide results in a disruption of the coordination 

of the rhodium to the thioethers, which in turn results in an ‘enlargement’ of the macrocycle 

(B). As a result of this process a significant rate increase was observed. 
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Scheme 5: Tuning the activity of a chromium catalyst by altering the coordination sphere of 

rhodium. 

 

Bidentate ligands via self-assembly   In the examples discussed above, the self-assembly 

process modifies the environment around the catalytic centers. In these systems the binding 

sites for the catalytic center was pre-organized to a high degree. Considerable research 

effort has also been devoted into the formation of the coordination site for the catalytic center 

as a result of non-covalent interactions, with most examples reporting the formation of 

bidentate phosphine ligands via self-assembly3c-d. This is a highly attractive approach, since 
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it combines the advantages of self-assembly (e.g. combinatorial techniques) with the 

excellent properties that bidentate (phosphine) ligand-based catalysts generally display. 

 

Template assisted assembly of bidentate ligands   Ditopic amines like 

diaza[2.2.2]bicyclooctane form 2:1 sandwich complexes with zinc porphyrins and this 

methodology was used by Reek et al. to form stable bidentate ligands. Phosphite-

functionalized zinc porphyrins coordinate in a 2:1 fashion to the diaza[2.2.2]bicyclooctane 

template, thereby generating a bidentate phosphite (scheme 6)25a. The multicomponent 

assembly showed typical bidentate phosphite behavior in the rhodium-catalyzed 

hydroformylation; lower activities and higher selectivities for the linear aldehyde product in 

comparison to non-templated analogues which act as monodentate ligands. 
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Scheme 6: Bidentate phosphite formation via self-assembly by application of ditopic amines. 

 

Reek and co-workers also used the selective interactions between a bis-zinc porphyrin 

template and the nitrogen donor of pyridyl phosphines to self-assemble bidentate phosphine 

ligands25b,31. The group later extended this approach by combining (chiral) pyridyl phosphines 

and phosphites with rigid bis-zinc salphen building blocks to generate a library of bidentate 

phosphine and phosphite ligands (scheme 7)32. In the rhodium-catalyzed hydroformylation of 

1-octene, the templated ligand assemblies showed, in some cases, catalytic behavior typical 

of bidentate phosphines. Spectroscopic and crystallographic studies confirmed 

unambiguously the formation of bidentate ligands. Mixing the bis-zinc salphen template (A) 

with two pyridyl phosphines yields an assembly in which the nitrogen donor atoms 

coordinate, as expected, to the axial positions of the template (B). In the solid state, the two 

phosphines are bound on opposite sides of the template. In the presence of palladium, 

platinum or rhodium, a rearrangement takes place, resulting in the positioning of the 

phosphines on the same side of the template and binding of the late transition-metal in a 

bidentate manner (C). 
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Scheme 7: A platinum bidentate phosphine complex assembled from a rigid bis-zinc salphen 

and m-pyridyl phosphine (R = 
t
Bu, M = Pd, Pt, Rh ). 

 

Interestingly, it turned out that the bis-salphen templates could be used to generate hetero-

bidentate ligands from combinations of pyridine-functionalized phosphines, phosphites and 

phosphoramidites. In the absence of the bis-zinc template, no rhodium species coordinated 

by the hetero-ligand combinations could be observed by NMR spectroscopy, while in the 

presence of the template the homo-ligand species were not formed. The templated hetero-

bidentate ligands induce much higher enantioselectivities (up to 72% ee) in the rhodium-

catalyzed asymmetric hydroformylation of styrene than any of the corresponding homo-

bidentate ligands or the non-templated hetero-ligand combinations (up to 13% ee). This 

result also confirms that under catalytic conditions, the hetero-bidentate ligands are formed33. 

Since the hetero-bidentate ligands are assembled from three different building blocks, this 

methodology theoretically allows the creation of very large libraries of catalysts with limited 

synthetic effort. For instance, merely 27 (9 + 9 + 9) components can potentially lead to 729 (9 

x 9 x 9) different catalysts! 

 

Ditopic building blocks in the self-assembly of hetero-nuclear catalysts   The formation 

of hetero-poly nuclear complexes has been studied in detail by several groups (scheme 8)34, 

but generally most of these complexes have not been applied as catalysts35. Moreover, the 

route has only rarely been applied as a strategy to form libraries of self-assembled hetero-

bimetallic catalyst of which the reported examples are discussed below. 
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Scheme 8: Metal-mediated bidentate ligand formation from ditopic building blocks. 

 

Takacs and co-workers used the selective formation of heteroleptic zinc complexes from one 

S,S- and one R,R-bisoxazoline ligand, to assemble libraries of bidentate phosphite ligands36. 

By applying bisoxazolines functionalized with phosphite moieties, the complexation with zinc 

results in bidentate phosphite ligands (scheme 9). 26 phosphite-oxazoline building blocks 

were synthesized with various linkers between the phosphite and bisoxazoline moiety. By 

combining the different S,S and R,R building blocks with zinc, a library of 50 different 

bidentate phosphite ligands was created. In the palladium-catalyzed asymmetric allylic 

amination, the library displayed a broad range of enantioselectivities (20-97% ee), proving 

the efficiency of this combinatorial approach36a. Note that in the bidentate ligands assembled 

via this route, the [(R,R-bisoxazoline)zinc(S,S-bisoxazoline)] moiety should be regarded as a 

fixed structural element in the bridge of the bidentate ligand. 
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Scheme 9: Zinc mediated self-assembly of bis-phosphites. 

 

In a related approach, the group of van Leeuwen synthesized various phosphines containing 

an anionic site for binding a hard metal (e.g. Zn(II)) for the assembly of bidentate phosphine 

ligands (scheme 10)37. The building blocks were designed to form wide bite angle (calculated 

natural bite angles of 110–120°) bidentate diphosphines. Conventional ligands with 

comparable bite-angles (e.g. Xantphos) yield highly regioselective rhodium hydroformylation 

catalysts and the assembled ligands were therefore studied in this reaction. Indeed, the 

assembled bidentate diphosphines gave higher linear to branched aldehyde ratios than the 
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related monodentate ligands. Moreover, the reaction rates are approximately half of those of 

the monodentate ligands, which is a strong indication that the assembled bidentate are also 

stable under catalytic conditions. Some ditopic ligands resulted in poor catalysts, most likely 

a result of rhodium salen or phosphinophenolate complex formation. 
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Scheme 10: Zinc mediated formation of wide bite-angle bis-phosphines. 

 

Other approaches to self-assembled bidentate ligands   Reek et al. used the selective 

interaction between phosphite-functionalized porphyrins and mono-pyridyl phosphines to 

assemble (chiral) bidentate phosphine-phosphite ligands (scheme 11)25c. 
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Scheme 11: Schematic presentation of the self-assembly of a bidentate ligand from phosphite-

functionalized porphyrin 1 and pyridyl substituted phosphine a. 

 

The chelating behavior of the phosphine-phosphite assemblies was confirmed by an 

increase in the association constant in the presence of rhodium and further supported by IR- 

and NMR-spectroscopy under catalytic conditions. In the rhodium-catalyzed hydroformylation 

of styrene, the supramolecular bidentate ligands showed, in comparison to related 

monodentate ligands, a considerably decrease in activity and an increased selectivity for the 

branched product, reflecting the chelating coordination mode of the assembly. Extending the 

diversity of the phosphorus containing building blocks allowed the formation of a library of 48 

phosphine-phosphite and phosphite-phosphite ligands from only 14 (6 + 8) different building 

blocks38. The supramolecular ligand library was evaluated in the palladium-catalyzed 

asymmetric allylic alkylation. The enantiomeric excess, which ranged from 85% (S) to 86% 

(R), depended strongly on the structure of the components used. Combining 1 with the 

achiral m-pyridyldiphenylphosphine (a) gave the product in lower enantiomeric excess but 

with the opposite chirality than when homo-ligand combination 1 was applied. In the 
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presence of triphenylphosphine (b), which is unable to coordinate to the zinc, the product 

was obtained as a racemate, indicating that the observed effects for the 1 + a combination 

can be attributed to the formation of the hetero-ligand assembly. The assembled ligands 

were later applied in the high-throughput screening for the rhodium-catalyzed asymmetric 

hydrogenation of a challenging substrate (N-(3,4-dihydro-2-naphthalenyl)acetamide)39. From 

64 catalysts, assembled from 21 (14 +7) building blocks, only one catalyst was found that is 

both active and enantioselective. This rhodium catalyst is the most efficient catalyst known to 

date, showing that the screening of large catalyst libraries is an excellent route for finding 

superior catalysts. 

 

Next to metal ligand interactions, other non-covalent interactions have been applied in the 

assembly of bidentate ligands. Van Leeuwen et al. have used an ionic bond as the driving 

force for the formation of a hetero-bidentate phosphine ligand. It turned out that the cationic 

and anionic monodentate phosphorus ligands form an ion pair even in strongly polar protic 

media40. Monflier et al. assembled PN bidentate ligands from an amino-functionalized 

cyclodextrin and a substituted tris-aryl phosphine (scheme 12). In this approach the driving 

force for bidentate ligand formation is the hydrophobic interactions between the interior of the 

cyclodextrin and the phosphine41. 
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Scheme 12: Schematic presentation of the formation of a PN-ligand by the inclusion of a guest 

in the cyclodextrin cavity. 

 

The group of Breit utilized hydrogen bonding motifs to yield bidentate phosphine ligands from 

two functionalized monodentate phosphines (scheme 13)42. In the rhodium-catalyzed 

hydroformylation, the ligand induced very high regioselectivities, previously only achieved 

with wide bite-angle bidentate ligands, indicating that also under catalytic conditions the 

assembly stays intact. The hydrogen bonds are remarkable stable; the ligand retained the 

“wide bite angle” behavior even when substrates were used containing strong hydrogen 

donor and/or acceptor functionalities. In methanol or when acidic acid was added to the 

reaction mixture, the observed regioselectivity decreased considerably, indicating that under 

these conditions the hydrogen bonding is disrupted and that the phosphines act as non-

interacting monodentate ligands43. The approach was extended with monomers that form 

hetero-dimers42b. Applying this route, 16 bidentate ligands were assembled from only 8 (4 + 
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4) monomers. In the rhodium-catalyzed hydroformylation, the hetero-dimer combinations 

induced comparable regioselectivities, but showed large differences in activity, with a 

maximum rate difference of more than three-fold. Assembly of chiral bidentate ligands for 

asymmetric rhodium-catalyzed hydrogenation was achieved by functionalizing chiral 

phosphonite and phosphine ligands with the appropriate hydrogen bonding motifs42c. 
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Scheme 13: Hydrogen bond driven bidentate phosphine formation. 

 

Several related approaches have been reported; the group of Kamer utilized the hydrogen 

bonding motifs found in DNA44 and the group of Reek showed that hydrogen bonding 

between urea-functionalized phosphines results in bidentate phosphine coordination to 

palladium45. Reek et al. later extended this approach by functionalizing (chiral) phosphites 

with (thio-) urea functionalities. Upon self-assembly, these ligands form bidentate ligand 

metal complexes (scheme 14)46 and in the rhodium-catalyzed hydrogenation the type of 

hydrogen bonding motif and the type of linker between the two moieties had a considerable 

influence on the catalyst performance. With N-(3,4-dihydro-2-naphthalenyl)-acetamide as a 

substrate for instance, the conversions varied between 0 and 34%, while the enantiomeric 

excess varied between 1 and 77%. 
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Scheme 14: Urea moieties as hydrogen bonding motif in the assembly of bidentate 

phosphites. 
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1.6   Cascade catalytic conversions 
 

Cascade catalyzed reactions   The sequences of enzyme-catalyzed transformation 

occurring in living cells, allow the synthesis of the extremely complex molecules (scheme 

15)47. 

 

21 3
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Scheme 15: Cascade catalyzed reactions. 

 

Inspired by these systems, chemists explored the potential of sequencing catalyzed 

reactions in a laboratory environment. To describe the different methodologies and 

procedures, the terms tandem, sequential, domino and cascade have been introduced. 

Because these terms are not clearly defined, they are often interchangeable. Initially, most 

systems consisted of a single catalyzed step in a sequence of non-catalyzed transformations 

or re-arrangements. In the last decade, numerous systems based on a cascade of catalyzed 

reactions appeared in literature and the methodology is increasingly recognized as essential 

for sustainable chemical production48,49,50. One cascade reaction applied on a very large 

scale is the Shell Hydroformylation process, which involves isomerization of internal alkenes, 

hydroformylation of terminal alkenes, and hydrogenation of the aldehydes to alcohols, by one 

and the same alkylphosphine modified cobalt catalyst4. In the next part we provide some 

examples on the various approaches that have appeared in the literature and we have 

classified them roughly in order of complexity. We start with relative simple systems based 

on the use of a single catalyst and end with the more complex systems in which the interplay 

between several catalysts allow unprecedented efficiency. 

 

The most straightforward systems combine independent subsequent reactions in a one-pot 

procedure. The cascade consists of several transformations that can also be performed 

separately and the formed intermediates are stable compounds that can be isolated. The 

main advantage of this approach is a considerable reduction in solvent and energy 

consumption and a shorter (single) work-up procedure. MacMillan and co-workers applied 

imidazolidinones as organo-catalysts to merge iminium and enamine activation of α,β-

unsaturated aldehydes (scheme 16)51. Exposure of the aldehydes to organo-catalysts 

generates activated iminium species that enantioselectively intercept a wide variety of pi- or 

hydrido- nucleophiles. The conjugate-addition adducts re-enters a second catalytic cycle, in 

which enamine activation by the same catalyst enables highly enantioselective additions to 

electrophiles. The overall cascade process results in product formation in high yield with high 

enantio- and diastereomeric purity. 
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Scheme 16: Enantioselective cascade reaction merging iminium and enamine activation. 

 

The development of tandem reaction sequences under hydroformylation conditions has 

received extensive attention52. Generally, the aldehyde formed by the metal-catalyzed 

hydroformylation is in situ converted, commonly by a non-catalyzed reaction, to various 

derivatives (e.g. acetals, imines, amines, etc.). Often the aim was the one-pot synthesis of 

the desired compound, but several groups have utilized the cascade for the in situ protection 

of the aldehyde. Since the prepared derivates display a higher stability towards side-

reactions in comparison to the aldehyde, the methodology leads to fewer byproducts. Stille et 

al. have performed the platinum-catalyzed asymmetric hydroformylation of styrene in the 

presence of triethylorthoformate, which reacts with the formed aldehyde to give the 

corresponding acetal (scheme 17). This protects the aldehyde for racemization and as a 

result the cascade leads to higher enantioselectivities for the branched product53. The above 

example shows that one-pot procedures can, next to reduced solvent and energy 

consumption, also have other beneficial effects. It can, for instance, increase the overall 

selectivity of a catalyzed transformation. 
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Scheme 17: In situ acetal formation increases enantioselectivity in the platinum-catalyzed 

asymmetric hydroformylation of styrene (b:l = branched to linear ratio). 

 

Breit et al. developed a one-pot three-step cascade consisting of a hydroformylation, a Wittig 

olefination and a subsequent hydrogenation, allowing the synthesis of saturated ketones 

from alkenes (scheme 18)54. In this process a hydroformylation reaction converts an alkene 

(1) to an aldehyde (2), which in turn undergoes a Wittig olefination with phosphorus ylides. 

The formed alkene (3) is subsequently hydrogenated to yield the corresponding saturated 
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ketone (4). The overall process consists of the formation of two new carbon-carbon bonds 

and four carbon-hydrogen bonds. Both the initial hydroformylation and the subsequent 

hydrogenation are catalyzed by the same rhodium catalyst. As an example, this procedure 

was used in the one-pot all-anti stereo-triad synthesis of 5 from 6 in good yield and 

diastereomeric purity. If more sterically hindered di-substituted phosphorus ylides were used 

(e.g. Ph3P=CMeCO2Et), the reaction sequence yields the α,β-unsaturated carbonyl 

derivatives (3), which was attributed to the increased sterical hindrance around the alkene 

double bound, thereby inhibiting the hydrogenation reaction. 
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Scheme 18: Three-step hydroformylation-Wittig olefination-hydrogenation cascade. 

 

Multi-catalyst-based cascade reactions   As discussed in the examples above; the 

majority of reported systems consist of a single catalyst facilitating one or more steps in the 

cascade. More recently an increasing number of systems based on two or more catalysts 

appeared in literature. Bianchini et al. combined a cobalt ethene oligomerization catalyst, 

with a zircone alkene polymerization catalyst (scheme 19)55. The tandem ethene 

oligomerization and alkene co-polymerization subsequently leads to the formation of highly 

branched polymers. Varying the ratio of the two catalysts influences the percentage of 

branched centers and therefore the properties of the resulting polymer. Using this dual-

catalyst system, polyethylene with properties spanning from semi-crystalline to completely 

amorphous were prepared. 
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Scheme 19: A tandem of ethene oligomerization and alkene co-polymerization. 

 

More complex cascade systems are created if the individual reactions are rather difficult or 

even impossible to perform in a stepwise independent fashion. Cascading can even be a 

prerequisite if the intermediates are reactive compounds that cannot be isolated. By trapping 

these intermediates with a subsequent (catalytic) conversion, it is possible to generate 

complex molecules56. Moreover, interesting cooperative effects in multi-catalyst systems 

have been reported57. This approach has proven to be particularly successful for (palladium-) 

catalyzed cyclization reactions58. Scheme 20 depicts a three-step cascade of cobalt- and 

palladium-catalyzed transformations for the synthesis of fenestranes59. The cobalt-catalyzed 

Pauson-Khand reaction is followed by a palladium-catalyzed allylic alkylation, yielding an 

unstable intermediate which is subsequently in situ converted to the product in a second 

Pauson-Khand reaction. 
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Scheme 20: Synthesis of fenestranes via cascade catalyzed steps. 

 

Full exploitation of cascade catalyzed conversions requires mutually compatible reagents 

and catalysts. The sequential addition of the different catalysts and/or reagents is often 

applied to overcome compatibility problems. For instance, in the synthesis of fenestranes 

discussed above, the first Pauson-Khand reaction needs to be performed in the absence of 
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the palladium catalyst. It is rather uncommon that all catalysts and reagents need to be 

present from the start of the reaction. Beller et al. developed a highly selective process in 

which both a rhodium and an iridium catalyst are required to facilitate the 

hydroaminomethylation of alkenes with ammonia (scheme 21)60. Efficient protocols existed 

for the rhodium-catalyzed hydroaminomethylation of alkenes using secondary amines52, but 

the use of ammonia (to produce primary amines) remained challenging. This has been 

attributed to the low activity of rhodium catalysts to hydrogenate the C-N double bond of the 

primary imine (3), which is formed by reaction of the aldehyde (2) and ammonia. This imine 

undergoes side reactions resulting in the formation of secondary and tertiary amines and 

lowers the overall yield. The solution to this problem was the incorporation of an iridium 

catalyst in the cascade process, as it is active in the hydrogenation of the C-N double bond 

under the reaction conditions, while not deactivating the rhodium catalyst. The cascade of 

rhodium-catalyzed hydroformylation to give an aldehyde (2), condensation with ammonia to 

yield an imine (3) and a subsequent iridium-catalyzed hydrogenation leads to the selective 

formation of the desired linear primary amines (4). 
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Scheme 21: A three-step cascade of rhodium-catalyzed hydroformylation, a condensation and 

an iridium-catalyzed hydrogenation. 

 

Similarly to enzymes, homogeneous catalysts can become (partially) deactivated as a result 

of product inhibition. Analogues to biological systems, product inhibition can be suppressed 

by in situ conversion of the product by a second (catalytic) reaction and this can improve the 

overall yield. Brookhart and co-workers acknowledged this and integrated alkane 

dehydrogenation with olefin metathesis (scheme 22)61. An iridium catalyst (A) effects the 

dehydrogenation of alkanes to yield alkenes and hydrogen. In the absence of a subsequent 

reaction, the alkene concentration builds up quickly, inhibiting the dehydrogenation activity of 

A, making the catalysts less suitable for traditional sequential synthetic approaches. To 

overcome this problem a metathesis catalyst (B) was added that converts the formed alkene 

to its metathesis products. In the final step of the cascade, AH2, formed in the first step, 

reacts with the formed alkenes to give the alkane products. The de-hydrogenation catalyst A 

can subsequently re-enter the cycle. The system allowed the conversion of n-hexane to a 

range of C2 to C15 n-alkanes. In this example, the integration of the three catalyzed steps in 

a single pot system can be considered essential for the overall yield, as in the absence of the 

metathesis catalyst, the iridium catalyst is nearly inactive. The dual catalytic system, 
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however, only needs low steady-state concentrations of the intermediate alkene for an 

efficient overall conversion and consequently does not lead to the deactivation of the iridium 

dehydrogenation catalyst. 
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Scheme 22: Cascade of alkane dehydrogenation, olefin metathesis and alkene hydrogenation. 

 

Combining bio- and transition-metal catalyzed steps   There are ample examples in 

which several enzymes are combined in a cascade50a, but one-pot procedures that utilize 

several transition-metal catalysts are less common62. Combining bio- and transition-metal 

catalyzed steps is particularly attractive, as it allows utilizing the advantages of both enzymes 

and organometallic catalysts49f. The examples that have appeared in literature are 

predominantly dynamic kinetic resolutions (DKR)63. In this procedure, a stereo-selective 

catalyzed transformation (generally catalyzed by an enzyme) is combined with a 

racemization of the substrate typically catalyzed by a transition-metal complex. The approach 

is depicted schematically in scheme 23. (Enzyme-) catalyzed kinetic resolutions allow the 

synthesis of highly enantiomerically enriched compounds, but since only one of the two 

enantiomers of the substrate is converted to the product, the maximum yield is only 50%. 

This limitation can be overcome by an in situ racemization of the starting material with a 

second catalyst, theoretically allowing the synthesis of the desired compound in quantitative 

yields. 
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Scheme 23: Interplay between two catalysts in the dynamic kinetic resolution. 
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Scheme 24 depicts the synthesis of enantiomerically pure acetates from racemic secondary 

alcohols by DKR, developed by the group of Bäckvall64. The process is based on lipase, an 

enzyme that catalyzes the stereo-selective esterification of alcohols, and a ruthenium 

catalyst for the racemization of the secondary alcohol. With this process, a variety of racemic 

secondary alcohols can be quantitatively transformed to the corresponding acetates and in 

most cases the reaction proceeded with very high stereoselectivity (> 99% ee)63. Illustrative 

for the efficiency of this system is the fact that it is applied in a large-scale industrial 

application65. 
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Scheme 24: Dynamic kinetic resolution catalyzed by an enzyme and a transition-metal. 

 

 

1.7   Perspective 
 

As the previous sections show, several groups have applied supramolecular and cascade 

methodologies to create novel catalytic systems. The unprecedented catalytic properties of 

some of these systems indicate that the methodologies have considerable potential for the 

future development of highly efficient homogeneous catalysts. It can be expected that an 

increasing number of groups develop novel approaches and eventually we foresee that a 

number of methodologies will become part of the standard tools available to design catalysts. 

In the next chapters we will present the results obtained with our studies towards the 

assembly of poly-nuclear catalysts and the integration of bio- and metal-catalyzed reactions 

towards waste-free processes. 
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Chapter 2 

 

Novel Building Blocks with Well-Defined Binding Sites for the Metal-

Mediated Assembly of Poly-Nuclear Catalysts 

 
 

 

Abstract 
 

The formation of poly-nuclear catalysts by means of metal-mediated self-assembly was 

explored. The approach is based on the use of multiple sets of metal-ligand interactions; 

while one site binds the assembly metal, the other site binds the catalytic centers. For this 

purpose a building block with two types of well-defined binding sites was designed and 

synthesized. The coordination chemistry of the building block in homo- and hetero-nuclear 

complexes was studied and this revealed a variety of selective and unselective coordination 

modes. The type of coordination mode depends highly on the nature of metal(s), the anion 

and the presence of co-ligands. Several hetero-nuclear complexes were identified in which 

palladium coordinates in a selective manner to the phosphine moieties. The assembly metal 

is coordinated by the pyridine-based binding sites of the basic building block and, if 

applicable, the co-ligand. To evaluate our approach, we applied a family of homo- and 

hetero-nuclear complexes in the palladium-catalyzed allylic amination. The assemblies are 

active catalysts and the presence of the assembly metal turned out to have a positive effect 

on the yield of the product formed. The nature of the assembly metal and the presence of a 

co-ligand have a negligible influence on the catalytic performance. 
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2.1   Introduction – metal-mediated self-assembly of catalysts 
 

Homogeneous catalysts commonly consist of a transition-metal stabilized by one ore more 

ligands. The electronic and steric nature of the ligand determines important catalyst 

properties like activity, selectivity and stability; modification of the ligand is the dominant 

route to improve catalyst performance1. Due to its time consuming nature, the synthesis of 

new ligands is often the rate limiting step in the development of new efficient catalysts. Not 

surprisingly, novel routes to form catalysts are highly desirable. In the last decade metal 

directed self-assembly2 has emerged as an extremely powerful tool to provide novel catalytic 

systems3. Since the building blocks can be combined in a modular fashion, it is possible to 

create catalyst libraries with limited synthetic effort and this property has been exploited 

successfully by several groups4. The unprecedented (catalytic) properties of some self-

assembled catalysts5 are indicative of the potential of the methodology. Although several 

interaction motifs have been effective in the assembly of catalysts3-5, a multiple of 

approaches have not yet been studied. We studied the formation of novel poly-hetero-

nuclear catalysts by means of metal-mediated self-assembly and are reporting the results in 

this chapter6. 

 

Concept   Our methodology to assemble catalytic hetero-nuclear structures is based on 

multiple sets of metal-ligand interactions between a basic building block and two types of 

metals. The approach is schematically depicted in scheme 1. The basis of our approach is a 

building block (1) containing two types of binding sites. While one set of metal to ligand 

interactions binds the catalytic center (Mcat), the second binding site coordinates to an 

assembly metal (Mass) and serves as the basis for the self-assembly process. Two or more 

building blocks can coordinate to a single assembly metal and the formation of this complex 

(Mass1x) affects the steric environment around Mcat and thereby influences its catalytic 

properties7. Since the metals that can serve as Mass have various preferred coordination 

numbers (e.g. 4 or 6) and geometries (e.g. tetrahedral or square planar), a single building 

block can lead to different overall structures. In scheme 1 this is schematically represented 

by structures A (Mass12) and B (Mass13). We anticipate that with our approach a single 

building block can lead to assemblies displaying different catalytic properties, simply by 

altering the assembly metal applied in the process. 
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Scheme 1: Metal-mediated self-assembly of two different poly-nuclear catalysts from the same 

basic building block by application of two types of assembly metals. 

 

In a related approach a co-ligand (2) is applied in the assembly process (schematically 

depicted in scheme 2). Simultaneous coordination of both 1 and 2 to Mass yields a 

heteroleptic assembly metal complex ([1Mass2]) and brings the structural features of the co-

ligand in proximity of Mcat. This methodology in principle allows for tuning of catalyst 

properties by variation of the co-ligand applied in the assembly process, thereby extending 

the structural diversity of catalysts that can be assembled with 1. 

 

+

co-ligand

2

(2)

1 heteroleptic assembly

 
 

Scheme 2: Application of a co-ligand to yield a heteroleptic assembly metal complex. 

 

 

2.2   Results and Discussion 
 

Design and synthesis of the basic building block   Regarding the choice of the assembly 

metal it is important to note that, in contrast to bimetallic catalysis8, the role of this metal is 

limited to altering the environment around the catalytic center9. We restricted this initial study 

to combining independent, well-defined binding sites: (soft) phosphines for binding Mcat and 

(hard) polypyridines for binding Mass. We decided to functionalize a bipyridine10 with two bis-

(2-diphenylphosphinoethyl)amido11,12 moieties and use this product as our basic building 

block. Molecular modeling experiments indicate that functionalization at the 5,5’ positions of 

the bipyridine was the most preferable option, as both 4,4’- and 6,6’-substitution patterns 

could lead to unwanted coordination modes (chart 1). In these isomers the phosphine and 
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bipyridine moieties are in close proximity of one another, allowing intra-molecular phosphine-

pyridine coordination. 
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Chart 1: Possible coordination modes in metal complexes of the 4,4’-, 5,5’- and 6,6’- isomers of 

the basic building block. 

 

The basic building block 1 (bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-

diphenylphosphinoethyl)-amide]) was prepared in a simple two-step procedure. The 

commercially available bipyridine-5,5’-dicarboxylic acid (3, scheme 3) was converted to the 

corresponding acid chloride (4) with SOCl2. Subsequent reaction with bis-(2-

diphenylphosphinoethyl)ammonium chloride (5) gave, after work up, the desired compound 

in 66% yield as an air-stable white solid, which was fully characterized with 1H, 31P and 13C 

NMR spectroscopy, mass spectroscopy and elemental analysis (see experimental section for 

details). 

N N

O O

XX N N

O

O

N

N

PPh2

Ph2P

Ph2P Ph2P

ClH2N(CH2CH2PPh2)2

Binding site 
for Mass

Binding site 
for Mcat

4

1

 (X  =  OH, 3)

NEt3

 SOCl2

(X  =  Cl)

 
 

Scheme 3: Two-step synthetic procedure to basic building block 1. 

 

Two signals with equal intensity were observed in the 31P NMR spectrum. Similarly, four sets 

of signals were present in the aliphatic region of the 1H NMR spectrum. 1H-1H correlation 

NMR (COSY) revealed that the two -CH2CH2- groups had undergone a considerable shift of 

approximately 0.3 ppm (3.63 and 2.46 versus 3.29 and 2.12 ppm). These observations 

correspond to the presence of two magnetically inequivalent 2-diphenylphosphinoethyl 

groups. Similar observations have been reported for related compounds and the 
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inequivalency is attributed to restricted rotation of the C-N amide bond11b. COSY 

spectroscopy also allowed assignment of the 3,3’ (doublet at 8.28 ppm), the 4,4’ protons 

(doublet at 7.57 ppm) and the 6,6’ protons (singlet at 8.58 ppm). 

 

Design and synthesis of the co-ligands   An enormous variety of bi- and polypyridines that 

could potentially serve as co-ligands have been reported and several are commercially 

available13. Chart 2 depicts various bi- and poly-pyridines (2a-2i) that have been used in this 

study, both as co-ligands and as models for the bipyridine binding site of 1. 

 

N N

R R

NN

R R

N

NN

2a   R = H
2b   R = CH3

2c   R, R' = H
2d   R = Ph, R' = H
2e   R, R' = Me

2h

R' R'

NN

R R

2f   R = H  
2g  R = Ph

N

NN

2i  R = i-Pr

R

R R

R

 
 

Chart 2: Polypyridines 2a-2i applied as co-ligands and models in this study. 

 

2,9-bis-mesityl substituted phenanthrolines (2f and 2g) are attractive candidates as co-

ligands in combination with copper(I), as they yield highly stable heteroleptic 

bis(phenanthroline) complexes14 and this motif has been applied in the assembly of complex 

architectures14d. 
 

Br

NN

RR

1. n-BuLi

2. 2c or 2d

2f:  R = H     2g:  R = Ph

3. MnO2

 
 

Scheme 4: Synthesis of mesityl substituted phenanthrolines 2f and 2g. 

 

The mesityl groups in 2f and 2g can easily be introduced on 2 and 9 position of the 

appropriate phenanthrolines (2c and 2d) in a two-step direct arylation procedure developed 

by Sauvage and co-workers (scheme 4)15. A key step in this synthesis turned out to be the 

generation of mesityllithium; when a procedure for the synthesis of mesityllithium by 

Schmittel et al.14b was followed, 2,9-di-n-butyl substituted phenanthrolines were formed as 

the main product (see experimental details for details). Closer examination of the reaction 

between n-butyllithium and 2-bromo-1,3,5-trimethylbenzene under the applied reaction 

conditions (Et2O, 0°C), revealed that the desired mesityllithium was only formed in trace 
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amounts. A procedure by Schrock et al., in which n-butyllithium and 2,4,6-trimethyl-bromo-

benzene are refluxed in hexanes for 24 hours16, was more successful and 2f and 2g were 

obtained in, respectively, 61 and 28% yield. 

 

Choice of the metals   The metals (both Mass and Mcat) that are suitable for our approach are 

dictated, to a certain extent, by the type of binding sites present in 1 and the co-ligands. 

Cu(I), Cu(II) and Zn(II) are prime candidates for use as assembly metals. They have been 

applied extensively in the assembly of polypyridine-based superstructures2. Metal-ligand 

exchange reactions occur readily at room temperature in solution, favoring the formation of 

the thermodynamically most stable arrangement. Palladium is the primary candidate as Mcat, 

as its (phosphine) complexes efficiently catalyze a very broad range of reactions1. Several 

industrially important reactions (e.g. hydroformylation and hydrogenation of alkenes) are 

catalyzed by rhodium (phosphine) complexes1, making this metal a good choice as Mcat. The 

performance of bis-(2-diphenylphosphinoethyl)-amido and amino ligands in several 

palladium- and rhodium-catalyzed reactions has been studied17. In addition, the coordination 

behavior of these metals towards polypyridines, phosphines and more specifically bipyridine 

and bis-(2-diphenylphosphinoethyl)-amido and amino ligands12 is well documented, providing 

a good starting point for our approach. 

 

Coordination modes in homo-nuclear complexes of 1   Ligands containing multiple types 

of well-defined binding sites are uncommon18,19. As a result, the coordination behavior of 1 

towards Mass and Mcat is difficult to predict and we started by studying the coordination modes 

of 1 in homo-nuclear complexes. For this purpose the building blocks and metals were 

allowed to react for at least one hour, after which the formed products were analyzed with 

NMR spectroscopy. For most assemblies studied, mass spectrometry did provide little 

additional structural information. Predominantly 1 and the corresponding oxides were 

identified, while the anticipated (multi-nuclear) complexes were not observed (see 

experimental section for details).  

 

Coordination of zinc(II) to 1   The low preference of zinc for phosphorus donors20 has been 

utilized in several approaches to assemble hetero-nuclear catalysts6. The coordination 

behavior of zinc(II) towards 1 is no exception, as the metal coordinates solely to the 

bipyridine moiety (scheme 5). 
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Scheme 5: Formation of [Zn(II)13]
2+

 from zinc(II)triflate and 1. 

 

Reaction of Zn(II)(OTf)2 with three equivalents 1 yielded a white solid (OTf = O3SCF3 = 

triflate). The altered chemical shifts of the bipyridine protons in the 1H NMR spectrum of a 

slightly yellow clear CDCl3 solution clearly showed the coordination of the metal to the 

diimine21. Interestingly, the eight NCH2 protons coincidentally overlap, displaying a single 

resonance at 3.46 ppm, while the four CH2P protons still appear as two distinct resonances 

(δH = 2.39 and 2.11 ppm). Similarly, the 31P NMR spectrum displayed two singlets (1:1), with 

chemical shifts only slightly shifted with respect to 1 (∆δP = 0.28 and –1.25 ppm), indicating 

that the phosphines are not involved in metal coordination (fig. 1)22. 
 

 

Figure 1: 
31

P NMR spectrum of [Zn(II)13]
2+

. 

 

The low preference of zinc for phosphorus donor atoms is particularly evident when six 

equivalents of Zn(II)(OTf)2 were present for coordination to 1. Even under these conditions, 

31P NMR spectroscopy did not give evidence of zinc coordination to the phosphines. 

Reaction of Zn(II)(OTf)2 with two equivalents of 1 yields a mixture of the [Zn(II)1x]
2+ species (x 

= 1-3), as was evident by the increased number of the signals displayed in the 1H and 31P 

NMR spectra23. Zn(II)Cl2, with the more strongly coordinating chloride anion, displayed a 

similar high preference for coordination to the bipyridine unit and the equimolar reaction of 

Zn(II)Cl2 with 1 yields the mono-nuclear [1ZnCl2]
24. 

 

Coordination of copper(I) to 1   Copper(I) has a high preference to form (mixed diimine-) 

phosphine complexes25,26 and this is also reflected in the coordination to 1. The addition of 1 
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to a solution of [(CH3CN)4Cu]OTf (1:2) resulted in a clear, yellow solution. The absence of the 

red color typical of bis-diimine copper(I) complexes27, indicates that the metal coordinates to 

the phosphines. Indeed, in the 31P NMR spectrum two broad signals at –13 and –22 ppm 

confirm the presence of both copper(I) coordinated and uncoordinated phosphines (fig. 2). 

Evaporation of the solvents yielded an insoluble solid, which can be attributed to the 

formation of a coordination polymer (scheme 6)28. 

 

                                 Copper(I) coordinated phosphines  →                               ←  Free phosphines 

 
 
 
 
 
 
 
 
 
 
 
 

Figure 2: 
31

P NMR spectrum of [Cu(I)12]
2+

. 
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Scheme 6: Copper(I) based coordination polymer of building block 1. 

 

Next, we studied the use of co-ligand 2f in combination with copper(I). The presence of the 

co-ligand did not prevent copper(I)-phosphine coordination, but it did reduce the affinity of the 

metal towards these donors (scheme 7). 
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Scheme 7: Coordination of copper(I) to 1 in the presence of co-ligand 2f. 
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Reaction of equal amounts of 1, [Cu(I)CH3CN)4]OTf and 2f resulted, after evaporation of the 

solvents, in a yellow-orange powder. The product displayed a low solubility in CD2Cl2, but 

gave a clear, yellow solution when CD3OD was added. The color signifies that phosphines 

are coordinated to the metal and this was also confirmed by 31P NMR spectroscopy (broad 

resonance at –13 ppm). Signals corresponding to free phosphines were not present, 

indicating that rapid exchange processes are taking place29. No structural information could 

be extracted from the extremely broad signals (which did not sharpen upon cooling to –40° 

C) observed with 1H spectroscopy.  

 

Coordination of copper(II) to 1   Copper(II) has, in comparison to copper(I), a considerably 

lower affinity for phosphine donor atoms30. This character was only partially reflected in the 

coordination mode of copper(II) towards 1 (scheme 8).  
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Scheme 8: Terpyridine (2h) as co-ligand in combination with copper(II). 
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Figure 3: 
31

P NMR spectrum of [Cu(II)1]
2+

. 

 

The addition of one equivalent of 1 to a Cu(II) solution yielded, after evaporation of the 

solvents, a green solid (A, scheme 8). Phosphine-copper(II) coordination is evident from a 

resonance at –10 ppm in the 31P NMR spectrum (fig. 3). The very broad character of the 

signal can be attributed to the paramagnetic nature of the metal. A broad multiplet at –21 

ppm indicate that not all phosphines participate in binding the metal. 

 

Terpyridine (2h) supplies, in combination with the bipyridine moiety of 1, a favorable penta-

pyridine environment for Cu(II)31,32. The equimolar reaction of 1, copper(II) and 2h yielded, 

after evaporation of the solvent, a green solid (B, scheme 8). 31P NMR spectroscopy 
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confirmed that the metal does not coordinate to the phosphines. A multiplet at 31 ppm 

reveals the presence of phosphine oxides (~25%)33, which is most likely a result of (catalytic) 

oxidation by the metal34. We attribute the reduced affinity of copper(II) for phosphine 

coordination when in the presence of 2h, to the formation of the bipyridine-terpyridine 

copper(II) complex, thereby fulfilling the coordination sphere of the metal35. 

 

Coordination of palladium(II) to 1   Both bidentate phosphine and bipyridine ligands yield 

stable palladium complexes and it is difficult to predict the coordination of palladium to 136. 

Reaction of equimolar amounts of (CH3CN)2Pd(II)Cl2 and 1 in CDCl3/CD3CN (10:1) yielded a 

cloudy solution. With 1H NMR spectroscopy only very broad signals were observed, which 

did not provide additional structural information. The two sets of broad multiplets at 12.5 and 

–20.0 ppm in the 31P NMR spectrum can be attributed to palladium-coordinated and free 

phosphines, respectively. The relative intensities of approximately 1:1 corresponds to roughly 

50% of the phosphines assisting in binding of the metal (Pd:P 1:2), indicating that the metal 

preferentially coordinates to the phosphines (scheme 9). 
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Scheme 9: Polymer formation as a result of palladium(II)chloride coordination to 1. 

 

For the related 4-methoxy-N,N-di-(2-diphenylphosphinoethyl)-amide ligand, Tooze and co-

workers established that it forms a metallomacrocycle from two ligands and two trans 

coordinating palladium(II) chlorides12a. The comparable 31P NMR chemical shifts displayed by 

this macrocycle and the mono-nuclear [1Pd(II)Cl2] species, indicates that palladium also 

coordinates in a trans mode to the phosphines of 1. When the experiment was performed 

with three equivalents of (CH3CN)2Pd(II)Cl2, an insoluble orange precipitate formed. The 

formation of polymeric species can be contributed to the trans coordination to the phosphines 

of two building blocks (scheme 9). 

 

The reactions were repeated with palladium allyl chloride. In the tri-nuclear palladium allyl 

chloride species the metal coordinates in a similar unselective manner, as evidenced by 31P 

NMR spectroscopy (fig. 4)37. Two broad doublets (with a coupling constant of ~44 Hz) at 24.3 
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and 12.6 ppm are the major component (68%) and correspond to palladium coordinating in a 

bidentate manner to the magnetically inequivalent phosphines. Related copper(I)-

palladium(II) allyl complexes, in which palladium coordinates in a bidentate manner to the 

phosphines, display signals with comparable chemical shifts (vide infra). The complexation 

study was repeated with palladium allyl triflate as precursor, but the type of anion did not 

significantly influence the coordination modes. 
 

 

Figure 4: 
31

P NMR spectrum of [1(Pd(II)(allyl))3]Cl3. 
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Scheme 10: Unselective coordination of palladium(II)(allyl) to 1. 

 

Coordination of rhodium(I) to 1   Finally, we studied the behavior of rhodium towards 1, 

revealing that this metal has a very high preference for coordination to the phosphine donor 

atoms of 1. We studied the coordination modes of cationic rhodium(I)(COD) in mono-, di- and 

tri-nuclear species (scheme 11, COD = 1,5-Z-cyclooctadiene). For the tri-nuclear species 

([1(Rh(I)(COD))3]
3+) two doublets of doublets were present in the 31P NMR spectrum at 28.9 

and 14.9 ppm (fig. 5)38. This is consistent with the selective coordination of rhodium(I) to the 

phosphines in a bidentate manner. The inequivalency of the two phosphines results in a 

phosphorus-phosphorus coupling of 2JP-P = 34.5 Hz and typical 
1JRh-P values of 143.2 and 

142.0 Hz lead to the observed pattern. The coordination of the third rhodium to the diimine 

binding site is evident from the altered chemical shifts of the bipyridine protons39. 
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Figure 5: 
31

P NMR spectrum of the tri-nuclear [1(Rh(I)(COD))3]
3+

. 
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Scheme 11: Formation of a tri-nuclear rhodium(I) complex. 

 

We also performed the reaction with one and two equivalents of metal precursor, which 

revealed that the metal preferentially coordinates to the phosphines (scheme 12). The mono-

nuclear species ([1Rh(I)(COD)]+) displayed three sets of broad multiplets in the 31P NMR 

spectrum at 30, 15 and –20 ppm in a roughly 1:1:2 ratio (fig. 6). This corresponds to an 

involvement in binding of the metal of approximately 50% of the phosphines. The chemical 

shifts resemble those of the tri-nuclear [1(Rh(I)(COD))3]
3+ species and indicate that the metal 

center is coordinated selectively to the phosphines, most likely in a bidentate manner. Due to 

the broadness of the signals, 1H NMR spectroscopy did not give additional structural 

information. Based on the spectroscopic data, the formation of a mixture of non-, mono- and 

di-nuclear species can not be excluded. 
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Figure 6: 
31

P NMR spectrum of the mono-nuclear [1Rh(I)(COD)]
+
. 

 

The 31P NMR spectrum of the di-nuclear species is almost identical, both in chemical shift 

value and in coupling constant, to that of the tri-nuclear species, albeit that the resonances 

had a somewhat broader character. This shows that the metal centers are selectively 

coordinated to the bidentate phosphine moieties of 1. For the di-nuclear species, the 1H NMR 

signals were considerable sharper. The large upfield shift with respect to 1 of the 6,6’ protons 

of the bipyridine (∆δH = –0.65 ppm) is attributed to an inductive effect of metal coordination to 

the phosphines40. The data thus clearly indicates that the first two equivalents of rhodium are 

coordinated by the phosphines, while the diimine moiety only becomes involved in 

coordination when three equivalents of metal are present (schemes 12-13). 
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Scheme 12: Selective coordination of rhodium(I) to the phosphine moieties of 1. 

 

After several hours in solution, red-brown precipitates formed for all rhodium cyclooctadiene 

complexes studied. NMR spectroscopy established that only small amounts of the initial 

complexes remained in the solution phases. The relative concentration of uncoordinated 

COD had, however, increased considerable. This suggests that the formation of higher 

aggregates and/or coordination polymers is accompanied by the displacement of the 

coordinated di-olefin. 

 

In conclusion, building block 1 displays a variety of coordination modes in the homo-nuclear 

complexes (scheme 13). The nature of the coordination mode depends both on the type and 

the number of metal ions available for coordination. Zn(II) coordinates solely to the bipyridine 

moiety, leaving the phosphines free to bind a second metal. Copper(I), copper(II) and 
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palladium(II) have a higher preference for phosphine donors and yield complexes in which 

both the bipyridine and the phosphine moieties participate in coordinating the metal. 

Palladium(II)chloride forms coordination polymers, most likely due to trans coordination to 

the phosphines. Palladium(II)allyl chloride, on the other hand, coordinates predominantly in a 

cis-fashion to the phosphine binding sites, yielding soluble complexes. Rhodium(I) displayed 

a very high preference for coordination to the bidentate phosphines and coordination to the 

diimine only occurs when three equivalents of rhodium are present. 
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Scheme 13: Coordination modes in homo-nuclear complexes of building block 1. 

 

Coordination modes in hetero-nuclear assemblies   Examples from literature show that it 

is not uncommon for metals to display different coordination modes in related homo- and 

hetero-nuclear complexes41. Consequently, it is not possible to predict the coordination 

modes of 1 in hetero-nuclear species. We studied the formation of poly-nuclear complexes 

when two types of metals are available for coordination. For this purpose 1 (and if applicable 

a co-ligand) were allowed to react with the two metal salts for at least one hour, after which 

the formed products were analyzed with NMR, UV-VIS and mass spectrometry. For al 

assemblies studied, the latter technique did not provide evidence for the formation of the 

hetero-nuclear assembly. In the mass spectra only the homo-nuclear species of the basic 

building block (e.g. [1(Mcat)2]) and, if applicable, the co-ligand (e.g. [2Mass]) could be identified 

(see experimental section for details). 
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Coordination modes in copper(I)-palladium(II) assemblies   Both Cu(I) and Pd(II) have a 

high preference for coordination to both the pyridine and phosphine donors of 1 (vide supra). 

It was expected that in copper(I)-palladium(II) complexes the metals would coordinate in an 

unselective manner to the bipyridine and phosphine donors of 1. Reaction of 1, 

[Cu(I)(CH3CN)4]OTf and (CH3CN)2M(II)Cl2 in a 1:2:4 ratio (M = Pd or Pt) gave yellow-orange 

suspensions, which eventually resulted in insoluble brown-black tars. The formation of 

coordination polymers is not surprising; the homo-nuclear Pd(II)Cl2, Pt(II)Cl2 and Cu(I) 

complexes of 1 also had a polymeric character (scheme 13).  

 

We also studied the coordination modes of the copper(I)-palladium(II) combination when co-

ligand 2f was present. This approach proved more successful and resulted in the anticipated 

hetero-nuclear assembly (scheme 14). The spectroscopic data indicate that in this complex 

palladium(II) is coordinated selectively to the phosphine moieties, while copper(I) is 

coordinated to the diimine binding sites of 1 and 2f.  

 

  OTf

N N

Cu

2 [(allyl)Pd(II)(THF)2]OTf
N N

N N

O

PPh2

PPh2

Cu

+

N

N

O

PPh2

PPh2

N

N

O

Ph2P

Ph2P

Pd Pd

OTf 3- 3+ -

[2fCu(I)1]OTf  
 

Scheme 14: Application of co-ligand 2f in a copper(I)-palladium(II) hetero-nuclear complex. 

 

Addition of two equivalents of [(allyl)Pd(II)(THF)2]OTf to a yellow cloudy suspension of 

[2fCu(I)1]OTf resulted in a rapid formation of a clear, cherry-red solution. The observed color 

change signifies that palladium disrupts the copper-phosphine coordination present in the 

homo-nuclear starting material ([2fCu(I)1]OTf). The color of the product is typical of copper(I) 

bis-diimine complexes27 and since [Cu(I)2f2]
+ cannot be formed for steric reasons 14, copper 

must be coordinated to both diimine sites of 1 and 2f. The two broad signals at 25.3 and 18.9 

ppm (1:1) observed in the 31P NMR spectrum can, on the basis of their chemical shifts, be 

assigned to phosphines coordinated to palladium (fig. 7). Signals corresponding to free or 

copper(I) coordinated phosphines were not observed. 
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Figure 7: 
31

P NMR spectrum of the hetero-nuclear [2fCu(I)1(Pd(II)(allyl))2](OTf)3 species. 

 

The bidentate coordination mode was confirmed by the 31P NMR spectrum at 0°C of the 

related [2fCu(I)1(Pd(II)(allyl))2]Cl2OTf species. The two doublets (25.0 and 14.2 ppm), with a 

2JP-P coupling constant of 41.8 Hz are consistent with bidentate coordination of palladium to 

the two inequivalent phosphines of the bis-(2-diphenylphosphino-ethyl)-amide moieties (fig. 

8). Note that the homo-nuclear [1(Pd(II)(allyl))x]
x+ complexes display several signals in the 

region between 31 and 11 ppm. Thus, in the presence of copper(I) (and co-ligand 2f), 

palladium coordinates in a far more selective manner to the phosphines. From three different 

types of binding sites (two from 1 and one from 2f) and two types of metals, self-assembly 

leads to the selective coordination of palladium to the bidentate phosphine moieties and 

copper to the diimines. 

 

Figure 8: 
31

P NMR spectrum of the instable mixed anion [2fCu(I)1(Pd(II)(allyl))2]Cl2OTf species. 

 

Exchange experiments by Schmittel et al. showed that the heteroleptic [2fCu(I)2c]+ complex 

is always in rapid dissociation-association equilibrium and that small amounts of {[2fCu(I)]+ + 

2c} as well as {2f + [Cu2c]+} are also present14a. 1H NMR data confirms that comparable 

dissociation-association processes are also occurring in our heteroleptic hetero-nuclear 

assembly. For instance, several broad signals between 2.45 and 1.67 ppm show that the 

ortho- and para- methyl groups of the mesityl moieties of 2f can be found in several 
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environments42. Similarly, in the aromatic region (8.9-7.0 ppm) a large number of multiplets 

were present for the bipyridine and phenanthroline protons. Based on literature data14b, the 

most down-field multiplets can be attributed to the 6 and 6’ protons of 1 in the heteroleptic 

[1Cu(I)2f] copper(I) complex. UV-VIS spectroscopy also indicates the occurrence of 

dissociation-association processes. The broad absorption band in the 400-500 region (ε ≈ 

7000-8000 M-1 cm-1) characteristic of copper(I) complexes of aromatic diimine ligands27,43 

was only present as a weak shoulder (ε ≈ 1000 M-1 cm-1) of an broad absorption band with an 

absorption maximum at roughly 300 nm44. The relatively strong absorbtion at 375 nm (ε = 

5120 M-1 cm-1) is typical of mixed phosphine-diimine copper(I) species25b, but this 

coordination mode is not in agreement with the 31P NMR data. 

 

The presence of the more strongly coordinating chloride anion has a crucial influence on the 

stability of the [2fCu(I)1(Pd(II)(allyl))2]
3+ assembly (scheme 15). The spectroscopic similarity 

signified that [2fCu(I)1(Pd(II)(allyl))2](OTf)3 and [2fCu(I)1(Pd(II)(allyl))2]Cl2OTf initially have 

identical structures. During the NMR experiments the red solution decolorized and this 

process was accompanied by a broadening of the NMR signals and a loss of intensity. Within 

a few hours the process was complete and a grey-black precipitate had formed. The 

dissolution of the poly-nuclear complex can be contributed to anion-exchange reactions, 

yielding copper(I) chloride (complexes). Copper(I) acting as halide abstraction reagent has 

been reported by others45. 
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Scheme 15: Instability of the mixed anion copper(I)-palladium(II) assembly. 

 

Even when a multiple of diimine binding sites (more precisely, co-ligand 2e, 3,4,7,8-

tetramethyl-1,10-phenanthroline) are present, palladium still has a high preference for 

coordination to the phosphines. The building blocks were mixed in such a ratio that the 

assembly process should result in a mixture of [2eCu(I)1(Pd(II)(allyl))2](OTf)3 and 

[Cu(I)2e2]OTf (scheme 16)46. 31P NMR spectroscopy confirmed that although per palladium 

four diimine sites are available for coordination, the metal coordinates selectively to the 

phosphines in a bidentate manner47. Note that in this experiment, instead of assembling the 
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hetero-nuclear species from the individual components, the product was formed by reacting 

pre-formed [1(Pd(II)(allyl))2]
2+ with copper(I) and 2e (scheme 16). In the [1(Pd(II)(allyl))2]

2+ 

starting material the metal is partially coordinated to the bipyridine moiety of 1. The selective 

coordination of palladium to the phosphines in the hetero-nuclear assembly, shows that 

copper(I) disrupts palladium-diimine coordination. 
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Scheme 16: Application of co-ligand 2e in the assembly of a palladium(II)-copper(I) complex. 

 

Coordination modes in a copper(II)-palladium(II) assembly   For the formation of a 

palladium(II)-copper(II) hetero-nuclear assembly, we applied terpyridine (2h) as the co-

ligand. The data indicates that the green solid obtained after reaction of the components is 

indeed the anticipated hetero-nuclear heteroleptic assembly (scheme 17).  
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Scheme 17: Terpyridine as co-ligand in a palladium(II)-copper(II) hetero-nuclear assembly. 

 

The selective coordination of palladium to the phosphines of 1 was evidenced by 31P NMR 

spectroscopy of a green-blue CD3CN solution (fig. 9). The chemical shifts of the two broad 

resonances (24 and 18 ppm, 1:1) are comparable to those observed for the copper(I)-

palladium(II) assemblies. The broad character of the signals can be attributed to dynamic 

processes and the paramagnetic character of copper(II). Likewise, the paramagnetism of the 

assembly metal resulted in extremely broad signals in the 1H NMR spectrum. The formation 

the heteroleptic bipyridine-terpyridine copper(II) complex was confirmed by UV-VIS 

spectroscopy. According to literature data48, the absorption maximum at 670 nm (ε = 71 mol-1 

dm3 cm-1) corresponds more closely to the formation of a tris-bipyridine (λmax = 675 nm) than 

to a bipyridine-terpyridine copper(II) complex (λmax = 640 nm). The formation of tris-bipyridine 
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copper(II) species should also lead to bis-terpyridine copper(II) species, but the absence of 

the characteristic absorbance of the latter species (λmax = 687 nm), signifies that the reaction 

indeed predominantly yields the heteroleptic [2hCu(II)1(Pd(II)(allyl))2]
4+ species. We attribute 

the 30 nm redshift of λmax of [2hCu(II)1(Pd(II)(allyl))2]
2+ in comparison to model [2hCu(II)2a]2+ 

to the amide functionalities on the basic building block. 
 

 

Figure 9: 
31

P NMR spectrum of [2hCu(II)1(Pd(II)(allyl))2]
4+

. 

 

Coordination modes in a zinc(II)-palladium(II) assembly   Similar to copper(I) and 

copper(II), the application of zinc(II) as the assembly metal yields a hetero-nuclear complex 

in which palladium coordinates selectively to the phosphines (scheme 18). The 31P NMR 

spectrum was conclusive on the bidentate coordination mode of palladium and in turn 

indicates that zinc(II) is coordinated to the bipyridine, blocking palladium from coordinating to 

it49. The very broad downfield shifted resonances of the bipyridine protons in the 1H NMR 

spectrum verify zinc(II) coordination to the diimine moiety. Zinc(II) and palladium(II) both 

show a preference for coordination to the diimine moiety of 1 and compete for coordination to 

the same binding site. The selective coordination of zinc(II) to the bipyridine and palladium(II) 

to the phosphines is, however, in agreement with the principle of maximum donor 

coordination50. Palladium diimine coordination would, as a result of the very low preference of 

zinc for binding to the phosphines, lead to uncoordinated zinc ions, violating this principle51. 
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Scheme 18: Selective coordination in a tri-nuclear zinc(II)-palladium(II) complex. 

 

Coordination modes in a copper(I)-rhodium(I) assembly   Finally, we studied the 

formation of copper(I)-rhodium(I) hetero-nuclear complexes, with 2f as a co-ligand (scheme 

17). Reaction of 2f, [Cu(I)CH3CN)4]OTf, 1 and [(COD)Rh(I)(THF)2]OTf (1:1:1:2) yielded, after 

evaporation of the solvents, a red solid. 31P NMR spectroscopy at –20 °C of a CD3CN 

solution of the solid revealed that several species were formed (broad multiplets at 35 and 29 
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ppm (1:4) and low intense broad multiplets at 19 and 44 ppm). The chemical shifts and 

patterns do not correspond to the bidentate phosphine coordination observed for the homo-

nuclear rhodium(I) complexes of 1. Copper(I) coordination to the phosphines can however, 

on the basis of the chemical shifts, be excluded. As was observed for the related 

[2fCu(I)1(Pd(II)(allyl))2]
+ species, the number of signals in the 1H NMR spectrum 

corresponding to the methyl groups of 2f signifies that the co-ligand is present in a number of 

complexes. The presence of uncoordinated COD can be attributed to the displacement of the 

di-olefin by other donor atoms (e.g. phosphines or pyridines). The homo-nuclear rhodium 

complexes of 1 underwent a similar side-reaction when kept in solution. 
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Scheme 19: Application of 2f as co-ligand in a rhodium(I)-copper(I) assembly leading to 

unselective coordination modes. 

 

Our approach allowed the formation of several hetero-nuclear assemblies (scheme 20). In 

these complexes palladium coordinates to the phosphine moieties, while the assembly metal 

coordinates to the pyridine-based binding sites of 1 and a co-ligand52. Even when, with 

respect to palladium(II), several equivalents of copper(I) and a phenanthroline co-ligand were 

present, palladium still coordinates in a selective manner to the bidentate phosphines. The 

study revealed interesting differences in the coordination modes of related homo- and 

hetero-nuclear species. For instance, while copper(I) and palladium(II) coordinate to both 

phosphorus and nitrogen donors of 1 in the homo-nuclear complexes, the metals were found 

to coordinate only to one type of binding site in the related hetero-nuclear assemblies. It 

turns out that palladium coordinates in a more selective manner to the phosphines of 1 in the 

hetero-nuclear assemblies, than in the homo-nuclear species. Rhodium(I) displays the 

opposite behavior, as it coordinates in a less selectively manner in the presence of copper(I) 

and 2f. This result underlines that even when the coordination behaviors of two metals in 

their homo-nuclear complexes are known, it remains difficult (or even impossible) to predict 

the coordination mode in the hetero-nuclear assembly. 
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Scheme 20: Selective palladium-phosphine coordination in hetero-nuclear assemblies. 

 

Performance of the hetero-nuclear assemblies as catalysts   We evaluated the catalytic 

properties of a family of palladium-based hetero-nuclear assemblies. As a model reaction we 

studied the allylic substitution reaction between crotyl methyl carbonate (6, scheme 21) as 

the allylic substrate with piperidine (7) as the nucleophile. Three products can potentially be 

formed (branched, linear cis and linear trans)53 and the regioselectivity is very sensitive to 

subtle changes in the environment around the catalytic center54. The nature of the anion can 

have a decisive influence on the structure of self-assembled complexes55 and on the catalytic 

performance of a transition-metal catalyst56. In order to prevent uncontrolled anion exchange 

reactions, as occurred in a copper(I)triflate-palladium(I)chloride assembly (vide supra), we 

restricted this study to the use of triflate salts for both Mass and Mcat. 
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Scheme 21: The palladium-catalyzed allylic amination leading to different isomers. 

 

We started by evaluating the catalytic performance of palladium complexes of the basic 

building block (1), of which the results are summarized in table 1. To gain insight in the effect 

of co-ligands 2a, 2f and 2h (chart 2) on the catalytic performance of palladium, we also 

applied the palladium complexes of these polypyridines as catalysts. 
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Table 1: Performance of palladium and copper complexes as catalysts in the allylic amination. 

Entry Ligand Metal Ligand:Metal  Yield
a
 Selectivity 

(branched:trans:cis) 

1 1 [Pd(II)(allyl)]
+
 1:1 64 42:56:1 

2 1 [Pd(II)(allyl)]
+
 1:3 60 41:58:1 

3   2a [Pd(II)(allyl)]
+
 1:1  5 25:75:0 

4  2f [Pd(II)(allyl)]
+
 1:1 trace

b
 n.d. 

5   2h [Pd(II)(allyl)]
+
 1:1 trace

b
 n.d. 

6 1 [Cu(I)]
+
 1:1 n.o.

b
 - 

7  2f [Cu(I)]
+
 1:1 n.o.

b
 - 

8 1 [Cu(II)]
2+ 

1:1 n.o.
b
 - 

9   2h [Cu(II)]
2+
 1:1 n.o.

b
 - 

Conditions: metal/6/7 1/240/263, [6] = 0.12 M, T = 25 °C, solvent = CH3NO2, internal standard = PhNO2. 
a
Yield in 

mol% based on the allyl, after 15 minutes. 
b
Yield after 24 hours. n.o. = not observed, n.d. = not determined. 

 

The mono-nuclear palladium complex of 1 ([1Pd(II)(allyl)]+) was catalytically active and the 

64% yield, corresponds to an  average turn over frequency (= TOF) of 614 mol prod. mol Pd-1 

h-1 (entry 1). The product was obtained in a branched to linear trans ratio of roughly 4:6, 

while no cis product was formed. For the related tri-nuclear [1(Pd(II)(allyl))3]
3+ species the 

yield was slightly lower (60 versus 64%, entries 1-2). The comparable regioselectivities 

observed for the mono- and tri-nuclear species (42:56:1 versus 41:58:1), indicate that the 

active centers are comparable. The palladium complex of bipyridine (2a) is a significantly 

less active catalyst (TOF = 48 mol prod. mol Pd-1 h-1, entry 3) and forms predominately the 

linear trans product. Under the applied reaction conditions the palladium complexes of 2f or 

2h are inactive as catalysts (entries 4-5). This inactivity can be contributed to, respectively, 

the sterically demanding mesityl groups in 2f and the terdentate coordination of 2h to the 

metal57. The different activities and selectivities for [1Pd(II)(allyl)]+ and [2aPd(II)(allyl)]+ 

(entries 1 and 3) signifies that under catalytic conditions at least a part of the metal in 

[1Pd(II)(allyl)]+ coordinates to the phosphines. The similar performance of [1Pd(II)(allyl)]+ and 

[1(Pd(II)(allyl))3]
3+ can be attributed to an unselective coordination mode of the metal in the 

mono-nuclear species. Assuming that the palladium center coordinated to the diimine in the 

tri-nuclear [1(Pd(II)(allyl))3]
3+ species is virtually inactive, the activity of the phosphine 

coordinated palladium centers in this complex, equals roughly 850 mol prod. mol Pd-1 h-1 (fig. 

10). This activity is not reached with [1Pd(II)(allyl)]+ (TOF = 614 mol prod. mol Pd-1 h-1), 

indicating that in this mono-nuclear species the metal is partially coordinated to the bipyridine 

moiety. This result is in line with the coordination mode of palladium in the homo-nuclear 

palladium complexes of 1, in which both the pyridine and phosphine participate in the binding 
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of the metal (scheme 10). Alternatively, the high donor atom to metal ratio of 6 in 

[1Pd(II)(allyl)]+ can lead to coordinatively saturated inactive palladium centers and 

consequently reduce the average overall activity58. 
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Figure 10: Activity of palladium complexes of 1 and 2a. 

 

Since allylic substitution reactions are catalyzed by a variety of metals59, the assembly metals 

could be catalytically active themselves. Efficient copper-based catalysts for allylic 

substitution reactions have been reported59c-d. The copper complexes of 1, 2f and 2h are, 

nevertheless, inactive under the applied conditions (entries 6-9, table 1). In addition, the 

assembly metals could play an active role in the catalytic cycle of Mcat. Yamamoto et al. 

found that the addition of copper(I) salts resulted in drastic rate and selectivity enhancements 

in the palladium-catalyzed synthesis of indoles from allyl carbonates60. To gain insight in the 

effect of the assembly metals (and the co-ligands) on the catalytic performance of palladium, 

we performed several control experiments, of which the results are summarized in table 2. 

We applied [(dppf)Pd(II)(allyl)]OTf (8, fig. 11, dppf = 1,1’-diphenylphosphino-ferrocene) as a 

catalyst in the presence of various equivalents of [2aCu(II)2h](OTf)2 or [Zn(II)2a3](OTf)2. In 

these experiments the palladium complex serves as a model for palladium coordinated to the 

bidentate phosphine moiety of 1, while the copper and zinc complexes are models for the 

coordination of Mass to both a co-ligand and the bipyridine unit of 1. 
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Figure 11: Catalyst 8 as a model for palladium coordinated to the phosphines of 1. 

 

Under the applied reaction conditions, 8 (TOF = 662 mol prod mol Pd-1 h-1), forms the 

branched, linear trans and linear cis products in a 51:46:3 ratio (entry 1, table 2). The 
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presence of [2aCu(II)2h]2+ or [Zn(II)2a3]
2+ had a distinctive influence on the performance of 8. 

In the presence of 0.5 equivalent of [2aCu(II)2h]2+ the yield dropped (TOF = 432 mol prod 

mol Pd-1 h-1, entry 2). Moreover the product was formed with a small but significant different 

regioselectivity (45:51:4). The yield gradually decreased with increasing amounts of the 

copper complex present. In the presence of two equivalents of the copper complex the yield 

was roughly 66% lower (entry 4). Interestingly the regio-selectivity was not affected by the 

increase of the copper to palladium ratio, as it remained roughly 45:51:4 (entries 2-4). 

 

Table 2: Influence of Mass polypyridine complexes on the catalytic performance of 
[(dppf)Pd(II)(allyl)]

+
 as a catalyst in the allylic amination. 

Entry Polypyridine 
additive 

Equivalents
a
 Yield

b
 Selectivity 

(branched:trans:cis) 

1 - - 23 51:46:3 

2 [2aCu(II)2h]
2+ 

   0.5 15 45:51:4 

3 [2aCu(II)2h]
2+
 1 11 45:51:4 

4 [2aCu(II)2h]
2+
 2   8 46:51:3 

5 [Zn(II)2a3]
2+
    0.5 11 42:58:0 

6 [Zn(II)2a3]
2+
 1 10 36:64:0 

7 [Zn(II)2a3]
2+
 2   7 29:71:0 

Conditions: 8/6/7 1/240/263, [Pd] = 0.5 mM, T = 25 °C, solvent = CH3NO2, internal standard = PhNO2. 
a
With respect to 

[(dppf)Pd(II)(allyl)]
+
. 
b
Yield after 5 minutes in mol% based on 6. 

 

The addition of [Zn(II)2a3]
2+ had a similar effect on the performance of 8; the yield dropped 

and the regioselectivity changed towards more linear trans product (entries 5-7). With an 

increasing palladium(II) to zinc(II) ratio, the regioselectivity progressively shifted towards the 

linear trans product. The behavior of the zinc(II) model system is thereby in contrast to the 

behavior of the copper(II) system. These results clearly show that the presence of 

polypyridine copper or zinc complexes influences the nature of the palladium catalyst. The 

changed regioselectivity suggests that ligand exchange processes are taking place under 

catalytic conditions. The formation of palladium bipyridine complexes, for instance, will result 

in a lower yield and a shift of regioselectivity to the trans-isomer (entry 3, table 1). 

Alternatively the assembly metals may play an active role in the catalytic transformation, for 

instance by coordination to one of the substrates61,62. 

 

Next, we evaluated the catalytic performance of hetero-nuclear palladium assemblies (table 

3). Both homoleptic assemblies (A, fig. 12) with general formula [Mass(1Mcat)x]
y+ and 

heteroleptic assemblies (B, [2Mass1(Mcat)2]
y+) were studied as catalyst. Anticipating the 

formation of the hetero-nuclear species via self-assembly, Mass, 1, the palladium precursor 
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and, if applicable, 2 were allowed to react in the appropriate ratio for at least one hour. The 

assemblies were applied as catalysts, without further analyses of their structure. 
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Figure 12: General structures of the homoleptic (A) and heteroleptic (B) assemblies 

studied as catalysts. 

 

Table 3: Performance of self-assembled hetero-nuclear catalysts in the allylic amination. 

Entry Hetero-nuclear catalyst Yield
a
 Regioselectivity 

(branched:trans:cis) 

1 [2fCu(I)1(Pd(II)(allyl))2]
3+ 

85 39:60:1 

2 [2hCu(II)1(Pd(II)(allyl))2]
4+
 86 40:59:1 

3 [Zn(II)12(Pd(II)(allyl))4]
6+
 76 39:60:1 

4 [Zn(II)13(Pd(II)(allyl))6]
8+
 77 39:60:1 

5 [2fZn(II)1(Pd(II)(allyl))2]
4+
 73 39:60:1 

6 [2hZn(II)1(Pd(II)(allyl))2]
4+
 78 39:60:1 

Conditions: Pd/6/7 1/240/263, [Pd] = 0.5 mM, T = 25 °C, solvent = CH3NO2, internal standard = PhNO2. 
a
Yield after 15 

minutes in mol% based on 6. 

 

All assemblies studied were active catalysts and cleanly converted the substrate to the 

products in good yields (73-86% yield). The presence of an assembly metal has a positive 

effect on the overall yield. The hetero-nuclear assemblies have a TOF between 691 and 826 

mol prod. mol Pd-1 h-1 (table 3). For the homo-nuclear [1Pd(II)(allyl)]+ and [1(Pd(II)(allyl))3]
+ 

complexes the TOF was significantly lower (614 and 576 mol prod. mol Pd-1 h-1, entry 1-2, 

table 1). We attribute the difference to a more selective coordination of palladium to the 

bidentate phosphines, as a result of the coordination of Mass to the diimine binding site of 1. 

With Cu(I) and Cu(II) the yield was slightly higher than with Zn(II) as Mass (85-86 versus 73-

78% yield, entries 1-2 and 5-6, table 3). A comparable effect was observed for model system 

8 (entries 2 and 5, table 2). This can be attributed to different rates of ligand 

disproportionation, as a result of the different stabilities of the copper and zinc polypyridine 

complexes. The formation of inactive poly-pyridine palladium complexes is therefore 

dependent on the nature of Mass. The comparable activities of the homoleptic and 
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heteroleptic zinc assemblies studied, indicates that the co-ligands 2f and 2h are coordinated 

to zinc (entries 3-6 table 3). Palladium complexes of 2f and 2h are inactive as catalysts (table 

1, entries 4-5). Accordingly, if these complexes were present in significant amounts, the 

heteroleptic assemblies would have displayed a lower activity than the related homoleptic 

assemblies. The homo- and hetero-nuclear nuclear palladium assemblies catalyze the 

reaction with an almost identical regioselectivity of 39:60:1 (table 1, entries 1-2 and table 3, 

entries 1-6). The presence of a co-ligand and the nature of the assembly metal has a 

negligible influence on the regioselectivity. This signifies that the catalytically active centers 

can be found in similar environments. We attribute this to the design of the basic building 

block (1). As a result of the flexibility and length of the linker between the bis-phosphine and 

bipyridine moieties, the coordination geometry of Mass has no significant influence on the 

environment around the catalytic center. A similar argumentation applies to the influence of 

the co-ligand on the catalytic properties of the assembly. We expect that by redesigning the 

building blocks and more specifically by placing the two binding site in closer proximity of one 

another, the influence of the Mass and the co-ligand on the catalytic properties of the 

assembly can be increased. Results obtained with a different basic building block (discussed 

in chapter 5) shows that the design of the building block remains complicated. In this ditopic 

ligand the two types of donor atoms were placed in close proximity of one another. This 

promoted the formation of mono-nuclear species and consequently complicated the 

assembly of hetero-nuclear species. 

 

Interestingly, in the control experiments, in which 8 was applied as a catalyst, the nature of 

Mass had a significant influence on the regioselectivity (table 2), while for the hetero-nuclear 

assemblies this influence was negligible (table 3). We attribute the discrepancy in behavior to 

the different structures of the bidentate phosphine, as this determines the stability of the 

corresponding palladium complex towards copper and zinc polypyridine complexes. Related 

to this, is the observation that for several assemblies and model systems the color of the 

reaction mixture changed after addition of piperidine63. A representative example is the color 

change observed for [2hCu(II)1(Pd(II)(allyl))2]
4+; within minutes after addition of the 

nucleophile the yellow-green nitromethane solution turned brown-red. The nature of the color 

change depended highly on the type of assembly metal and/or co-ligand and some reaction 

mixtures regained their original color after several hours. This suggests that the amine 

induces a change in the environment around Mass, most likely by coordinating to it. Redox 

reactions in which both types of metals are involved, is a second possibility. Further research 

is needed to establish the origin of the color changes, as it is can supply vital information 

about the stability of the hetero-nuclear assemblies during catalysis, which in turn is essential 

for the further development of our self-assembly approach. 
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2.3   Conclusions 
 

We have explored the formation of poly-nuclear catalysts by means of metal directed self-

assembly. The construction of these complexes is based on metal-ligand interactions 

between an assembly metal and nitrogen donor atoms and a catalytically active metal and 

phosphorus donor atoms. To achieve our goal, we designed and synthesized a basic 

building block by functionalizing a bipyridine with two bidentate phosphine moieties. The 

building block displays a rich coordination chemistry. Zinc(II) coordinates in a selective 

manner to the diimine binding site, while rhodium(I) has a high preference for coordination to 

the phosphine donor atoms. More unselective coordination modes, in which both types of 

donor atoms are involved in binding the metal, were also observed. Reaction of the building 

block with palladium(II)chloride or copper(I)triflate resulted in the formation of a coordination 

polymer. With the aim of forming heteroleptic assembly metal complexes, polypyridine 

building blocks were evaluated as co-ligands. The results indicate that the presence of the 

appropriate co-ligand reduced the affinity of copper(I) and copper(II) for the phosphine 

donors of 1. Several (heteroleptic) hetero-nuclear complexes were assembled in which 

palladium coordinates to the phosphine moieties. The assembly metal is in these assemblies 

coordinated to the nitrogen-based binding sites of the basic building block (and the co-

ligand). We evaluated our approach by applying a family of assemblies as catalysts in the 

palladium-catalyzed allylic amination. The poly-nuclear complexes displayed good activities 

and the presence of the assembly metal has a positive effect on the yield. The nature of the 

assembly metal and the presence of a co-ligand turned out to have a negligible influence on 

the regioselectivity of the catalyst. We attribute this to the flexible and relatively long linker 

between the bis-phosphine and bipyridine moieties, limiting the influence of the coordination 

geometry of the assembly metal and the structure of the co-ligand on the environment 

around the catalytic center. The results, nevertheless, clearly show that catalytically active 

poly-nuclear catalysts can be formed by means of metal-mediated self-assembly. 
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2.4   Experimental Section 

 

General Remarks   All reactions were carried out under strictly oxygen free conditions, using 

standard Schlenk techniques under an atmosphere of purified nitrogen. NMR spectra were 

recorded on a Varian Mercury-300, a Bruker DRX-300 and a Varian Inova-500. NMR-spectra 

were recorded at room temperature with CDCl3 as the solvent, unless stated otherwise. 

Positive chemical shifts (δ) are given (in ppm) for high-frequency shifts relative to a TMS 

reference (1H and 13C), a CFCl3 reference (
19F) and an 85% H3PO4 reference (

31P). 13C and 

31P spectra were measured with a 1H decoupling. Data are reported as follows: br - broad, s - 

singlet, d - doublet, t - triplet, q - quartet, m - multiplet; coupling constant(s) in Hz; integration; 

assignment. Mass spectra were recorded on a Shimadzu LCMS-2010A using APC- or ES- 

ionization with acetonitrile or methanol as the eluent or on a Hewlett-Packard 6890N/6973N 

GC-MS set-up (HP-5ms column (cross-linked phase 5% PhMe-siloxane, 30 m, 0.25 mm 

internal diameter, 0.25 µm film thickness), E.I. detection). Elemental analyses were carried 

out by H. Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr, Germany. Melting 

points were determined on a Gallenkamp melting point apparatus in open capillaries and are 

reported uncorrected. UV-Vis spectra were recorded on a HP 8453 UV/Visible System. Gas 

chromatographic analysis were run on an Interscience HR GC Mega 2 apparatus 

(split/splitless injector, J&W Scientific DB-1 column (cross-linked phase Me2siloxane, 30 m, 

internal diameter 0.32 mm, film thickness 3.0 µm), F.I.D. detector), on an Interscience 

Finnigan TraceGC ultra apparatus equipped with a RTX1 column and on a Shimadzu GC-

17A apparatus (split/splitless injector, BPX35 (SGE) column (35% phenyl 

polysilphenylenesiloxane, 25 m, internal diameter 0.22 mm, film thickness 0.25 µm), F.I.D. 

detector). Molecular modeling was performed using semi-empirical (PM3-tm) calculations on 

a Unix workstation or a Windows PC, using Spartan software. 

 

Materials   Chemical were purchased from Acros Chimica, Aldrich Chemical Co., Biosolve, 

Fluka, Merck and Strem and were used as received, unless indicated otherwise. Diethylether 

and THF were distilled from sodium/benzophenone. Hexanes and n-pentane were distilled 

from sodium/benzophenone/triglyme. Acetonitrile, dichloromethane, methanol, morpholine, 

piperidine and triethylamine were distilled from calcium hydride. Nitromethane was distilled 

and stored in the dark at 4 °C. SOCl2 was freshly distilled prior to use. Deuterated solvents 

were distilled from the appropriate drying agents and distilled CDCl3 was stored on K2CO3. 

Silica chromatography columns (silica 60, SDS Chromagel, 70-200 µm) were deactivated 

with 10% NEt3 in petroleum ether followed by washing several times with petroleum ether. 

Bis-(2-diphenylphosphinoethyl)ammonium chloride (5)11a, 5,5’-dimethyl-bipyridine (2b)64, 2i65, 

crotyl methyl carbonate (= but-2-enyl methyl carbonate, 6)66 and [(COD)Rh(I)Cl]2
67 were 
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synthesized according to literature procedures. The assembly metals were added via stock 

solutions. Cu(I) was dissolved in DCM/MeCN 9:1, Cu(II) in MeCN and Zn(II) in MeOH. 

[(COD)Rh(I)Cl]2, [(C3H5)Pd(II)Cl]2, (MeCN)2Pd(II)Cl2 and (MeCN)2Pt(II)Cl2 were added as 

DCM stock solution or alternatively added as solids. Stock solutions (DCM/THF, 10:1) of [(η4-

COD)Rh(I)(THF)2]X
68 and [(η3-C3H5)Pd(II)(THF)2]X were generated from, respectively, 

[(COD)Rh(I)Cl]2 and [(C3H5)Pd(II)Cl]2 by anion exchange with Ag(I)X, followed by filtration to 

remove Ag(I)Cl (X = -OTf or -BF4). The stock solutions could be kept under an inert 

atmosphere at –20 °C for several months, without signs of decomposition. 

 

2,2'-Bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-

diphenylphosphinoethyl)-amide], (1)   2,2’-

Bipyridine-5,5’-dicarboxylic acid (3) (670 mg, 2.82 

mmol) was suspended in 10 ml SOCl2 and 

subsequently refluxed for 3h and stirred overnight. 

The resulting clear solution was evaporated to 

dryness in vacuo. To remove any traces of SOCl2 

the crude 5,5’-bis(carbonylchloride)-2,2’-bipyridine (4) was dissolved in 3 ml of toluene, 

followed by evaporation in vacuo of the solvent (2 times). The resulting white solid was 

dissolved in 125 ml THF. Subsequently NEt3 5.0 ml (36 mmol, 13 equivalents) and bis-(2-

diphenylphosphinoethyl)ammonium chloride (5) 2.70 g, (5.65 mmol, 2.00 equivalents) were 

added and the reaction mixture was stirred for 24 hours. After evaporation of the solvents, 

the residue was dissolved in CH2Cl2 (400 ml) and washed with 300 ml water. After phase 

separation the organic layer was dried over MgSO4 and concentrated in vacuo. Purification 

by column chromatography (silica, DCM/MeOH 9:1) afforded 1 as a white solid. Yield: 2.01 g, 

1.85 mmol, 66%.  

1H NMR: δ = 8.58 (s, 2H, H6), 8.28 (d, J = 8.2 Hz, 2H, H3), 7.57 (d, J = 8.2 Hz, 2H, 

H4), 7.49 (br s, 8 H, Ar-H), 7.34 (br s, 12 H, Ar-H), 7.17 (br s, 20 H, Ar-H), 3.63 (br m, 4H, 

CH2N), 3.29 (br m, 4H, CH2N), 2.46 (br m, 4H, CH2P), 2.12 (br m, 4H, CH2P); 
13C NMR: δ = 

169.2, 155.9, 147.3, 138.0, 137.9, 136.9, 136.7, 135.3, 133.1, 132.8, 132.7, 132.5 (2 s), 

130.8 (2 s), 129.2, 128.9, 128.8, 121.0, 47.1 (br), 43.6 (br), 28.4 (br), 26.7 (br); 31P NMR: δ = 

–19.9 (s, 1P), -21.1 (s, 1P); LC-MS (m/z (relative intensity, assignment)): 1091 (100, M+), 

1106 (13, M+O), 1124 (4, M+2O); Anal. calc. for C68H62N4O2P4: C 74.85, H 5.73, N 5.13; 

found: C 72.80, H 5.69, N 5.01; m.p. = 219 °C. Formation of the amide bond was confirmed 

by the observation of a characteristic carbonyl absorption peak at 1624 cm-1 in the infrared 

spectrum. 
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2,9-Bis-(2,4,6-trimethylphenyl)-1,10-phenanthroline, (2f) 

The synthesis of 2f has independently been reported by two 

groups14b,69, although (detailed) synthetic or analytical data were 

not given. 6.43 ml 2-Bromo-1,3,5-trimethylbenzene (8.36 g, 42 

mmol) was dissolved in 10 ml hexanes. At 0 °C, 42 mmol n-BuLi 

(22.1 ml 1.92 M in hexanes, 42 mmol, 1.0 equivalent) was slowly 

added. After stirring for 30 minutes the mixture was heated to 65 °C and refluxed for 14 

hours. After cooling to room temperature, the suspension was filtered (P4 glass filter) and the 

light yellow residue was washed with hexanes (2 x 10 ml). In a separate flask 1.76 g 1,10-

phenanthroline (9.78 mmol, 0.23 equivalent) was azeotropically dried by dissolving it in 10 ml 

toluene followed by evaporation in vacuo of the solvent (2 times). The phenanthroline was 

dissolved in 40 ml toluene and the mesityllithium, suspended in 30 ml Et2O, was slowly 

added to it. After stirring and refluxing the reaction mixture for 20 hours, it was cooled to 

room temperature and quenched with 100 ml water. After phase separation the aqueous 

layer was extracted two times with 50 ml CHCl3 and 40 g MnO2 (precipitated activate, Merck) 

was added to the combined organic layers. After stirring for 24 hours, it was dried with 

MgSO4 and filtered. Purification of by column chromatography (neutral alumina, DCM/CHCl3 

1:1) afforded 2a as off-white flakes. Yield: 2.5 g, 6.0 mmol, 61%. 

1H NMR: δ = 8.27 (d, J = 8.1 Hz, 2H, Ar-H (phenanthroline)), 7.85 (s, 2H, Ar-H 

(phenanthroline)), 7.57 (d, J = 8.4 Hz, 2H, Ar-H (phenanthroline)), 6.92 (s, 4H, Ar-H 

(mesityl)), 2.31 (s, 6H, CH3), 2.13 (s, 12H, CH3); 
13C NMR: δ = 160.0, 146.1, 138.0, 137.4, 

136.2, 135.7, 128.4, 127.1, 126.1, 125.0, 21.1 (CH3), 20.6 (CH3); LC-MS (m/z (relative 

intensity, assignment)): 416 (5, M+), 415 (40), 414 (100); Anal. calc. for C30H28N2: C 86.50, H 

6.78, N 6.73; found: C 86.44, H 6.71, N 6.68; m.p. = > 300 °C (decomposition). 

 

2,9-Bis-(2,4,6-trimethylphenyl)-4,7-diphenyl-1,10- 

phenanthroline, (2g)70   The compound was prepared analogues 

to 2f from respectively 1.38 ml 2-bromo-1,3,5-trimethylbenzene 

(1.79 g, 9.02 mmol, 4.3 equivalents) and 700 mg 4,7 diphenyl-

1,10-phenanthroline (2.1 mmol). After work-up and re-

aromatization with MnO2 (precipitated activate, Merck), the crude 

product was crystallized as a white microcrystalline solid from 

DCM/n-pentane. Yield: 331 mg, 0.58 mmol, 28%. 

1H NMR: δ = 7.97 (s, 2H, Ar-H), 7.51-7.62 (m, 12H, Ar-H), 6.98 (s, 4H, Ar-H (mesityl)), 

2.36 (s, 6H, CH3 ), 2.27 (s, 12H, CH3 ); 
13C NMR (APT): δ = 159.478 (Cq), 147.872 (Cq), 

146.895 (Cq), 138.371 (Cq), 138.048 (Cq), 137.377 (Cq), 136.316 (Cq), 129.743 (CH), 

128.581 (CH), 128.537(CH), 128.306 (CH),  125.435 (CH),  124.858 (Cq),  123.595 (CH), 

N N

N N
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21.091 (CH3), 20.742 (CH3); LC-MS (m/z (assignment)): 569 (M+); Anal. calc. for C42H36N2: C 

88.69, H 6.38, N 4.93; found: C 88.62, H 6.30, N 4.79; m.p. = 252 °C. 

 

2,9-Dibutyl-4,7-diphenyl-1,10-phenanthroline   This diimine was 

obtained as the main product in the attempted synthesis of 2g (see 

above), when in the formation of the mesityllithium a procedure 

from Schmittel et al.14b was followed. The product as obtained as 

an analytical pure off-white microcrystalline solid by precipitation 

from a hot ethanol solution of the crude product. Yield: 46% 

1H NMR: δ = 7.73 (s, 2H, Ar-H), 7.52-7.45 (m, 12H, Ar-H), 

3.26 (m, 2H, CH2CH2CH2), 1.95 (m, 2H, CH2CH2CH2), 1.54 (m, 2H, CH2CH2CH2), 1.04 (t, 3H, 

CH3); 
13C NMR: δ = 162.9, 148.6, 146.3, 138.8, 129.9, 128.7, 128.5, 125.1, 123.2, 123.0, 

39.6, 32.2, 23.3, 14.4; LC-MS (m/z (assignment)): 444 (M+); Anal. calc. for C32H32N2: C 

86.44, H 7.25, N 6.30; found: C 85.51, H 7.34, N 6.18; m.p. = 137 °C. 

 

[Cu(I)(CH3CN)4]OTf   The target compound was prepared using a modified procedure for the 

synthesis of [Cu(I)(CH3CN)4]BF4
71. 1.37 g Cu(II)(OTf)2 (3.79 mmol) dissolved in 4 ml CH3CN 

was added to 1.87 g copper(0)-dust (29.4 mmol, 7.8 equivalents) suspended in 5 ml CH3CN. 

The reaction mixture was stirred for 30 minutes, during which the blue solution de-colorized, 

indicating the reduction of copper(II) to copper(I). The suspension was subsequently filtered 

(P4 glass filter) and the residue was washed with 8 ml CH3CN. The solvents were 

evaporated in vacuo, yielding [Cu(I)(CH3CN)4]OTf in quantitatively yield, as a white 

microcrystalline powder, which was used without further characterization. The solid is highly 

sensitive to oxidation (exposure to air results in a rapid colorization to green/blue) and it was 

therefore stored and manipulated in a glovebox. 

 

Typical procedure for coordination studies   Appropriate amounts of stock solutions of 

Mass, Mcat and/or the co-ligand were added to a CH2Cl2 solution of 1. After stirring for 

approximately one hour at room temperature, the solvents were evaporated and the residue 

was dried in vacuo. The solid was dissolved in deuterated solvent and transferred to a, with 

N2 atmosphere flushed, dry NMR tube fitted with an air tight cap. Alternatively the reaction 

was conducted by mixing stock solutions (of deuterated solvents) of the building blocks 

directly in a NMR-tube. Low temperature NMR experiments were performed by taking NMR 

spectra at regular 10 °C intervals. To check for slow disproportionation and/or decomposition 

reactions, NMR spectra were taken again after several hours up to several days. For UV-Vis 

measurements the compound was dissolved in CH2Cl2 and transferred under an inert 

NN
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atmosphere to a with N2 atmosphere flushed cuvet. Silver coordination to 1 was studied by in 

situ formation of the complexes in NMR tubes that were kept in the dark. 

 

Mass spectroscopy of homo- and hetero-nuclear assemblies   For the characterization 

of metal-based self-assembled structures by means of mass spectrometry, good results have 

been obtained with coldspray ionization techniques72. We therefore analyzed model 

complexes (of 2) and the complexes of 1 under the mildest possible conditions (direct 

injection into the mass spectrometer of a Shimadzu LCMS-2010A system, solvent = MeCN 

or MeOH, APCI and/or ESI ionization, CDL and block temperature = 50, 100 or 250 °C), of 

which the data are summarized below: 

 

[Zn(II)1n](OTf)2 (n = 2, 3, ESI): 1 and corresponding oxides.  

[1Zn(II)Cl2] (APCI): 1, 1-mono-oxide, [1ZnCl]+ and [(1-mono-oxide)ZnCl]+. 

[Zn(II)(2e)n]X2 (n = 1-3, X = OTf, Cl, APCI and ESI): molecular ions and various fragments 

(e.g. [Zn(II)2e2]
2+, [Zn(II)2eCl]+). 

[1Cu(II)2h](OTf)2 (APCI and ESI): 2h, 1 and 1-mono-oxide. 

[2bCu2h](OTf)2 (ESI): [2hCu2b)]
2+, [Cu2h2]

2+ and [Cu2b2]
+. 

[1Cu(II)2i](OTf)2 (ESI): [2iCuMeCN]2+ and [2iCuMeCN2]
2+ 

[2aCu(II)2i](OTf)2 (ESI): [2iCu2a]
2+, [2iCuMeCN]2+, [2iCu(OTf)]+ and [2iCu2a(OTf)]+. 

[2fCu(I)1Pd(II)(allyl))2](OTf)3 (APCI and ESI): [2fCuMeCN]+, [2fPd(allyl)]+ and 1(Pd(allyl)2]
2+ 

[2eCu(I)1Pd(II)(allyl))2](OTf)3 (ESI): [2eCuMeCN]+, [Cu2e2]
+, [Cu2e3]

2+, [1Cu]2+, 

[1(Pd(allyl))2]
2+ and [2ePd(allyl)]+. 

[2hCu(II)1Pd(II)(allyl))2](OTf)4 (ESI): [Cu2h2]
2+ and [2hCu1]2. 

[ZnCl21(Pd(allyl))2]Cl2 (ESI): [1Pd(allyl)]
+ and [1(Pd(allyl))2]

2+. 

[2fCu(I)1(Rh(I)(COD))2](OTf)3 (ESI): [2fCuMeCN]+, [2fCu]+ and [1Cu]2+. 

 

Palladium-catalyzed allylic amination - General procedure   A Schlenk-tube, equipped 

with a magnetic stirring bar, was charged in the following order with the co-ligand, the 

assembly metal, 1 and [(allyl)Pd(II)(THF)2]OTf (1.5 µmol) in the appropriate amounts. After 

stirring for approximately 60 minutes, the solvents were evaporated in vacuo and the 

complex was re-dissolved in nitromethane (1.0 ml). The allylic substrate (0.36 mmol) and 

nitrobenzene (0.20 mmol, as internal standard for the GC) were added via a nitromethane 

stock solution (1.0 ml). The reaction was started by adding the amine (0.40 mmol, 1.0 ml of a 

freshly prepared nitromethane stock solution) and monitored by sampling at regular intervals. 

The samples were quenched in a dba (dibenzylidene acetone) solution in Et2O, filtered over 

celite and analyzed with GC. All allylic amination experiments were performed at least in 

duplo and the results were reproduced within GC error limits. Note that a problem associated 
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with nitromethane as a solvent (for allylic substitution reactions) lies in the explosive nature of 

nitromethane under basic conditions!73. (Additionally nitromethane can act as a C1 

nucleophile73, but under the applied reaction conditions the allyl amine products were formed 

cleanly and quantitatively. 
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Chapter 3 

 

Self-Assembly of Chiral Poly-Hetero-Nuclear Catalysts 

 

 
 

 

Abstract 
 

The assembly of chiral poly-hetero-nuclear catalysts by means of metal-ligand interactions 

has been explored as a new approach in asymmetric catalysis. For this purpose a basic 

building block, containing binding sites for the coordination of a catalytically active metal and 

an assembly metal is combined with a chiral co-ligand. As a result of the formation of a 

heteroleptic assembly-metal complex, the stereo-chemical information of the chiral co-ligand 

is transferred to the catalytically active metal, which, if successful, results in the formation of 

an enantioselective catalyst. We synthesized novel chiral polypyridine building blocks and 

applied them as co-ligands in our approach. In both the rhodium-catalyzed hydrogenation 

and the palladium-catalyzed allylic substitution the assemblies proved active catalysts. The 

hetero-nuclear assemblies display, as proof of principle, an enantiomeric excess up to 27% 

in the rhodium-catalyzed hydrogenation. Studying model systems allowed us to rationalize 

our results and gave insight in the structure of the species present under catalytic conditions. 



Chapter 3 
__________________________________________________________________________________________ 
 
 

 64 

3.1   Introduction – chirality in catalysis and self-assembled systems 
 

Since the discovery of molecular chirality, chemists have tried to control the stereochemistry 

of chemical transformations. Enantioselective catalysis has become an indispensable 

technique in the production of chiral compounds and numerous efficient protocols have been 

developed for stereoselective C-C, C-H and C-X bond formations1. Generally the 

enantioselectivity originates from chiral ligand(s) coordinated to the transition-metal and 

consequently considerable attention has been given to the synthesis of chiral (phosphine) 

ligands2. Initially the research mainly focused on ligand design, but more recently high-

throughput experimentation and combinatorial approaches have become the main route to 

find enantioselective catalysts3. This can mostly be attributed to the fact that generally small 

structural changes of the ligand can have a large influence on the enantioselectivity of the 

catalyst and consequently the screening of large ligand libraries is required to find efficient 

catalysts4. Protocols that allow the formation of these libraries with only limited synthetic 

effort are highly desirable and (metal-mediated) assembly of catalysts has proven to be a 

very potent methodology4b,5. Typically, the chiral moieties of the ligand are positioned very 

close to the catalytic center, but there are examples in which the distance between these 

groups is rather large. Kumada et al. for instance found that, despite a rather large distance 

between the chiral moiety and the catalytic center, the catalysts displayed enantiomeric 

excesses (ee) up to 45% in the palladium-catalyzed asymmetric allylic alkylation (scheme 

1)6. 
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Scheme 1: Ligands containing distant chiral groups in the asymmetric allylic alkylation. 

 

Concept   In the previous chapter we reported the synthesis and coordination chemistry of a 

building block containing two types of binding sites (1, scheme 2). We applied this building 

block in the assembly of poly-hetero-nuclear catalysts; this method is based on the selective 
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coordination of a catalytically active metal (Mcat) and an assembly metal (Mass) to, 

respectively, the bidentate phosphine and bipyridine7 moieties. Coordination studies indicate 

that rhodium and palladium, in the presence of a polypyridine co-ligand and an assembly 

metal such as zinc or copper, indeed coordinate to the phosphine moieties of 18. In this 

chapter we report the application of the a-chiral building block 1 in asymmetric catalysis. 

Scheme 2 schematically depicts the approach, in which 1 is combined with chiral co-ligands 

(2) to assemble chiral poly-nuclear catalysts. As a result of the formation of a heteroleptic 

assembly metal complex from 1 and 2, the chiral moiety on the co-ligand and the catalytic 

center are brought in close proximity of one another. The assembly metal can be regarded 

as a ‘transporter’ of stereo-chemical information from the chiral co-ligand to the catalytic 

center (scheme 2)9. With our metal-mediated route chiral catalysts can be formed which 

posses structural features related to the catalysts developed by Kumada et al. (scheme 1)6. 

The modular basis of the methodology allows altering of the chiral environment around the 

catalytic center, and thus of the catalytic properties of the assembly, simply by changing the 

assembly metal and/or co-ligand applied in the process. 
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Scheme 2: Transfer of chiral information from the co-ligand to the catalytic center in a hetero-

poly-nuclear catalyst. 

 

 

3.2   Results and Discussion 
 

Synthesis of the chiral co-ligands   Since the approach is based on the binding of the 

assembly metal by pyridine-based binding sites, novel chiral polypyridines (2) that could 

serve as co-ligands were prepared10,11. All new compounds were characterized with 1H and 
13C NMR spectroscopy, Mass spectrometry and elemental-analysis (see experimental 

section for details). Chiral bipyridines 2a and 2b were synthesized in a straightforward 
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manner in two steps from the commercially available 2,2'-bipyridine-5,5'-dicarboxylic acid (3), 

by converting it with SOCl2 to the corresponding bis-acid chloride derivative (4), followed by 

reaction with enantiomerically pure (S)-(–)-N,α-dimethylbenzylamine or (–)-bis[(S)-α-

methylbenzyl]amine, respectively (scheme 3). 
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Scheme 3: Synthesis of chiral bipyridines 2a and 2b. 

 

A samarium(II)iodide promoted coupling12 between 4,7-dimethyl-phenanthroline and (–)-

menthone afforded chiral phenanthroline 2c (scheme 4) in a one-step procedure. This co-

ligand contains three chiral centers, of which two originate from the enantiomerically pure 

ketone reagent, while the third is formed during the C-C bond formation. 
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Scheme 4: Samarium-catalyzed synthesis of phenanthroline 2c. 

 

Crystals of 2c were grown from ethylacetate and to ascertain the exact stereo-chemistry of 

this building block, the crystal structure was determined by X-ray diffraction. This reveales 

the isolated product to be (1S,2S,5R)-2-isopropyl-5-methyl-1-(4,7-dimethyl-1,10-

phenanthrolin-9-yl)cyclohexanol. The newly formed chiral center on the cyclohexanol moiety 

has an S-chirality, corresponding with an equatorial attack of the phenanthroline on the 

menthone, confirming the pathway suggested by Helquist et al. on the basis of NMR data of 

a related compound12b. In the solid state the menthol group is oriented in such a manner that 

the alcohol moiety is in close proximity of the nitrogen’s with an intra-molecular N···H-O 

hydrogen bonding interaction. The N-H and O-H distances are, respectively, 1.90 and 0.86 Å 

(view A, figure 1). Consequently the propyl and methyl groups are placed in orthogonal 

positions with respect to the phenanthroline plane (view B). A comparable hydrogen bonding 

motif has been reported by Ward et al. in a phenol substituted phenanthroline, albeit with a 

considerably shorter N-H distance of 1.71 Å and a longer O-H bond of 0.92 Å13. 
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                                                      A                                                      B 
 

Figure 1: Molecular structure of 2c in the solid state with a ‘front’ (A) and a ‘side’ (B) view. The 

ellipsoids are drawn at the 50% probability level. In the ‘side’ view the hydrogen atoms are 

omitted for clarity. 

 

Additionally we studied the use of commercially available 2,6-bis-((R)-4,5-dihydro-4-

isopropyloxazol-2-yl)-pyridine)14 (2d, figure 2) as a chiral co-ligand. This ligand provides, in 

combination with the diimine moiety of 1, a penta-imine environment for the assembly metal, 

for which copper(II) has a high affinity15. 

 

N
O
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Figure 2: Terdentate chiral co-ligand 2d. 

 

The nitrogen-based binding sites of 2 are identical with, or closely resemble, the binding sites 

of the co-ligands applied in the coordination studies conducted with 18. We therefore neither 

studied the coordination of 2a-2d to Mass and Mcat, nor did we evaluate the coordination 

modes present in poly-nuclear assemblies with 2a-2d as co-ligands. As a result of the 

mentioned resemblances of the binding sites, it can be assumed that in hetero-nuclear 

assemblies, rhodium and palladium will coordinate to the bidentate phosphine moieties of 1, 

while zinc(II), copper(I) and copper(II) will coordinate to the nitrogen-based binding sites of 1 

and 2. 

 

Rhodium-catalyzed asymmetric hydrogenation   Catalytic asymmetric hydrogenation of 

unsaturated compounds has emerged as a powerful tool for the preparation of chiral 
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compounds16. We evaluated our approach in the rhodium-catalyzed hydrogenation of 

dimethyl itaconate (5, scheme 5). 
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Scheme 5: Synthesis of (S)-dimethyl-2-methylsuccinate by means of asymmetric rhodium-

catalyzed hydrogenation. 

 

Catalytic performance of model systems   To gain insight in the effect of the co-ligands (2) 

on the catalytic performance of rhodium, we first studied several rhodium-polypyridine 

complexes as catalysts, of which the results are summarized in table 1. Additionally we 

determined the effect of polypyridine additives on the performance of a commonly applied 

chiral bis-phosphine rhodium catalyst. 

 

Table 1: Polypyridines as ligands and as additives in the rhodium-catalyzed hydrogenation. 

Entry Ligand Additive Equivalentsa Yieldb ee (%) 

1 bipyridine -     0 - 

2 2c -     0 - 

3 2d -     0 - 

4 R-binap -  100     78 (R) 

5 R-binap bipyridine 1.0    0 - 

6 R-binap [Cu(II)(bipyridine)3]
2+ 0.5    0 - 

7 R-binap [Cu(II)(bipyridine)3]
2+ 3.0    0 - 

  8c R-binap [Cu(II)2d]2+ 0.5 100     77 (R) 

  9d R-binap [2dCu(II)(bipyridine)]2+ 0.5 100     78 (R) 

10c R-binap [Zn(II)2d]2+ 0.5 100     76 (R) 

11d R-binap [2dZn(II)(bipyridine)]2+ 0.5 100     77 (R) 

Conditions: Solvent = DCM, T = 25 °C, 5 bar H2, [Rh] = 3.3 mM, 4 hours, Rh/ligand/5 1/1/20, Rh = 
[(COD)Rh(I)(MeCN)2]BF4 (COD = 1,5-Z-cyclooctadiene), anion for Mass = triflate. 

aEquivalents of additive with respect 
to the catalyst. bIn mol% based on 5. c[Rh] = 4.0 mM, 5 hours. d[Rh] = 3.7 mM, 5 hours. R-Binap = (R)-(+)-2,2’-
bis(diphenylphosphino)-1,1’-binaphthalene. 

Since pyridine-based ligands generally yield inactive or only slightly active rhodium 

hydrogenation catalysts17, it was not surprising that no conversion was observed when 

bipyridine (chart 1), 2c or 2d were used as ligands (entries 1-3, table 1). Applying R-Binap 

(chart 1) as the ligand resulted in the formation of (R)-dimethyl 2-methylsuccinate with 

reasonable enantioselectivity (78% ee) and in good yield (entry 4). The presence of one 
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equivalent of bipyridine leads to the formation of inactive rhodium species (entry 5). Most 

likely the two types of ligands simultaneously coordinate to rhodium, yielding a coordinatively 

saturated metal center. 

PPh2
PPh2NN

R-binap2,2'-bipyridine  
 

Chart 1: Bipyridine and R-binap. 

 

The presence of [Cu(II)(bipyridine)3]
2+ also led to a complete deactivation of the catalyst 

(entries 6-7), most likely due to dissociation of bipyridine from the copper. Most notable is the 

fact that 0.5 equivalent of [Cu(II)(bipyridine)3]
2+ was sufficient to completely deactivate the 

rhodium catalyst (entry 6). On the contrary, the related [Cu(II)2d]2+ and [2dCu(bipyridine)]2+ 

complexes did not influence the yield, nor did they significantly influence the 

enantioselectivity of the catalyst (entries 8-9). The enantioselectivity of the catalyst was not 

influenced by the presence of [Zn(II)2d]2+ or [2dZn(II)(bipyridine)]2+ (entries 10-11) either. 

The above results indicate that selective coordination of Mcat and Mass to the appropriate 

binding sites is essential for our approach. 

 

Hetero-nuclear assemblies as catalysts in the asymmetric hydrogenation   Next we 

evaluated various assemblies of 1, with rhodium as Mcat, 2c and 2d as chiral co-ligands and 

Zn(II) and Cu(II) as the assembly metals, for which the results are summarized in table 2. 

Anticipating the formation of [2Mass1(Rh(I)(COD))2]
x+ (scheme 6) species via metal directed 

self-assembly, Mass, 1, 2 and the rhodium precursor were allowed to react in a 1:1:1:2 ratio 

and the resulting assemblies were applied as catalysts without further analyses. 
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Scheme 6: General structure of the self-assembled chiral catalysts studied. 
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The assemblies studied, with 2c or 2d as co-ligands and Zn(II) or Cu(II) as assembly metal, 

all displayed good activities under the applied reaction conditions, giving the product in 78-

100% yield (entries 2-4, table 2). A 1:2 mixture of 1 and the rhodium precursor yielded a poor 

catalyst, as racemic dimethyl 2-methylsuccinate was only formed in 13% yield (entry 1). We 

attribute the low conversion to the non-coordinated bipyridine moiety as a result of the 

absence of an assembly metal, which results in the formation of inactive diimine coordinated 

rhodium centers. These results also indicate that in the presence of an assembly metal and a 

co-ligand the rhodium is coordinated to the phosphines of 1, while the assembly metal is 

coordinated to the nitrogen-based binding sites of 1 and the co-ligand. 

 

Table 2: Chiral self-assembled catalyst in the asymmetric hydrogenation of dimethyl itaconate. 

Entry Co-ligand Mass Solvent Yielda ee (%) 

  1b - - DCM  13 0 

2 2c Cu(II) DCM 100 0 

3 2d Cu(II) DCM  98       3 (R) 

4 2d Zn(II) DCM  78     25 (R) 

  5b - - MeOH  84 0 

6 2c Cu(II) MeOH  84 0 

7 2c Zn(II) MeOH 100       1 (S) 

8 2d Cu(II) MeOH 100       1 (R) 

9 2d Zn(II) MeOH  90       1 (R) 

Conditions: T = 25 °C, 24 hours, 5 bar H2, [Rh] = 3.33 mM, Rh/1/Mass/2/5 2/1/1/1/40, Rh = [(COD)Rh(I)(MeCN)2]BF4, 
Mass = M(OTf)2. 

aIn mol% based on 5. bCatalyst = [1(Rh(I)(COD))2](BF4)2, [Rh] = 9.99 mM. 

 

Interestingly, for the assemblies with co-ligand 2d, application of the Cu(II)-based species as 

catalyst resulted in a higher yield, than when the Zn(II)-based species was applied as the 

catalyst (98 versus 78%, entries 3-4). Moreover, [2dCu(II)1(Rh(I)(COD))2]
4+ catalyzed the 

reaction with negligible enantioselectivity (3% ee, entry 3), while [2dZn(II)1(Rh(I)(COD))2]
4+ is 

significantly more enantioselective (25% ee, entry 4). The enantiomeric excess may be small 

in comparison to conventional catalysts, but it is a proof of principle that transfer of chirality 

from the co-ligand to Mcat is possible. Moreover the effect of changing the assembly metal 

from zinc(II)) to copper(II) is clearly evident; a decrease in conversion and an increase in 

enantioselectivity (entries 3-4). This result reinforces the proof of principle of our approach; 

as the assembly metal has a determining role in the catalytic properties of the assembly 

tuning ofcatalyst performance does not require additional synthetic steps, but merely the use 

of different assembly metals. 
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Since the nature of the solvent can have a determining influence on the activity and 

enantioselectivity of (hydrogenation) catalysts18, we also studied the catalytic performance of 

the assemblies in methanol. In this solvent [1(Rh(I)(COD))2]
2+ led to a considerably higher 

yield of dimethyl 2-methylsuccinate than in dichloromethane (84 versus 13% yield, entries 1 

and 5). The assemblies with 2c or 2d as co-ligand and Zn(II) or Cu(II) as Mass also led to high 

conversions, although for all combinations studied no significant enantioselectivity was 

observed (entries 6-9). Applying [2dZn(II)1(Rh(I)(COD))2]
4+ in dichloromethane as the solvent 

resulted in 25% ee, while in methanol this assembly gave almost racemic product, 

underlining the importance of the solvent (entries 4 and 9). Similar to the reactions performed 

in dichloromethane, in methanol the 2d-Cu(II) assembly led to a higher yield than the related 

2d-Zn(II) assembly (entries 8-9). For the assemblies with co-ligand 2c the opposite behavior 

was observed; the zinc(II)-based assembly resulted in a higher yield than the copper(II)-

based assembly (entries 6-7). The origin of the differences in conversion observed for the 

different co-ligand/Mass combinations is unclear, but ligand disproportionation reactions, 

which can lead to inactive rhodium species, might play a role. 

 

If ligand disproportionation were an important factor, we anticipated that changing the ratio of 

the different building blocks applied (1, Mass and 2) should affect the outcome of the catalytic 

reaction. We therefore studied the influence of the 1/Mass/2 ratio on the catalytic performance 

under slightly different conditions, of which the results are summarized in table 3. The 

applied ratios should lead to mixtures of the heteroleptic [2xMass1yRhz] and homoleptic 

[Mass2x] complexes, which were applied as catalysts without further analyses (scheme 7). 

Note that the [Mass2x] complexes are catalytically inactive. 
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Scheme 7: Mixtures of hetero- and homoleptic assembly metal complexes. 

 

For all combinations evaluated the substrate was converted quantitatively. This result 

indicates that coordination of the rhodium to the phosphines of 1 still takes place, even 

though the number of polypyridine-based binding sites significantly exceeds the number of 

phosphine-based binding sites. This is particularly evident for entries 3-5, where three 

equivalents of diimines are present per rhodium. In all but one studied combination the self-
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assemblies gave the product as the racemate. Combining 2d, zinc, 1 and rhodium in a 

2:2:1:2 ratio gave the product in 27% ee (entry 6), only slightly higher than the 25% ee 

observed when a 1:1:1:2 ratio was applied (entry 4, table 2). The presence of an additional 

equivalent  of the Zn(II)-2d complex does not significantly influence the catalytic 

performance, which is a strong indication that the active species is the same in both 

experiments. 

 

Table 3: Application of mixtures of hetero- and homoleptic assembly metal complexes as 
catalysts in the asymmetric hydrogenation. 

Entry Co-ligand Mass 1:2:Mass Yielda ee (%) 

1b 2a Cu(II) 2:7:3 100 0 

2b 2a Zn(II) 2:7:3 100       2 (R) 

3c 2c Cu(II) 1:5:3 100       1 (R) 

4c 2c Zn(II) 1:5:3 100       1 (S) 

5c  S,S-2dd Cu(II) 1:1:1 100       3 (S) 

6e 2d Zn(II) 1:2:2 100     27 (R) 

Conditions: Solvent = DCM, 20 hours, [Rh] = 0.72 mM, Rh/5 1/100, Mass = MOTf2. 
aIn mol% based on 5. bT = 40 °C, 5 

bar H2, Rh = [(NBD)Rh(I)(THF)2]OTf, NBD = norbornadiene. 
cT = 25 °C, 10 bar H2, Rh = [(COD)Rh(I)(THF)2]OTf. 

d
S,S-

2d = 2,6-bis-((S)-4,5-dihydro-4-iso-propyloxazol-2-yl)-pyridine). e5 hours, [Rh] = 2.86 mM, Rh/substrate 1/20, Rh = 
[(COD)Rh(I)(MeCN)2]BF4. 

 

The highest enantioselectivity observed so far with the self-assembled catalyst is 27% ee. 

Most likely the rather long distance between the catalytic center and the chiral groups of the 

co-ligands plays an important role in this limited selectivity19. Note that Kumada and co-

workers also observed moderate ee’s for structurally related systems (scheme 1)6. The 

current experiments, however, indicate that it is possible to transfer chiral information from 

the co-ligand to the catalytic center. We expect that the enantioselectivity can be drastically 

increased by re-designing the structure of our building blocks, so that the catalytic site and 

the chiral moiety are brought in closer proximity of one another. Furthermore, application of 

co-ligands which are structurally related to 2d could also lead to more enantio-selective 

catalysts. 

 

Palladium-catalyzed asymmetric allylic alkylation   Next to rhodium-catalyzed 

hydrogenation, we also evaluated our assembly methodology in the palladium-catalyzed 

asymmetric allylic alkylation20. As a model reaction we chose the alkylation of (E)-1,3-

diphenylallyl acetate (6) with in situ generated nucleophile from dimethyl malonate (7) and 

N,O-bis(trimethylsilyl)acetamide (BSA) (scheme 8). Chiral bipyridines and phenanthrolines 

have proven to be efficient ligands for numerous transition-metal catalyzed asymmetric 
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reactions10, notably in the palladium-catalyzed allylic alkylation21. We started with control 

experiments, in which 2a-2d were applied as ligands for palladium, for which the results are 

summarized in table 4. 
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Scheme 8: Palladium-catalyzed asymmetric allylic alkylation. 

 

Table 4: Building blocks 2 as ligands for palladium in the asymmetric allylic alkylation. 

Entry Ligand Yielda ee (%) 

1 2a 100      4 (S) 

2 2b 100 0 

3 2c 100     64 (S) 

4 2d     0 - 

Conditions: Solvent = DCM, T = RT, 40 hours, [Pd] = 2.50 mM, Pd/1/6/BSA/7 1/1/20/40/40, pinch of KOAc added, Pd 
= [(allyl)Pd(II)(THF)2]OTf. 

aIn mol% based on 6. 

 

No product was observed when the terdentate coordinating 2d was applied as the ligand 

(entry 4, table 4), while with diimines 2a-2c full conversion to the desired product was 

obtained (entries 1-3). The low enantiomeric excesses obtained with 2a and 2b as ligands (7 

and 0%, respectively) can be attributed to the relative distant position of the chiral moieties 

with respect to the catalytic center22. Application of 2c, with the chiral menthol moiety in 

proximity of the diimine, resulted in reasonable enantiomeric pure product (64% ee). Note 

that phenanthrolines with comparable structures induced up to 92% ee in this reaction21.  

 

Since copper complexes catalyze allylic substitution reactions23, we also evaluated copper(II) 

complexes of 2a and 2d as catalysts. Both complexes are inactive under the reaction 

conditions applied (entries 1-2, table 5). Next we examined the effect of polypyridine 

additives on the catalytic performance of a palladium diphosphine complex. For this we 

applied [(dppf)Pd(II)(allyl)]+, which effectively catalyzes the reaction (entry 3), as a model 

complex for the binding of palladium to the bidentate phosphine moieties of 1 (figure 3). 

 

PPh2

PPh2

Fe

 
 

Figure 3: Structure of the bidentate phosphine dppf. 
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Table 5: Polypyridines as additives in the palladium-catalyzed asymmetric allylic alkylation. 

Entry Catalyst Additive Equivalentsa Yieldb ee (%) 

1     [Cu(II)2a]2+ c,d -     0 - 

2     [Cu(II)2a]2+ c,d -     0 - 

3  [(dppf)Pd(II)(allyl)]+ c -  100 0 

4  [(dppf)Pd(II)(allyl)]+ c [Cu(II)2a2]
2+ 0.5 100 0 

5  [(dppf)Pd(II)(allyl)]+ c [Cu(II)2d3]
2+ 0.5 100 0 

6  [(dppf)Pd(II)(allyl)]+ e 2a 1.0 100 0 

7  [(dppf)Pd(II)(allyl)]+ e 2d 1.0 100 0 

8 [(THF)2Pd(II)(allyl)]
+ c [Zn(II)2c]2+ 1.0 28 0 

Conditions: Solvent = DCM, T = RT, pinch of KOAc added, anion = triflate unless otherwise noted. aWith respect to 
palladium. bIn mol% based on 6. c40 h, [Pd] = 2.5 mM, Pd/6/BSA/7 1/20/40/40. dNo palladium added, [Cu] = 1.25 mM. 
e18 h, [Pd] = 5.0 mM, Pd/6/BSA/7 1/12/24/24, anion = chloride. dppf = 1,1’-bis(diphenylphosphino)ferrocene. 

 

The presence of [Cu(II)2a2]
2+ or [Cu(II)2d3]

2+ (0.5 equivalent) or 2a or 2d (1 equivalent) did 

not negatively influence the yield (entries 4-7). It must be noted that due to the long reaction 

time, it is difficult to comment on the structure of the palladium species present during 

catalysis, but the occurrence of ligand disproportionation reactions can not be excluded. An 

equal molar mixture of [(THF)2Pd(II)(allyl)]
+, Zn(II) and 2c (entry 8) gave racemic product in 

low yield (28%), indicating that zinc is firmly bound to 2c and is not displaced by the 

palladium24. We attribute the small amount of product formed to ligand free palladium, 

although its activity is low. In addition, free palladium is also unstable, and indeed palladium-

black formation was observed during the reaction. 

 

Hetero-nuclear assemblies as catalysts in the asymmetric allylic alkylation   Finally we 

studied various assemblies using 2c-2d as chiral co-ligands, and evaluated their catalytic 

performance. We applied 1/Mass/2 ratios that, after metal directed self-assembly, should yield 

mixtures of the heteroleptic catalyst ([2wMass1x(Pd(II)(allyl))y]
z+) and additional equivalents of 

[Mass2y]
z+ (scheme 9). Note that the latter complex is inactive under the applied reaction 

conditions. The resulting mixtures were, without further analyses, used as catalysts. 
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Scheme 9: General structure of the chiral palladium assemblies studied as catalysts. 
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The homo-nuclear [1(Pd(II)(allyl))2]
2+ quantitatively converted the substrate to the product 

(entry 1, table 6). The presence of the chiral co-ligand and Cu(II) in [2aCu(II)1(Pd(II)(allyl))2]
4+ 

resulted in negligible enantioselectivity (3%), but also did not negatively affect the yield (entry 

2). Similar results, thus full conversions and low ee’s (0-3%), were obtained with all 

combinations of co-ligands 2a-2d and Cu(II) or Zn(II) as the assembly metal (entries 2-9). 

Apparently the chiral co-ligands 2 do not provide, when combined with Zn(II) and Cu(II), to an 

efficient chiral environment around palladium. 

 

Table 6: Self-assembled chiral catalyst in the asymmetric allylic alkylation. 

Entry Co-ligand Mass 1:2:Mass Yielda ee (%) 

 1b - - - 100 0 

2 2a Cu(II) 1:3:2 100       3 (S) 

3 2a Cu(II) 1:5:2 100 0 

4 2b Cu(II) 1:5:2 100       3 (S) 

5 2c Cu(II) 1:1:1 100       1 (S) 

6 2c Zn(II) 1:1:1 100 0 

7 2d Cu(II) 1:1:1 100       2 (S) 

8 2d Zn(II) 1:1:1 100       2 (S) 

9 2d Zn(II) 1:3:2 100       1 (S) 

Conditions: Solvent = DCM, T = RT, 40 h, [Pd] = 2.50 mM, Pd/1/6/BSA/7 2/1/40/80/80, pinch of KOAc added, Pd = 
[(allyl)Pd(II)(THF)2]

+, anion = triflate. aIn mol% based on 6. bCatalyst = [1(Pd(II)(allyl))2]
2+. 

 

The results obtained with co-ligand 2c (entries 5-6) clearly indicate that under the reaction 

conditions the palladium is bound to 1, as disproportionation into palladium complexes of 2c, 

would have led to (some) enantio-enrichment of the product. We attribute the absence of 

enantioselectivity to the flexible and relative long linker between the phosphine and bipyridine 

moieties. As a result no efficient transfer of chirality from 2 to the palladium centers takes 

place. As discussed in the previous section, building blocks with shorter distances between 

the binding sites for Mcat and Mass, may yield more enantioselective catalysts, but additional 

research is required to confirm this. 

 

 

3.3   Conclusion 
 

We have studied a novel approach in asymmetric catalysis, in which chiral poly-hetero-

nuclear catalysts are formed by means of metal-mediated self-assembly. In our approach the 

formation of a heteroleptic assembly metal complex brings the chiral co-ligand in proximity of 

the catalytic center. We synthesized novel chiral polypyridine building blocks to serve as co-

ligands in our approach. We evaluated our methodology in two asymmetric reactions by 
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applying a variety of chiral poly-nuclear assemblies as catalysts and determined the effect of 

the type of assembly metal and structure of the co-ligand on the catalytic performance. The 

results indicate that under catalytic conditions the assembly and catalytically active metals 

were coordinated to, respectively, the pyridine and phosphine binding sites. In both the 

palladium-catalyzed allylic substitution and the rhodium-catalyzed hydrogenation the 

assemblies gave the products in good yield. With one hetero-nuclear hydrogenation catalyst 

the product was obtained with 27% enantiomeric excess, indicating the transfer of stereo-

chemical information from the co-ligand to the catalytic center. Importantly, the assembly 

metal has a deteriming influence on the catalyst properties of the assembly, giving new 

handles for catalyst optimization. Currently, the enantioselectivities observed are still low, 

probably as a result of the flexibility and length of the linker between the bis-phosphine and 

bipyridine moieties. Most likely the enantioselectivity of our self-assembled catalysts can be 

increased by re-designing the structure of our building blocks and thereby bringing the 

catalytic site and the chiral moiety in closer proximity of one another. 
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3.4   Experimental Section 
 

General Remarks   All reactions were carried out under strictly oxygen free conditions, using 

standard Schlenk techniques under an atmosphere of purified nitrogen. NMR spectra were 

recorded on a Varian Mercury-300, a Bruker DRX-300 and a Varian Inova-500. NMR-spectra 

were recorded at room temperature with CDCl3 as the solvent, unless stated otherwise. 

Positive chemical shifts (δ) are given (in ppm) for high-frequency shifts relative to a TMS 

reference (1H and 13C). 13C spectra were measured with a 1H decoupling. Data are reported 

as follows: (br - broad, s - singlet, d - doublet, t - triplet, q - quartet, m - multiplet; coupling 

constant(s) in Hz; integration; assignment). Mass spectra were recorded on a Shimadzu 

LCMS-2010A using APC- or ES- ionization with acetonitrile or methanol as the eluent and on 

a Hewlett-Packard 6890N/6973N GC-MS set-up (HP-5ms column (cross-linked phase 5% 

PhMe-siloxane, 30 m, 0.25 mm internal diameter, 0.25 µm film thickness), E.I. detection). 

Elemental analyses were carried out by H. Kolbe Mikroanalytisches Laboratorium, Mülheim 

an der Ruhr, Germany. Melting points were determined on a Gallenkamp melting point 

apparatus in open capillaries and are reported uncorrected. Optical rotations were measured 

on a Perkin-Elmer 241 polarimeter (with l = 1 dm). Gas chromatographic analysis were run 

on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W Scientific DB-1 

column (cross-linked phase Me2siloxane, 30 m, internal diameter 0.32 mm, film thickness 3.0 

µm), F.I.D. detector), on an Interscience Finnigan TraceGC ultra apparatus equipped with a 

RTX1 column and on a Shimadzu GC-17A apparatus (split/splitless injector, BPX35 (SGE) 

column (35% phenyl polysilphenylenesiloxane, 25 m, internal diameter 0.22 mm, film 

thickness 0.25 µm), F.I.D. detector). Dr. Martin Lutz is acknowledged for solving the crystal 

structure of 2c. 

 

Materials   Chemical were purchased from Acros Chimica, Aldrich Chemical Co., Biosolve, 

Fluka, Merck and Strem and were used as received, unless indicated otherwise. Diethyl 

ether and THF were distilled from sodium/benzophenone, hexanes was distilled from 

sodium/benzophenone/triglyme. Acetonitrile, dichloromethane, methanol and amines were 

distilled from calcium hydride. SOCl2 was freshly distilled prior to use. Deuterated solvents 

were distilled from the appropriate drying agents. Distilled CDCl3 was stored on K2CO3. Silica 

chromatography columns (silica 60, SDS Chromagel, 70-200 µm) were deactivated with 10% 

NEt3 in petroleum ether (40-60), followed by several washing with petroleum ether (40-60). 

5,5’-Bis(carbonylchloride)-2,2’-bipyridine8, 2,2'-bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-

diphenylphosphinoethyl)-amide] (1)8 and (E)-1,3-diphenylprop-2-en-1-yl acetate25 were 

synthesized according to literature procedures. The metals were added via stock solutions of 

their triflate salts: Cu(II) in MeCN, Zn(II) in MeOH and [(η4-COD)Rh(I)(MeCN)2]BF4 in DCM. 
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[(η4-COD)Rh(I)(THF)2]OTf, [(η
4-NBD)Rh(I)(THF)2]OTf and [(η

3-C3H5)Pd(II)(THF)2]OTf were 

added via DCM/THF (10:1) stock solutions8. 

 

2,2'-Bipyridine-5,5'-dicarboxylic acid bis-[methyl-

(1-(S)-phenyl-ethyl)-amide] (2a)   5,5’-bis-

(carbonylchloride)-2,2’-bipyridine (1.35 mmol) was 

dissolved in 15 ml THF, followed by addition of 0.56 

ml NEt3 (4.05 mmol, 3.0 equiv.). Subsequently 0.39 ml (S)-(–)-N,α-dimethylbenzylamine (2.7 

mmol, 2 equiv.) was added and the reaction mixture was stirred at room temperature for 14 

hours. After evaporation of the solvents, the residue was dissolved in 30 ml EtOAc and 

washed with water (2 X 15 ml). The organic layer was dried with MgSO4 and the solvents 

were evaporated in vacuo. Crystallization of the crude product from EtOAc/Hexanes/Et2O 

afforded 2a as small colorless needles. Yield: 437 mg, 0.91 mmol, 68%. 
1H NMR (25 °C): δ = 8.77 (s, 2H, Ar-H), 8.45 (d, 2H, J = 7.9 Hz, Ar-H), 7.90 (d, 2H, J 

= 7.9 Hz, Ar-H), 7.37 - 7.21 (m, 10H, Ar-H), 6.15/5.04 (2 br s, 2H, CHCH3), 2.84/2.66 (2 br s, 

6H, NCH3), 1.62/1.60 (2 br s, 6H, CHCH3); 
1H NMR (50 °C): δ = 8.75 (s, 2H, Ar-H), 8.45 (s, 

2H, Ar-H), 7.86 (s, 2H, Ar-H), 7.30 (s, 10H, Ar-H), 5.62 (br s, 2H, CHCH3), 2.75 (s, 6H, 

NCH3), 1.60 (s, 6H, CHCH3); 
13C NMR: δ = 169.52/169.15, 156.24, 147.87/147.23, 139.85, 

136.10/136.00, 132.94, 129.00, 127.95, 127.62, 126.65, 121.26, 57.03/51.32, 32.10/28.35, 

17.92/15.67; LC-MS (m/z, (rel. intensity, assignment)): 478 (31, M+), 477 (100), 372 (12, M-

C8H9); Anal. calc. for C30H30N4O2: C 75.29, H 6.32, N 11.71; found: C 75.08, H 6.19, N 11.59; 

m.p. = 160 °C; [α]D
20 = –205.0° (c = 0.74, DCM). 

 

2,2'-Bipyridine-5,5'-dicarboxylic acid bis-[bis-(1-

(R)-phenyl-ethyl)-amide] (2b)   This compound 

was prepared analogously to the synthesis of 2a by 

quenching 5,5’-bis(carbonylchloride)-2,2’-bipyridine 

(2, 0.22 mmol) with (–)-bis-[(S)-α-methylbenzyl]-

amine (0.1 ml, 0.44 mmol, 2.0 equiv.). After work-up the crude product was purified by 

column chromatography (neutral alumina, DCM) to afford 2b as an off-white solid. Yield: 114 

mg, 0.17 mmol, 79%. 
1H NMR: δ = 8.67 (d, J = 2.4 Hz, 2H, Ar-H), 8.39 (d, J = 8.4 Hz, 2H, Ar-H),    (dd, J = 

8.4 Hz, J = 2.4 Hz, 2H, Ar-H), 7,19 (m, 12H, Ar-H), 7.05 (m, 8H, Ar-H), 4.98/4.96 (2 br s, 4H, 

CHCH3), 1.82/1.80 (2 s, 12H, CH3); 
13C NMR: δ = 168.95, 155.35, 146.39, 140.27, 134.98, 

134.67, 129.25, 128.39, 128.05, 127.73,125.52, 121.232, 55.51 (br, CHCH3), 19.05 (CH3) ; 

LC-MS (m/z, (rel. intensity, assignment)): 659 (100, M+), 555 (5), 452 (5), 338 (12); m.p. = 94 

°C; [α]D
20 = –248.5° (c = 0.14, DCM). 

N N

OO

NN

N N

OO

NN
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(2R,5S,1S)-2-iso-propyl-5-methyl-1-(4,7-dimethyl-1,10- 

phenanthroline-9-yl)-cyclohexanol (2c)   834 mg 4,7-dimethyl-

1,10-phenanthroline (4. 00 mmol) was azeotropically dried by 

dissolving it in 10 ml toluene followed by evaporation in vacuo of 

the solvent (2 times). It was dissolved in 30 ml THF and 1.51 ml (–

)-menthone (1.34 g, 8.7 mmol, 2.2 equiv.) was added. After 20 

minutes 10 mmol SmI2 was added (100 ml 0.1 M in THF, 2.5 equiv.) The dark blue 

suspension was stirred for 48 hours and subsequently the reaction was quenched by 

addition of 100 ml aqueous saturated NH4Cl. The THF was partially evaporated and the 

resulting solution was extracted with 300 ml EtOAc (3 times). The combined organic fractions 

were dried with MgSO4, filtered and the solvent was evaporated in vacuo. The crude yield 

was determined by 1H NMR spectroscopy to be roughly 40%. Purification by column 

chromatography (silica) with hexanes/EtOAc 1:3 gave unreacted menthone as the first 

fraction, while a mixture of 4,7-dimethyl-1,10-phenanthroline and the target compound was 

obtained when the eluent was changed to DCM/MeOH 95:5. Enantiomeric pure 2c was 

obtained as small colorless cubic crystals, by crystallization from EtOAc. Yield: 280 mg, 0.77 

mmol, 20%. 
1H NMR: δ = 9.00 (d, J = 4.7 Hz, 1H, Ar-H), 8.01 (s, 2H, Ar-H), 7.48 (s, 1H, Ar-H), 

7.44 (d, J = 4.7 Hz, 1H, Ar-H), 6.24 (br s, 1H, OH), 2.81 (s, 3H, phen-CH3), 2.78 (s, 3H, phen-

CH3), 2.10 (m, 1H), 1.60-2.00 (m, 5 H), 1.20-1.45 (m, 2H), 1.11 (m, 1H), 0.89 (d, J= 4.8 Hz, 

3H), 0.86 (d, J=4.8 Hz, 3H), 0.68 (d, J = 7.2 Hz, 3H); 13C NMR: δ = 165.57, 150.12, 145.76, 

145.37, 144.46, 143.94, 128.40, 126.84, 124.06, 122.11, 121.96, 120.08, 51.19, 49.73, 

35.63, 31.17, 28.72, 28.04, 24.112, 22.67, 22.45, 19.89, 19.86, 19.39, 19.15; GC-MS (m/z, 

relative intensity): 362 (20, M+), 347 (25, M-CH3), 319 (40, M-C3H7), 277 (100), 251 (84), 222 

(41), 208 (70, M-C10H19O); Anal. calc. for C24H30N2O: C 79.52, H 8.34, N 7.73; found: C 

79.47, H 8.06, N 8.59; m.p. = 209 °C; [α]D
20 = –23.7° (c = 0.43, DCM). 

 

General procedure for the hydrogenation of dimethyl itaconate   A Schlenk-tube, 

equipped with a magnetic stirring bar, was charged in the following order with 2, the 

assembly metal, 1 and [(COD)Rh(I)(THF)2]OTf in the appropriate amounts. After stirring for 

approximately 60 minutes, the solvents were evaporated in vacuo and the complex was re-

dissolved in dichloromethane. Vessels equipped with Teflon stirring bars, were charged with 

the self-assembled catalyst (0.6 µmol rhodium), 24 µmol dimethyl itaconate and 25 µmol 

decane (as internal standard) via dichloromethane stock solutions (tot volume = 1.8 ml). The 

vessels were transferred into a stainless steel 150 ml autoclave and the autoclave was 

flushed with hydrogen gas (3 x 3 bar) and pressurized to 5 bar. After stirring for 24 h at 25 °C 

the autoclave was depressurized and the reaction mixtures were filtered over silica and 

N N
HO
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eluted with dichloromethane. Conversions were determined by GC and enantiomeric purities 

were determined by chiral GC (Carlo Erba Vega 6000 gas chromatograph, equipped with a 

Beta-Dex 325 (Supelco) column (30 m, 0.25 mm internal diameter, 0.25 µm film thickness), 

He 150 kPa, H2 50 kPa, air 100 kPa, isothermal; T = 70 °C, TR(R) = ~ 33 min., TS(S) = ~ 34 

min.). All catalytic runs were performed at least in duplo and the results were reproduced 

within GC error limits. 

 

General procedure for the palladium-catalyzed asymmetric allylic alkylation   A 

Schlenk-tube, equipped with a magnetic stirring bar, was charged in the following order with 

2, the assembly metal, 1, the palladium allyl precursor ([(allyl)Pd(II)(THF)2]OTf or 

[(C3H5)Pd(II)Cl]2) (0.01 mmol) and KOAC (1 mg) in the appropriate amounts via stock 

solutions. After stirring for approximately 30 minutes, the solvents were evaporated in vacuo 

and the complex was re-dissolved in dichloromethane (2 ml). 1,3-diphenylallyl acetate (0.20 

mmol) and n-decane (0.20 mmol, internal standard for GC measurement) were added via 

freshly prepared stock-solutions in DCM. After 15 minutes the reaction was started by 

addition of a mixture of 0.40 mmol dimethylmalonate and 0.40 mmol N,O-

bis(trimethylsilyl)acetamide (BSA) via freshly prepared stock-solutions in DCM (total volume 

= 4 ml). After 40 hours the reaction was stopped by the addition of Et2O (5 ml) and a 

saturated aqueous ammonium chloride solution (5 ml). The organic layer was subsequently 

dried over MgSO4 and an aliquot was analyzed by GC to determine the yield, while the rest 

was evaporated to dryness. The crude product was further purified by flash column 

chromatography (SiO2, EtOAc/PE 40-60 1:5) to yield a yellowish oil. The enantiomeric purity 

was determined by chiral HPLC (Daicel OD; n-hexane/2-propanol 99.5:0.5; flow 0.5 ml/min; ν 

= 254 nm. tR (R) = 42.1 min., tR (S) = 45.8 min.). All allylic alkylation experiments were 

performed at least in duplo and the results were reproduced within GC and HPLC error limits. 
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Chapter 4 

 

Metal-Mediated Self-Assembly of Polymer-Supported 

and Dendritic Catalysts 

 
 

 

Abstract 
 

The metal-mediated assembly of supported and dendritic catalysts was explored. This novel 

approach is based on the formation of heteroleptic complexes from assembly metals, a basic 

building block and supported or dendritic co-ligands. Both the co-ligand and the basic 

building block contain binding sites for coordination to an assembly metal, while the basic 

building block contains additional binding sites for catalytically active metals. Application of a 

resin-bound terpyridine as co-ligand resulted in polymer-supported hetero-nuclear 

complexes, which were applied in the palladium-catalyzed allylic substitution. The low 

stability of the resin-bound heteroleptic terpyridine-bipyridine copper complex leads to non-

supported copper species, as is evidenced by the limited success with which palladium 

catalysts could be recycled. In a related approach DAB-dendrimers were applied as co-

ligands, aiming at the formation of dendritic catalysts. The coordination modes of the 

assembly and catalytically active metals towards the DAB-dendrimer and 1 were studied. 

The results indicate that most likely mixtures of homo- and heteroleptic complexes are 

formed. In the palladium-catalyzed allylic amination the DAB-dendrimer-based assemblies 

proved highly active catalysts, with the generation of DAB-dendrimer having no influence on 

the activity and selectivity of the catalyst. 
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4.1   Introduction 
 

The present chapter consists of two parts. In the first part we describe the formation of resin-

bound catalysts immobilized via metal-mediated self-assembly and in the second part the 

application of this methodology to form dendritic catalysts. We recently explored metal-

mediated self-assembly as a novel route to form hetero-nuclear catalysts1. Our approach is 

based on the simultaneous coordination of an assembly metal (Mass) and a catalytically 

active metal (Mcat) to a basic building block (1) containing appropriate binding sites for the 

two types of metals (scheme 1). More specifically, 1 consists of a bipyridine2 and two 

bidentate phosphine moieties. Coordination studies confirmed that, in the presence of Mass 

(and an appropriate co-ligand), palladium (as Mcat) indeed coordinates selectively to the 

diphosphine moieties of 1. 
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Scheme 1: Self-assembly of a palladium(I)-copper(II) catalyst from 1 and terpyridine. 

 

We were interested if we could use our metal-mediated self-assembly methodology to form 

functionalized catalysts by using co-ligands containing the desired functionality for the 

assembly process. For instance, application of a supported co-ligand allows the anchoring of 

1 on a support and thus the immobilization of Mcat by means of metal-mediated self-

assembly. This approach is schematically depicted in scheme 2 and it is described in more 

detail in the first part of this chapter (4.2). 

 

McatMasssupported 
co-ligand

1

+ + +

supported catalyst

 
 

Scheme 2: Metal-mediated self-assembly of a solid-supported catalyst. 

 

In a related approach, we explored the application of a co-ligand containing a number of 

binding sites for the assembly metal, which should lead to a dendritic catalyst (schematically 
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depicted in scheme 3). We have investigated this approach, of which the details are 

discussed in the second part of this chapter (4.3). Note that both approaches are based on 

the use of the same basic building block (1), while catalytic systems with very different 

properties are generated. 

McatMassdendritic 
co-ligand

1

+ + +

dendritic catalyst

 
 

Scheme 3: Metal-mediated self-assembly of a dendritic catalyst. 

 

 

4.2   Results and Discussion  –  Metal-mediated self-assembly of supported catalysts 
 

Supported catalysts   Immobilized homogeneous catalysts combine the good control over 

catalyst properties typical for homogeneous catalysts, with the ease of separation associated 

with heterogeneous catalysis3. Furthermore, heterogenized catalysts can be recycled and 

consequently, by immobilizing a catalyst the turnover number can be increased. This is 

attractive both from an environmental and an economical point of view. Accordingly, the 

immobilization of a homogeneous catalyst is an area of extensive research3,4. The non-

covalent anchoring of homogeneous catalysts to a support is an attractive methodology, as it 

allows the reversible formation of immobilized catalysts. This methodology could be applied, 

for instance, in a batch reactor of which the support can be loaded with different catalysts for 

different reactions. Surprisingly, only a few systems have been reported in which 

molecules5,6 or catalysts7 are (reversibly) anchored to a support via non-covalent 

interactions.8 

 

Synthesis of a polymer-bound co-ligand   Our general assembly approach is based on 

coordination of the assembly metal to a nitrogen-based binding site of the co-ligand. In order 

to study the assembly of supported catalysts, we synthesized a supported poly-pyridine co-

ligand. While numerous supports have been applied successfully in the immobilization of 

catalysts, polystyrene-based resins are particularly attractive. These supports have excellent 

swelling properties in organic solvents, allowing good mixing of the catalyst and the 

reactants9. As a result of the poly(ethylene glycol) linker between the functionality and the 
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polystyrene support, TentaGel resins have superior swelling properties in commonly applied 

organic solvents10. We decided to functionalize a TentaGel resin with a terpyridine moiety. In 

combination with the diimine of 1, terpyridine provides a penta-coordinated environment for 

Mass, for which Cu(II) has a high affinity
11. 

 

Scheme 4 depicts the synthetic route towards the supported co-ligand. The commercially 

available 4’-chloro-terpyridine (2) was converted into 4’-(3-carboxypropoxy-)-terpyridine (3) 

by reaction with 4-hydroxybutyric acid sodium salt12. A subsequent standard peptide coupling 

reaction between the acid modified terpyridine and TentaGel-S-NH2 (4), a primary amine 

functionalized resin, yielded the supported terpyridine co-ligand (5). 
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Scheme 4: Synthesis of the terpyridine functionalized resin 5. 

 

Characterization of polymer-supported heteroleptic complexes   Upon reaction of 5 with 

one equivalent of copper(II) triflate, the off-white polymer turned bright blue, indicating 

binding of the metal by the terpyridine moiety (6, scheme 5)13. Reaction of this copper(II)-

loaded resin with 0.2 equivalent of 1 led to a color change on the resin from bright blue to 

yellowish green, indicating a change in the coordination environment of the metal. This 

process was accompanied by a slight coloration of the solution-phase to green. The 31P gel-

phase NMR spectrum of the green resin obtained after repeated washing displayed an 

extremely broad signal at roughly –3 ppm. We assign this signal to 1 bound to the resin via 

copper-phosphine coordination (7)14,15. The observed chemical shift is somewhat higher than 

that observed for the non-supported analogue [1Cu(II)terpyridine]2+, which displayed a signal 

at –10 ppm1. Interestingly, in contrast to the non-supported analogue, the metallo-resin 

showed no signal corresponding to uncoordinated phosphines. 

 

Reaction of copper(II)-loaded resin 6 with one equivalent of [1(Rh(I)(COD))2]
2+ gave a color 

change of the resin to greenish blue and a simultaneous decoloration of the solution-phase 
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from red to orange (COD = 1,5-Z-cyclooctadiene). The chemical shifts of the two broad 

resonances at 27 and 14 ppm (1:1) observed with 31P gel-phase NMR of the resulting 

purified resin, correspond closely to those observed for related non-supported rhodium 

complexes of 1, in which rhodium selectively coordinates to the phosphines of 11. The 

absence of a signal at –3 ppm indicates that copper-phosphine complexes were not 

present16. The result implies that the reaction of 5 with copper(II) and subsequently 

[1(Rh(I)(COD))2]
2+ indeed leads to a resin-bound rhodium complex in which the rhodium is 

bound by the phosphine moieties of 1 (8, scheme 5). 
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Scheme 5: Immobilization of 1 and a 1-rhodium(I) species on 5 by copper(II) coordination. 

 

In initial screening experiments the addition of diimine or 1 to copper(II) loaded 5 also led to a 

green-blue coloration of the solution-phase, which indicates liberation of copper from the 

support and may be attributed to the formation of non-supported bipyridine complexes. 

LCMS measurements confirmed the presence of [Cu(NN)2]
2+, [Cu(NN)2MeCN]

2+ and 

[Cu(NN)3]
2+ complexes (NN = bipyridine or phenanthroline) in the solution-phase17. In order 

to quantify the capacity of copper(II) to coordinate simultaneously to the terpyridine binding 

site of the resin and the diimine moiety of 1, we used 5,5’-dimethyl-bipyridine (9) as a model. 

For this study the heterolpetic [5Cu(II)9] complex (A, scheme 6) was allowed to form, after 

which the concentration of 9 in the solution-phase was determined using UV-VIS 

spectroscopy. The concentration of 9, as free ligand (B) or as copper(II) complex (C), allows 

calculation of the yield in which the supported heteroleptic complex A is formed18,19. Note that 

9 only serves as a model for the diimine moiety of 1 and that the phosphine moieties of 1 will 

most likely influence the binding efficiency. 
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Scheme 6: Possible equilibriums in the formation of polymer-bound heteroleptic terpyridine-

bipyridine copper(II) complex A. 

 

We explored two routes to form the anticipated supported terpyridine-bipyridine copper 

complex (scheme 7). Loading the resin directly with bipyridine-copper(II) in dichloromethane 

was unsuccessful (route A). When a 1:1 mixture of 9 and Cu(II)(OTf)2 was reacted with 5.9 

equivalents of resin 5, 81% of bipyridine 9 remained in the solution-phase after 90 minutes, 

corresponding to a 3% yield of the resin-bound copper(II)-9 complex. 
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Scheme 7: Routes studied towards supported terpyridine bipyridine copper(II) complexes. 

 

Formation of the supported copper-terpyridine complex followed by reaction with bipyridine, 

led to the anticipated heteroleptic copper species in an overall higher yield (route B, scheme 

7). When one equivalent of copper was used and subsequently one equivalent of bipyridine 

was added to the reaction mixture, the supported [5Cu(II)9] was formed in 19% yield20. The 

use of a large excess of copper (>10 equivalents), followed by thorough washing to remove 

non-immobilized copper and the subsequent reaction of the metallo-resin with one equivalent 

of bipyridine, resulted in a slight increase in the yield to 22%. These results signify that it is 

possible to form the supported penta-coordinated copper complex in reasonable yield via 

route B. The UV-VIS spectra indicate that copper-bipyridine complexes were present in the 

solution-phase. The shoulders observed at 318 nm are typical for copper complexes of 9 and 

the shoulder at 273 nm can be assigned specifically to [Cu(II)92]
18. This signifies that the 

diimine is capable of releasing copper (in the form of non-supported copper-bipyridine 

species), initially bound by the resin. To establish the stability of the supported heteroleptic 

[5Cu(II)9], the metallo-resin was separated from the solution-phase by filtration, washed and 

re-suspended in dichloromethane. This shows that a considerable amount (21%) of the 

resin-bound bipyridine had leached into the solution-phase. Again the UV-VIS spectrum 
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displayed shoulders typical of copper complexes, showing that both the diimine and the 

metal were liberated from the resin. A negligible difference in binding capacity of the 

bipyridine and stability of the resulting resin-bound species was observed when Cu(II)(BF4)2 

was used instead of Cu(II)(OTf)2. Additionally, we studied zinc as assembly metal, as it also 

forms stable five coordinated terpyridine-bipyridine species21. Reaction of 5 with 3.2 

equivalents of Zn(II)(OTf)2 yielded, after work-up an off-white resin, which was subsequently 

reacted with 0.25 equivalent of 9. According to UV-VIS spectroscopy, the polymer-supported 

zinc(II)-9 complex was formed in 6% yield only. 

 

Catalytic performance of self-assembled polymer-supported catalyst   Next, we studied 

the performance and stability of our catalysts, anchored to the resin via metal-ligand 

interactions, in two palladium-catalyzed allylic substitution reactions (scheme 8). 
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Scheme 8: Palladium-catalyzed allylic amination studied with our supported catalysts. 

 

We started by determining the efficiency of unmodified TentaGel-S-NH2 (4) as support in our 

approach (scheme 9). Reaction of 4 with Cu(II), 1, and subsequent reaction with palladium 

allyl triflate (1:1:1:2) yielded, after filtration and washing of the residue, a green polymeric 

material (10). The color indicates the presence of copper, which we attribute to metal 

coordination to the primary amine and/or the oxygen donor atoms of the poly(ethylene glycol) 

moiety. The solution-phase, which was isolated by filtration, was evaporated to dryness to 

yield a red-brown solid (11). 
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Scheme 9: NH2-functionalized resin 4 as catalyst support. 
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Both 10 and 11 were applied as catalyst in the allylic amination of methyl crotyl carbonate 

(16) with piperidine (17) in nitromethane as the solvent (reaction 1a, scheme 8)22. Metallo-

resin 10 displayed no activity after 14 hours (entry 1, table 1), indicating that no active 

palladium complexes were bound by unmodified resin 4. Application of 11 as a catalyst led to 

100% conversion after 30 minutes (entry 2), signifying that it contains active palladium 

species. Most likely, 11 is a mixture of homo- and hetero-nuclear palladium-copper 

complexes of 1. The observed selectivity (33:63:3) is different from that observed for the 

related [(terpyridine)Cu(II)1((Pd(II)(allyl))2]
4+ species (40:59:1, entry 7), but this can be 

attributed to palladium-catalyzed isomerization of the allyl amines to the trans product. This 

latter transformation is often observed after the reaction has reached full conversion23. 

Similar isomerization activity was observed for the [(terpyridine)Cu(II)1((Pd(II)(allyl))2]
4+ 

species24. 

 

Table 1: Resin-bound and non-supported palladium complexes as catalysts in reaction 1a. 

Entry Catalyst Time      
(hours) 

Yield
a
 Selectivity 

(branched:trans:cis) 

  1 10 14     0 - 

  2 11     0.5 100 33:63:3 

  3 12     0.5   41 42:58:1 

  4 12  1   78 41:59:1 

  5 12 14 100 33:64:3 

  6   13
b
  3     0 - 

  7
 

[(terpyridine)Cu(II)1(Pd(II)(allyl))2]
4+ c 

      0.25   86 40:59:1 

  8
 

[(terpyridine)Cu(Il)]
2+ c 

24     0 - 

  9
 

[1Cu(II)]
2+ c 

24     0 - 

10 [(terpyridine)Pd(II)(allyl)]
+ c 

24 trace n.d. 

11 [(bipyridine)Pd(II)(allyl)]
+ c 

24     5 25:75:0 

Conditions: Reaction 1a, anion = triflate, T = 25 °C, Solvent = CH3NO2, internal standard = PhNO2. Pd/16/17 
1/239/217. [16] = 87.8 mM. 

a
Yield in mol% based on 17. 

b
[16] = 50.7 mM. 

c
Pd/16/17 1/240/263, [16] = 0.12 M, see 

chapter 2 for details. n.d. = not determined. 

 

Next, we determined the efficiency of terpyridine-functionalized resin 5 as support for copper-

palladium immobilized hetero-nuclear catalysts. Reaction of the resin in a one-pot procedure 

with subsequently copper(II), 1 and palladium allyl (1:1:1:2), yielded a blue-green resin (12, 

scheme 10). With 9, which has an identical binding site for the assembly metal as 1, the 

corresponding supported complex was formed in 20% yield (vide supra). We anticipated that 

1 will be immobilized on the resin in a comparable yield. Indeed, 1H and 31P NMR 

spectroscopy of the combined yellow-brown solution-phases obtained after filtration of the 
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reaction mixture, confirmed the presence of 1, indicating that the immobilization does not 

proceed quantitatively. 
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Scheme 10: One-pot formation of polymer-supported catalyst 12. 

 

Metallo resin 12 was applied as a catalyst in the allylic amination of crotyl methyl carbonate 

with piperidine in nitromethane (reaction 1a, scheme 8). The immobilized palladium complex 

displayed good catalytic activity, as 41% conversion was reached after 30 minutes and 78% 

after 1 hour (entries 3-4, table 1). Since copper complexes of terpyridine or 1 (entries 8-9) 

are inactive and palladium complexes of terpyridine or bipyridine are only slightly active as 

catalysts under these conditions (entries 10-11), the activity can be attributed to the 

palladium centers coordinated to the phosphines of 1. Moreover, the very similar 

regioselectivities observed for the polymer-supported and non-immobilized analogues, 

indicate that the catalytic centers can be found in similar environments (entries 3 and 7). On 

the basis of these results, we conclude that the anticipated supported hetero-nuclear catalyst 

(8, scheme 10) is indeed formed. In this species copper binds to the terpyridine and 

bipyridine binding sites, while palladium is bound by the phosphines. When we, on the basis 

of the binding studies conducted with 9 (vide supra), assume that 1 was immobilized on the 

resin via bipyridine-copper coordination in 19% yield and assume a palladium to 1 ratio of 2, 

the conversions equal an average turn over frequency (TOF) of 195 mol prod. (mol. Pd)-1 h-1. 

The activity of 12 is approximately 25% of the activity observed for the analogues non-

supported [(terpyridine)Cu(II)1(Pd(II)(allyl))2]
4+ (entry 7). It is a general observation that the 

activity of a homogeneous catalyst drops considerably upon immobilization on a support. 

Similarly, the lower activity of 12 in comparison to [(terpyridine)Cu(II)1(Pd(II)(allyl))2]
4+ can be 

contributed to the immobilization of the complex on the resin. After 14 hours, in which full 

consumption of the substrate was reached, the regioselectivity of the product had changed 

considerably (33:65:3, entry 5). Again, the shift towards a higher portion of the trans isomer 

can be attributed to palladium-catalyzed isomerization after the reaction reached full 
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conversion23. The observation that both the resin and the solution-phase were red-brown 

within this reaction time, suggests that the coordination modes of copper and/or palladium 

changed. These processes do not occur in the absence of solvents and/or reactants; a 

several weeks old batch of supported catalyst 12 had catalytic properties similar to those of a 

freshly prepared batch. 

 

In addition, we explored the partial loading of 5, for which we treated the resin with 

subsequently Cu(II), 1 and palladium allyl triflate in a 424/100/100/200 ratio. The prepared 

polymeric material (12) displayed no catalytic activity after 3 hours (entry 6). We contribute 

the inactivity to the formation of a resin-bound terpyridine-palladium complex, which is 

inactive as a catalyst under these conditions (entry 8). The formation of the palladium allyl 

species of 5 can be attributed to the availability of sufficient un-coordinated terpyridines (1.62 

equivalents per palladium). This in turn is a result of the use of a sub-stoichiometric amount 

of copper. This result implies that palladium has a higher affinity for binding to the terpyridine 

moiety of 5 than to the bipyridine or phosphine moieties of 1. 
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Figure 1: Supported copper and palladium species formed as a result of the use of a sub-

stoichiometric amount of copper(II). 

 

To ensure full loading of the resin, with the aim to block terpyridine from binding palladium, 

we used a large excess of copper(II) (approximately 50 equivalents with respect to the resin) 

in the formation of the copper(II)-loaded resin (14). This approach was successful, as 

reaction of the purified green-blue copper(II)-loaded resin with 0.20 equivalent of 

[1(Pd(II)(allyl))2]
2+ yielded a blue metallo-resin (15, scheme 11). In the amination of methyl 

crotyl carbonate (17) with morpholine (18) in nitromethane (reaction 1b, scheme 8), full 

conversion was observed after 1 hour (entry 1, table 2). This, assuming immobilization of 1 

on the resin in 20% yield, equals an average TOF of roughly 160 mol prod. mol. Pd-1 h-1, 

comparable to the activity observed for resin 12. Note that the two catalysts have been 

applied in different reactions (1a and 1b) and under different conditions. This result confirms 

that, both the one-pot procedure (depicted in scheme 10) and the sequential formation with 

copper(II)-loaded 14 as intermediate (depicted in scheme 11) yield the supported hetero-
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nuclear catalyst. Without further research it is, however, not possible to compare the 

efficiency of the two immobilization procedures. 
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Scheme 11: Copper loaded resin 14 as intermediate in the formation of palladium catalyst 15. 

 

Interestingly, after addition of the reactants the solution-phase slowly turned orange-red, 

while the green-blue resin 15 slowly turned green. We attribute this to changes in the 

coordination modes and/or to redox reactions, which result in leaching of Mcat into the 

solution-phase. To verify this hypothesis, we separated the solution-phase from the resin 

after 2.5 hours reaction time and subjected the remaining polymer to a second batch of 

reactants (entry 2). The activity of the resin was considerably lower than that in the first run, 

giving the product in 18% yield after 1 hour. The altered regioselectivity (16:76:8 for run 1, 

30:65:5 for run 2) can be attributed to palladium-catalyzed isomerization, occurring after full 

conversion was reached in run 1. 

 

Table 2: Recycling of resin-based self-assembled palladium-catalysts. 

Entry Catalyst Run Solvent Time 
(hours) 

Yield
a
 Selectivity 

(branched:trans:cis) 

1 15
 

1 CH3NO2
 

1 100 16:76:8 

2 15
 

2 CH3NO2
 

1  18 30:65:5 

3 15
b 

1 CH2Cl2
 

2  21 43:56:1 

4    15-sol
b,c 

- CH2Cl2
 

3  30 41:57:1 

5 15
b 

2 CH2Cl2
 

2   0 - 

Conditions: Reaction 1b, T = 25 °C, anion = BF4
-
. Pd/16/amine 1/31/29, [16] = 0.1 M, internal standard = PhNO2. 

a
Yield in mol% based on 18. 

b
Pd/16/amine 1/172/155, [16] = 0.17 M, internal standard = dihexylether. 

c
Solution-phase 

separated from resin 11, run 1 after 2 hours reaction time.  

 

Several groups found a large solvent dependence on the performance of resin-bound 

catalysts9,10c. To see the effect of the solvent on the catalyst performance and recyclability, 
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we also studied catalyst 15 in dichloromethane (entries 4-6). In this solvent the product was 

formed with a different regioselectivity (43:56:1). The activity of the catalyst in 

dichloromethane was approximately half of the activity observed for nitromethane as the 

solvent. The 21% conversion after 2 hours (entry 3), corresponds to an average TOF of 80 

mol prod. mol Pd-1 h-1. At this point, the dichloromethane phase was separated from the resin 

by filtration and was allowed to react for an additional hour, during which the yield increased 

to 30% (entry 4). Only a small alteration of the regioselectivity was observed (41:57:1). This 

result suggests that, with dichloromethane as the solvent, a part of the activity originates 

from complexes that have leached into the solution-phase, rather than from immobilized 

complexes. This is also supported by the performance of the remaining blue-green resin in a 

second run, as after 2 hours no product was formed (entry 5). This implies that all active 

palladium had leached into the solution-phase prior to catalyst recycling. On the basis of 

these preliminary results, it can be concluded that a considerable portion of the catalyst 

leaches into the solution-phase for both nitromethane and dichloromethane as the solvent 

(entries 1-5). In dichloromethane complete deactivation of the resin occurs after a single 

catalytic run (entries 3 and 5)25, while in nitromethane the polymer retained some activity 

(entries 1-2). 

 

The obtained results clearly show that the metal-mediated self-assembly results in hetero-

nuclear complexes anchored to the resin via metal-ligand interactions. The application of the 

copper-palladium assemblies as catalysts in the palladium-catalyzed allylic amination 

demonstrates that this novel methodology allows the formation of active resin-bound 

catalysts. The similar regioselectivities observed for the resin-bound and the non-supported 

analogues indicate that the palladium centers can be found in comparable environments. 

The limited stability of the [(terpyridine)Cu(II)(bipyridine)]2+ species anchored to the resin 

leads to non-supported copper species and accordingly reduce the ability to recycle the 

catalyst. The formation of non-supported species could be a result of redox reactions of the 

two metals during catalysis26. The color changes observed for the allylic substitution 

reactions suggest that the coordination modes of the assembly metal indeed alters under 

catalytic conditions. So far, we only studied the application of the supported catalysts in the 

palladium-catalyzed allylic substitution. Other reactions, such as rhodium-catalyzed 

hydrogenations, may be more compatible with the current approach, as the conditions are 

milder. Additionally, the leaching could be attributed to the extremely flexible poly(ethylene 

glycol) moiety of the Tentagel support. As a result, the support may not supply sufficient site-

isolation and allow the formation of bis-terpyridine copper species, at the expense of the 

heteroleptic terpyridine-bipyridine copper(II) complex (B versus A, scheme 12)27. Further 

research is required to identify which processes attribute to the formation of the non-
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supported species. This knowledge may then be utilized to design novel building blocks in 

order to increase the stability of the immobilized species. 
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Scheme 12: Ligand disproportionation reaction leading to the formation of supported bis-

terpyridine and non-supported bis-bipyridine copper species. 

 

 

4.3   Results and Discussion  –  Metal-mediated self-assembly of dendritic catalysts 
 

Dendritic catalysts   Dendritic catalysts have received considerable attention, as 

introduction of the catalytic center in the micro-environment of the dendrimer can lead to 

unique catalytic properties28. Moreover, as a result of their size, dendritic catalysts can be 

separated from the reaction mixture by nano-filtration and recycled28. The synthesis of 

phosphine functionalized dendrimers is generally a complex and time consuming process. 

The use of non-covalent interactions to generate dendritic catalysts is an attractive 

alternative and several successful approaches have been reported28a,29. Metal-ligand 

interactions proved suitable to construct of highly complex dendritic structures8,30,31,32, but the 

use of these interactions to form dendritic catalysts is, nevertheless, without precedent. 

 

DAB-dendrimers   Benefiting their commercial availability, we explored the use of DAB-

dendrimers as nitrogen-based co-ligands to assemble heteroleptic-hetero-nuclear dendritic 

catalysts33. The structure of a third generation DAB-dendrimer (DAB-G3) is depicted in 

scheme 13 (A). Bosman et al. showed that these type of dendrimers are efficient ligands for 

binding Cu(II), Ni(II) and Zn(II)34. Zinc(II) coordinates exclusively at the periphery of the 

dendrimer via the primary amines and the tertiary amines of the penultimate generation 

(RN(CH2)3NH2)2)
34. We envisaged that an assembly metal simultaneously coordinating to a 

DAB-dendrimer and to the bipyridine moiety of 1, would allow the formation of dendritic 

catalysts by metal-mediated self-assembly. Scheme 13 depicts a dendritic hetero-nuclear 

assembly formed from DAB-G3, eight assembly metals, eight basic building blocks 1 and 16 

catalytically active metals. 
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Scheme 13: Metal-mediated self-assembly of DAB-dendrimer-based catalysts. 

 

DAB-dendrimers as co-ligands in the assembly of heteroleptic complexes   We 

investigated the coordination of Cu(II) and Zn(II) to DAB-dendrimers in the presence of a 

bipyridine. In these experiments the diimine serves as a model for the bipyridine moiety of 1. 

Penta-coordinated heteroleptic copper(II) complexes containing RN(CH2)3NH2)2-based 

ligands have been reported35. Cu(II)(OTf)2 is an unsuitable candidate as the assembly metal, 

since mixing it with DAB-dendrimers and bipyridine in DCM or MeOH resulted in tarry, 

insoluble, blue precipitates. Zn(II)(OTf)2 proved a more suitable assembly metal, as colorless 

clear solutions were obtained, of which we investigated the coordination mode of the metal 

by means of 1H NMR and mass spectrometry. The upfield shifts observed for the α, β and γ 

protons in the outer tier of the dendrimer indicate metal coordination to the dendrimer34. In 

addition, sharpening of all resonances of the DAB-dendrimer is also indicative of metal 

coordination. The shift to higher field and the slightly broadening of the bipyridine resonances 

(∆δH = –0.13 - –0.05 pm) indicate that this ligand was coordinated to the metal. GPC 

measurements on mixtures of DAB-G2 or DAB-G5 with ZnOTf2 and 9 (1:4:4 and 1:32:32, 

respectively), on the other hand, did not indicate the formation of the anticipated assemblies. 

Compounds with molecular masses corresponding closely to the masses of the dendrimers 

were observed, but species with higher molecular masses (DAB-Zn-9 assemblies) were 

absent. Unfortunately, mass spectrometry (ESI and APCI) did not give structural information 

either. Analysis of 1:1:1, 1:1:2, 1:2:2 and 1:2:4 mixtures of DAB-G1, Zn(II)(OTf)2 and 

bipyridine or phenanthroline (= NN), showed the presence of various species (e.g. 

[Zn(NN)2]
2+, [Zn(NN)3]

2+ and [Zn(NN)2OTf]
+), but DAB and/or heteroleptic DAB-G1-NN zinc 

complexes were not detected36. 

 

When 1 was applied in the formation of the metallo-dendrimers, the 1H NMR upfield shifts of 

the pyridine protons (∆δH = –0.11 - –0.05 pm) indicate coordination of zinc to the diimine 
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moiety. The chemical shifts of the two singlets in the 31P NMR spectrum had only marginally 

shifted to those observed for 1. This confirms that, as a result of the low preference of zinc 

for phosphorus donors, the phosphines were uncoordinated and able to bind a second type 

of metal. Indeed, when we performed this reaction in the presence of [Pd(II)(crotyl]Cl]2 (1:Pd 

1:2), four multiplets at lower field were observed (24.8; 24.0; 14,6 and 12.3 ppm), indicative 

of palladium coordination to the phosphines. The chemical shifts correspond to those of 

related homo- and hetero-nuclear palladium allyl complexes of 11. The absence of signals 

corresponding to uncoordinated phosphines indicate that, even in the presence of a 

multitude of nitrogen donors from both 1 and the dendrimer, palladium still binds to the 

phosphines of 1. NOE experiments conducted on a mixture of DAB-G2, Zn(II)(OTf)2 and 1 

(1:4:4) revealed NOE-interactions between H6 and the methylene-protons of 1 (fig. 2). NOE 

cross peaks between the DAB-dendrimer and 1 were not present36. Identical NOE-

interactions were observed when 3,3’-diamino-N-methyldipropylamine was used as a model 

for the binding sites of the dendrimers. 

 

NH2

N

H2N
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R
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O

N

Ph2P

Ph2P

H6

O

N

PPh2

PPh2
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Figure 2: Observed NOE-interactions in DAB/Zn(II)/1-based assemblies. 

 

The anion of the assembly metal appeared to influence its coordination behavior. When 

DAB-G1 was mixed with Zn(II)(OAc)2 (1:2) the broadened signals in the 
1H NMR indicate 

metal binding by the dendrimer. Addition of 1 to this mixture resulted in a mixture of the 

metallo-dendrimer and non-coordinated 1. The 1H NMR spectrum did show signals indicative 

for metal coordination to the bipyridine or phosphines of 1. We contribute the difference in 

coordination behavior of Zn(II)(OAc)2 and Zn(II)(OTf)2 to the presence of the more strongly 

coordinating acetate anions, which inhibit the simultaneous coordination of Mass to the DAB-

dendrimer and 1. When subsequently palladium allyl acetate was added, a complex mixture 

was obtained as evidenced by several multiplets between 33 and 12 ppm in the 31P NMR 

spectrum and very broad multiplets in the 1H NMR spectrum.  

 

On the basis of the obtained data, the exclusive formation of the anticipated dendritic hetero-

nuclear structures can not be unambiguously proven. The formation of 1-based (homoleptic) 
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complexes (e.g. [Zn(II)12]
2+), next to the anticipated dendritic assemblies, can not be 

excluded. 

 

Palladium-catalyzed allylic substitution   In order to study the application of the dendritic 

co-ligands to assemble dendritic catalysts, we applied various assemblies as catalysts in the 

allylic amination of cinnamyl acetate (19) with piperidine (17) in dichloromethane (reaction 

2a, scheme 8)37. For this purpose several generations DAB-dendrimer were applied as co-

ligands, aiming to assemble dendritic catalysts, of which the general structure is depicted in 

figure 3. 
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Figure 3: General structure of the anticipated dendritic assemblies studied as catalyst. 

 

Table 3: Catalytic performance of palladium-zinc-DAB-dendrimer poly-nuclear assemblies. 

Entry Co-ligand Reaction Yield
a
 Selectivity 

(branched:trans:cis) 

 1 DAB-G1 2a
b 

100 0:100:0 

 2 DAB-G2 2a
b 

100 0:100:0 

 3 DAB-G3 2a
b 

100 0:100:0 

 4 DAB-G4 2a
b 

100 0:100:0 

 5 DAB-G5 2a
b 

100 0:100:0 

 6 DAB-G0   1a
c,d 

  26 42:58:0 

 7 DAB-G1   1a
c,d 

  28 42:58:0 

 8 DAB-G2   1a
c,d 

  26 41:59:0 

 9 DAB-G5   1a
c,d 

  24 42:58:0 

10
 

  ― 
e 

1a
c 

  76 39:60:1 

Conditions: T = 25 °C. 
a
Yield after 5 minutes in mol% based on the allyl. 

b
Pd/19/17 1/60/125, [19] = 0.12 M, anion for 

zinc and palladium = acetate, solvent = CH2Cl2, internal standard = dihexyl ether. 
c
[Pd] = 0.5 mM, anion for zinc and 

palladium = triflate, solvent = CH3NO2, internal standard = PhNO2. 
d
Pd/16/17 1/326/326. Full conversion was reached 

within 90 minutes reaction times. 
e
Catalyst = [Zn(II)12(Pd(II)(allyl))4]

6+
, Pd/16/17 1/240/263, yield after 15 minutes, see 

chapter 2 for details. 

 

All hetero-nuclear assemblies are highly active as catalysts, as full conversion within 5 

minutes was observed, yielding the linear trans-product selectively (entries 1-5, table 3)38. 
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Next, we evaluated the catalytic performance of the assemblies with methyl crotyl carbonate 

as the allylic substrate (reaction 1a, scheme 8). All assemblies are highly active catalysts and 

the activities of the heteroleptic assemblies (entries 6-9) are roughly equal to the activity of 

the homoleptic analogue ([Zn(II)12(Pd(II)(allyl))4]
6+, entry 10). This signifies that the presence 

of the DAB-dendrimer does not influence the activity of the palladium and that it does not 

affect the coordination of palladium to 1. The generation of the dendrimer was found to have 

a slight influence on the catalyst performance (entries 6-9). The activities slightly dropped 

going to higher generations (28% yield for DAB-G1; 24% for DAB-G5). Interestingly, DAB-G0 

showed a slightly lower activity than DAB-G1 (26% versus 28% yield). After 90 minutes full 

conversion was observed for all systems (data not given in table 3). The dendrimer 

generation did not have a significant influence on the regio-selectivity, as it was nearly 

identical for all generations39. The branched, linear trans- and linear cis-products were 

obtained in roughly a 4:6:0 ratio. Comparable selectivities were observed for the related 

homoleptic [Zn(II)12(Pd(II)(allyl))4]
6+ assembly (entry 10), indicating that in both systems the 

catalytic centers can be found in very comparable environments1. 

 

 

4.4   Conclusions 
 

We have explored the formation of immobilized and dendritic catalysts by means of metal-

mediated self-assembly of heteroleptic complexes. For this purpose we combined a polymer-

supported co-ligand with a basic building block, both containing appropriate binding sites for 

coordinating, respectively, an assembly metal and a catalytically active metal. Several 

assembly metals and different routes towards the supported heteroleptic complexes were 

studied and the results indicate that our approach indeed results in hetero-nuclear 

complexes anchored to the support via metal-ligand interactions. The copper-palladium 

resin-bound assemblies are catalytically active in palladium-catalyzed allylic substitution 

reactions. The comparable regioselectivities observed for the non-supported and the 

polymer-bound analogues signifies that the complexes have comparable structures. 

Unfortunately, the limited stability of the resin-bound heteroleptic terpyridine-bipyridine 

copper complex also leads to non-supported copper species. This process is evidenced by 

the limited success in which the palladium catalysts can be recycled. The limited stability of 

the heteroleptic copper complex could be a result of the specific support used (Tentagel), as 

it may not supply sufficient site-isolation and consequently allows the formation of supported 

bis-terpyridine copper complexes. We expect that the stability of the supported heteroleptic 

hetero-nuclear complexes can be increased by applying more rigid polystyrene resins as 

support for the terpyridine. 
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In a related approach we applied DAB-dendrimers as co-ligands, with the aim of forming 

dendritic catalysts. Analysis of the products did not supply sufficient evidence for the 

formation of dendritic catalysts. Most likely, mixtures of homo- and heteroleptic complexes 

are formed. In the palladium-catalyzed allylic amination, the DAB-dendrimer-based hetero-

nuclear assemblies are highly active catalysts and the activity and selectivity of the catalyst is 

independent of the generation of DAB-dendrimer applied. 
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4.5   Experimental section 
 

General Remarks   All reactions were carried out under strictly oxygen and moisture free 

conditions, using standard Schlenk techniques under an atmosphere of purified nitrogen or 

argon. NMR spectra were recorded on a Varian Mercury-300, a Bruker DRX-300 and a 

Varian Inova-500. NMR-spectra were recorded at room temperature in CD3Cl, CD2Cl2, 

CD3OD or CD3NO2. Positive chemical shifts (δ) are given (in ppm) for high-frequency shifts 

relative to an 85% H3PO4 reference (
31P). 31P spectra were measured with a 1H decoupling. 

Gel-phase 31P experiments were recorded in THF using standard NMR techniques with a 

D2O inner tube for locking purposes. Mass spectra were recorded on a Shimadzu LCMS-

2010A using direct injection into the mass-spectrometer. UV-VIS spectra were recorded on a 

HP 8453 UV/Visible System. GPC measurements were performed on a Shimadzu apparatus 

equipped with a Waters Styragel Column HR 1, HR 2 and HR 4 in series with a RID-10A 

refractive index detector and a SPD-10A VP UV-VIS detector. Gas chromatographic analysis 

were run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W Scientific 

DB-1 column (cross-linked phase Me2siloxane, 30 m, internal diameter 0.32 mm, film 

thickness 3.0 µm), F.I.D. detector), on an Interscience Finnigan TraceGC ultra apparatus 

equipped with a RTX1 column and on a Shimadzu GC-17A apparatus (split/splitless injector, 

BPX35 (SGE) column (35% phenyl polysilphenylenesiloxane, 25 m, internal diameter 0.22 

mm, film thickness 0.25 µm), F.I.D. detector). 

 

Materials   Chemical were purchased from Acros Chimica, Aldrich Chemical Co., Biosolve, 

Fluka, Merck and Strem and were used as received, unless indicated otherwise. Diethyl 

ether and THF were distilled from sodium/benzophenone. Acetonitrile, dichloromethane, 

methanol, N,N’-dimethylformamide (DMF), piperidine (17) and morpholine (18) were distilled 

from calcium hydride. Nitromethane was distilled and stored in the dark at 4 °C. 2,2'-

Bipyridine-5,5'-dicarboxylic acid bis-[bis-(2-diphenylphosphinoethyl)-amide] (1)1, 4’-(3-

carboxypropoxy-)-2,2’,6’,2’’-terpyridine12, 5,5’-dimethyl-2,2’-bipyridine40 and crotyl methyl 

carbonate (16)41 were synthesized according to literature procedures. The metals were 

added via stock solutions: Cu(II)(BF4)2 and Cu(II)OTf2 in MeCN, Zn(II) in MeOH, [(η
4-

COD)Rh(I)(MeCN)2]BF4 in DCM and [(η
3-C3H5)Pd(II)(THF)2]X (X = 

-OTf, -BF4) in THF/DCM 

(10:1)1. The di-nuclear [1(Rh(I)(COD))2]
2+ and [1(Pd(II)(allyl))2]

2+ species were prepared in 

situ by reaction of 1 with two equivalents of the appropriate metal precursor in DCM. 

 

Synthesis of terpyridine functionalized resin (5)   2.52 g (0.73 mmol) TentaGel-S-NH2 

resin (4, S 30 902 from RAPP polymer, NH2-loading = 0.29 mmol/g, particle size 90 µm,) was 

allowed to swell in 15 ml DMF for 1 hour. In a second flask 310 mg 1,3-
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dicyclohexylcarbodiimide (DCC; 1.50 mmol, 2.05 equiv.), 130 mg 1-hydroxybenzotriazole (1-

HOBT; 0.96 mmol, 1.31 equiv.) and 303 mg 4’-(3-carboxypropoxy-)-2,2’,6’,2’’-terpyridine (3, 

0.90 mmol, 1.23 equiv.) were stirred for 30 minutes in 5 ml DMF. This solution was added to 

the resin and a gentle flow of nitrogen was bubbled through the mixture for several 30 minute 

periods within a 36 hours period, after which a negative Kaizer test confirmed the absence of 

primary amines on the resin. The suspension was subsequently filtered and the residue was 

washed with DMF, MeOH, DCM and Et2O (two times 5 ml) and dried with a gentle flow of 

nitrogen and subsequently dried overnight under reduced pressure. The off-white material 

was used without further characterization. 

 

Formation of polymer-supported catalyst 15 - General procedure   Resin 5 (31 µmol 

terpyridine) was suspended in DCM, followed by the addition of subsequently Cu(II), 1 and 

[(allyl)Pd(II)(THF)2]
+ in the appropriate amounts in 15 minutes intervals (total volume 20 ml, 

DCM/MeCN/THF 150:45:5). To allow a good mixing of the reactants the mixture was gently 

shaken for several minutes within an hour period, after which the suspension was filtered and 

the residue was washed with 2 ml portions of subsequently DCM (3 times), Et2O, DCM and 

Et2O, followed by drying of the resin with a gentle flow of nitrogen and under reduced 

pressure. Supported catalyst 12 was prepared as described above for 15, with the exception 

that the intermediate copper(II)-loaded resin (14) was purified by washing the resin with 3 ml 

portions of subsequently DCM (two times), MeCN, DCM, MeOH, DCM and Et2O, prior to 

reaction with [1(Pd(II)(allyl))2]
2+ in DCM. [1(Pd(II)(allyl))2]

2+ was formed in a second flask by 

allowing 1 and [(allyl)Pd(II)(THF)2]
+ (1:2) to react for 15 minutes. 

 

Palladium-catalyzed allylic amination with resin-based catalysts - General procedure   

Resin 5 (6 µmol terpyridine) was suspended in nitromethane (8.0 ml), followed after 15 

minutes by addition of crotyl methyl carbonate (1.43 mmol) and nitrobenzene (1.00 mmol, as 

internal standard for the GC) via a nitromethane stock solution (4.0 ml). The reaction was 

started by adding piperidine (1.30 mmol, 0.91 equiv., 4.0 ml of a freshly prepared 

nitromethane stock solution). To allow a good mixing of the reactants the mixture was gently 

shaken, or alternatively a gentle flow of nitrogen was bubbled trough the mixture, for several 

5 minute periods per hour. Samples were taken by taking an aliquot of the suspension, 

followed by plug-filtration, addition of a dba (dibenzylidene acetone) solution in Et2O and 

filtration over celite and were subsequently analyzed with GC. All experiments were 

performed at least in duplo and the results were reproduced within GC error limits. 

 

Palladium-catalyzed allylic amination with dendritic catalysts - General procedure   A 

Schlenk-tube, equipped with a magnetic stirring bar, was charged in the following order with 
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the dendrimer (via a MeOH or MeOH/DCM stock solution), Zn(II)(OTf)2, 1 and 

[(allyl)Pd(II)(THF)2]OTf (1.5 µmol) in the appropriate amounts. After stirring for approximately 

120 minutes, the solvents were evaporated in vacuo and the complex was re-dissolved in 

nitromethane (1.0 ml). Crotyl methyl carbonate (0.49 mmol) and nitrobenzene (0.30 mmol, as 

internal standard for the GC) were added via a nitromethane stock solution (1.0 ml). The 

reaction was started by adding piperidine (0.49 mmol, 1.0 equiv., 1.0 ml of a freshly prepared 

nitromethane stock solution) and monitored by sampling at regular intervals. The samples 

were quenched in a dba (dibenzylidene acetone) solution in Et2O, filtered over celite and 

analyzed with GC. All experiments were performed at least in duplo and the results were 

reproduced within GC error limits. 
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Chapter 5 

 

Novel Hybrid Phosphine-Bipyridine Building block for the Metal-

Mediated Assembly of Bidentate Phosphine Ligands 

 
 

 

Abstract 
 

With the aim of constructing poly-hetero-nuclear catalysts via self-assembly, a new hybrid 

phosphine bipyridine building block (6-diphenylphosphinomethyl-2,2’-bipyridine) was 

synthesized. The approach is based on the use of multiple sets of metal-ligand interactions; 

while the bipyridine binds the assembly metal, the phosphine coordinates to the catalytic 

center. Metal-ligand interactions between the assembly metal and the building block form a 

non-covalent bridge between two phosphine moieties, resulting in a bidentate phosphine 

motif. This methodology, in principle, allows the generation of ligands with different bite 

angles, simply by changing the type of assembly metal. The coordination mode of the 

building block in various homo- and hetero-nuclear complexes was studied, revealing a 

variety of selective and unselective coordination modes. Palladium(II), rhodium(I) and 

copper(I) display a high preference for both type of donor atoms, leading to tridentate 

coordination modes. In several hetero-nuclear assemblies, rhodium(I) was found coordinated 

to the phosphine donor atoms and the assembly metal coordinated to the diimine binding 

site(s). These coordination modes did, however, not result in the anticipated bidentate 

phosphine motif. Several families of (poly)-nuclear assemblies were evaluated as catalysts in 

three reactions. In both the rhodium-catalyzed hydroformylation and hydrogenation, the 

hetero-nuclear complexes are inactive as catalysts. Studying model systems pointed out that 

tridentate coordination of the building block to the catalytic center results in inactive species. 

In the palladium-catalyzed allylic amination, the catalytic activity proved highly dependent on 

the nature of the assembly metal, copper species being less active than zinc species. Model 

systems confirmed that also under catalytic conditions, palladium has a high preference for 

tridentate coordination to the building block. 



Chapter 5 
__________________________________________________________________________________________ 
 
 

 108 

5.1   Introduction – metal-mediated assembly of bidentate phosphine ligands 
 

For several reactions, superior catalysts can be formed when bidentate phosphine ligands 

are applied (figure 1)1. A commonly used parameter to quantify the structure of bidentate 

phosphine ligands is the natural bite angle (βn)
2. This is defined as the ligand preferred P-M-

P angle and is calculated using computer models. For a number of reactions, a correlation 

between this angle and the catalyst selectivity is observed and the structural element that 

creates the ‘bridge’ between the two phosphorus atoms (also referred to as the backbone) 

has evolved as a powerful tool to tune catalyst selectivity2. The synthesis of a series of 

ligands with different bite angles is generally a laborious and time consuming task. In the last 

decade self-assembly emerged as a powerful tool to provide (libraries of) catalysts with 

limited synthetic effort3 and several groups have assembled bidentate ligands3c,4,5. These 

ligands are typically formed by utilizing non-covalent interaction between two phosphorus-

based building blocks. 

 

M

P P

ββββn

bridge

R R

R R

 
 

Figure 1: Bite angle of bidentate phosphine ligands. 

 

Concept   We recently explored the metal-mediated self-assembly of hetero-nuclear 

catalysts6. The approach is based on the simultaneous coordination of an assembly metal 

(Mass) and a catalytically active metal (Mcat) to a basic building block containing well-defined 

pre-organized binding sites for the two types of metals. We were interested in finding out 

whether we could apply this approach to form bidentate phosphines and more specifically the 

formation of diphosphines resembling the structure of BISBI (bis-diphenylphosphinomethyl-

1,1’-biphenyl, fig. 2)7. The ‘bridge’ between the two phosphine moieties in BISBI is a carbon-

carbon bond, while in the anticipated assembled analogue this ‘bridge’ would be formed by 

metal-ligand interactions. 
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Figure 2: The structure of BISBI and a self-assembled hetero-nuclear analogue. 

 

Our approach is schematically depicted in scheme 1. Two basic building blocks (1) are 

brought in proximity of one another as a result of coordination to Mass
8. This process results 

in the formation of a bidentate phosphine ligand and a subsequent coordination of Mcat yields 

a poly-nuclear catalyst. Since the metals that can serve as Mass have a variety of preferred 

geometries (e.g. tetrahedral or square planar), bidentate ligands with various structures can 

be assembled (A versus B, scheme 1)9. In other words, the bite angle of the self-assembled 

bidentate ligand is dictated by the nature of the assembly metal. As several bidentate 

phosphines can be generated from a single building block, this methodology can reduce the 

synthetic effort required to generate a family of ligands. 

 

+

+

ditopic building block

A

B

(1)

Mcat Mass

 
 

Scheme 1: Metal-mediated self-assembly of catalysts with different bite angles. 

 

In a second approach a template (2) is incorporated in the assembly (scheme 2). This 

template, capable of coordinating to two assembly metals simultaneously, is anticipated to 

act as a ‘bridge’ between the two basic building blocks. The structure of the bi-nucleating co-

ligand determines the bite angle and extents the structural diversity of bidentate ligands that 

can be generated with the basic building block. 
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+

di-nucleating co-ligand1

(2)  
 

Scheme 2: Use of templates in the self-assembly of a bidentate ligands. 

 

In a third approach co-ligands (3) are applied, resulting in the formation of complexes in 

which the basic building block acts as a monodentate ligand (scheme 3). The co-ligands are 

anticipated to coordinate to Mass, which in turn are coordinated to the basic building block. 

This approach allows the introduction of a functional group on the phosphine, for instance a 

sterically demanding substituent, by application of the appropriate co-ligand. Metal-directed 

self-assembly brings the functionality on 3 in proximity of the catalytic center, thereby altering 

the environment around Mcat. 
 

+

co-ligand1
(3)

 
 

Scheme 3: Self-assembly of functionalized phosphines that act as monodentate ligands. 

 

 

5.2   Results and Discussion 
 

Design and synthesis of the building blocks   We decided to combine the same types of 

donors we had applied in a related building block6; imine-based binding sites for Mass and 

phosphines for coordination to Mcat. More specifically, as the basic building block we chose to 

functionalize a bipyridine10 with a diphenylphosphinomethyl (-CH2PPh2) moiety11. 

Coordination of two bipyridine units to Mass should position the two phosphines in such a 

manner that bidentate ligation to Mcat is possible (chart 1). On the basis of molecular 

modeling, functionalization of the bipyridine on the 3 or 4 positions can be excluded. Both 6-

diphenylphosphinomethyl-bipyridine (1a) and 5-diphenylphosphinomethyl-bipyridine (1b) in 

principle allow the formation of the desired poly-nuclear assemblies. Modeling also indicate 

that tridentate (PNN) coordination of a metal to building block 1a is possible. 
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Chart 1: Bidentate phosphine formation after coordination to Mass for various phosphine 

functionalized bipyridines. 

 

Synthesis of 1a and 1b   All new compounds were characterized with mass spectrometry, 

elemental-analysis and 1H, 13C and 31P NMR spectroscopy (see experimental section for 

details). 1a (6-diphenylphosphinomethyl-bipyridine) was synthesized in a four-step procedure 

from commercially available bipyridine (3a), with 6-chloromethyl-bipyridine as a key 

intermediate (scheme 4). The preparation of halomethyl derivates of (bi-) pyridines is 

typically achieved with free radical halogenation, generally yielding mixtures of halogenated 

products. A two-step synthetic procedure recently developed by Fraser et al. allows the 

generation of various halomethyl bipyridines in excellent yields12. 6-Trimethylsilylmethyl-

bipyridine was generated via deprotonation of 6-methyl-bipyridine with LDA, followed by 

quenching with ClSiMe3. The chloromethyl bipyridine was subsequently formed by reaction 

with hexachloroethane in the presence of CsF (reaction II). Nucleophilic substitution of the 

chloromethyl derivate with potassium diphenylphosphide gave 1a in 56% yield (reaction III). 

 

N N N N
Cl

N N
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2. ClSiMe3

CsF, Cl6C2

N N

1. MeLi

2. MnO2

N N
SiMe3

N N
Cl

N N
PPh2

KPPh2

I

II

III

 
 

Scheme 4: Synthesis of basic building block 1a (6-diphenylphosphinomethyl-bipyridine). 
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Following a similar route, we attempted the synthesis of 1b. Schubert et al. reported the 

synthesis of 5-bromomethyl-5’-methyl-bipyridine, via the corresponding trimethylsilylmethyl 

intermediate, in 98% overall yield13. In our hands, however, the procedure resulted in the 

formation of significant amounts (40-70%) of the 5,5’-bis-trimethylsilylmethyl adduct (reaction 

I, scheme 5). Optimizing the reaction conditions (reagent ratios and concentration) did not 

significantly improve the yield of the desired mono-silylated adduct. Attempts to purify 5-

methyl-5’-trimethylsilylmethyl-bipyridine by crystallization or column chromatography were 

unsuccessful, although pure 5,5’-bis-trimethylsilylmethyl-bipyridine could be obtained by 

crystallization of the crude product. 

 

  
X = Br, Y = PPh2

X, Y = H

N N N N

KPPh2
III

PPh2
  
1c

Br

X Y

N N AIBN
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N N

I

II
NBS Br

N N Si

N N Si

Si

N N B
r

Br

+

+

unstable

   98%          60-30%

  

  < 2%          40-70%

1b

literature    our results

 
 

Scheme 5: Attempted synthesis of building blocks 1b and 1c. 

 

Free radical bromination of 5,5’-dimethyl-bipyridine, using NBS (N-bromosuccinimide) 

(reaction II), proved an overall more efficient method14. The procedure leads to a relatively 

large amount of 5,5’-bis-bromomethyl-bipyridine, but this can easily be separated from the 

desired product by selective crystallization. 

 

The subsequent reaction between potassium diphenylphosphide and 5-bromomethyl-5’-

methyl-bipyridine in THF at –78 °C resulted in a yellow-grey powder, which, on the basis of 

mass spectrometry and NMR data, was identified as 5-diphenylphosphinomethyl-5’-methyl-

bipyridine (reaction III)15. The compound is, however, highly unstable. Purification of the 

crude product by column chromatography led to cleavage of the phosphorus-carbon bond, 

yielding 5,5’-dimethyl-bipyridine and HP(O)Ph2. Attempts to purify 1b via crystallizations or 

precipitation were also obstructed by the instability of the compounds16. Interestingly no 

stability problems have been reported for related compounds (e.g. 3-

diphenylphosphinomethyl-pyridine)15,17. 
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Monodentate phosphine 4 and bipyridine-phosphine oxide 5 (chart 2) were synthesized with 

the aim to serve as model compounds for respectively the phosphine and the bipyridine 

moiety of 1a. 3-Diphenylphosphinomethyl-biphenyl (4) was synthesized from 3-bromomethyl-

biphenyl and potassium diphenylphosphide. Phosphine oxide 5 was synthesized by oxidizing 

1a with molecular oxygen. Additionally we applied BISBI (6) as a model ligand.  

 

PPh2

4 5

N N

PPh2

O

PPh2

PPh2

6  
 

Chart 2: Model ligands 4-6. 

 

Design and synthesis of the bi-nucleating templates and co-ligands   Charts 2 and 3 

depict the templates (2) and co-ligands (3) used in this study. Several of these pyridine-

based building blocks are commercially available, a number had been synthesized 

previously6,18, and a few bi-nucleating templates were especially synthesized for the current 

project (see experimental section for details). 
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Chart 3: Bi-nucleating polypyridines applied as templates in this study. 
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Chart 4: The bipyridines, phenanthrolines and terpyridine applied as co-ligands in this study. 

 

Coordination behavior of 1a in homo-nuclear complexes   Related work on the self-

assembly of poly-nuclear complexes showed that Cu(I), Cu(II) and Zn(II) are excellent 
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assembly metals6. Palladium and rhodium are prime candidates as Mcat, since phosphine 

complexes of these metals are good catalysts for a broad range of reactions. We therefore 

have studied the coordination modes of these metals in homo-nuclear complexes of 1a 

(discussed in more detail in the experimental section). A variety of (unselective) coordination 

modes was observed and a selected number is depicted in scheme 6. For copper(I), 

rhodium(I) and palladium(II) the preference of the metals for both type of donor atoms 

resulted in tridentate coordination modes. Note that for most metals the reaction does not 

proceed selectively to a single, well-defined species. Reaction of 1a with palladium(II) allyl 

triflate for instance, yielded predominantly the terdentate (PNN) coordinated palladium(II) η1-

allyl species, but also several complexes in which the building block coordinates in a bi- or 

monodentate manner (see the experimental section for details). Note that with the exception 

of rhodium(I)(acac) (acac = acetylacetonate), all metals were applied as their triflate salts and 

that the anions will not be mentioned or depicted in the rest of this chapter.  
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Scheme 6: Selection of coordination modes observed in homo-nuclear complexes of 1a. 

 

Coordination behavior of 1a in hetero-nuclear complexes   We studied the coordination 

mode of the building block in palladium- and rhodium-based hetero-nuclear assemblies in 

more detail. More specifically we determined whether metal-mediated self-assembly leads to 

a [Mass1a2] moiety with a bidentate phosphine motif, comparable in structure to BISBI (fig. 2). 

For this purpose 1a was reacted with the metals (and if applicable a co-ligand) for at least 

one hour, after which the formed products were analyzed with NMR, UV-Vis and mass 

spectrometry. 

 

Coordination modes in hetero-nuclear palladium(II) assemblies   We started by studying 

the simultaneous coordination of palladium(II) and copper(I) to 1a. Both copper(I) and 

palladium(II) have a high preference for tridentate coordination to 1a and this hinders the 

formation of a hetero-nuclear species. The assembly process yields predominantly the 

mono-nuclear copper(I) and palladium(II) complexes (scheme 7). 
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Scheme 7: Mixture of homo-nuclear copper(I) and palladium(II) complexes of 1a. 

 

31P NMR spectroscopy indicate that the homo-nuclear palladium (A) and copper(I) (B) 

complexes, in which 1a coordinates in a tridentate (PNN) manner to the metal, are formed in 

roughly a 8:10 ratio (fig. 3). Approximately two third of the copper and two third of the 

palladium centers can be found in the corresponding mono-nuclear species. The other metal 

centers are most likely present as a number of homo- and hetero-nuclear species, supported 

by several singlets and multiplets in the region between 67 and 22 ppm. Due to the number 

and the broadness of the signals, the 1H NMR spectrum did not supply additional structural 

information. 

                                                                                              B  →   

 

                                                A   →   

 
 
 
 
 

Figure 3: 
31
P NMR spectrum of the Pd(II)-Cu(I) assembly. 

 

Note that, on the basis of the spectroscopic data, the formation of poly-nuclear aggregates, 

in which both types of metals are coordinated to both a bipyridine and a phosphine moiety 

(e.g. C), cannot be excluded. In the binuclear palladium-rhodium complex of the related 6-

diphenylphosphinopyrdine ligand, for instance, both metals coordinate to one phosphine and 

one pyridine moiety (D, chart 5)19. 
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Chart 5: Possible structure of a binuclear Pd(II)-Cu(I) species of 1a (C) and a related 

coordination mode observed for a binuclear complex of 6-diphenylphosphinopyrdine (D). 
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Next, we studied the use of bi-nucleating template 2a. Again the high affinity of the two 

metals for both types of donor atoms inhibited the formation of a hetero-nuclear assembly 

(scheme 8). 
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Scheme 8: Application of template 2a yields homo-nuclear Cu(I) and Pd(II) complexes of 1a. 

 

The 31P NMR spectrum showed great similarity to that of the homoleptic 

[Cu(I)1a2Pd(II)(allyl)]
2+, with the main signals corresponding to the mono-nuclear tridentate 

coordinated palladium(II) (A) and copper(I) (B) complexes of 1a. The 9:17 ratio of the 

integrals, reflects the applied palladium(II) to copper(I) 1:2 ratio. The presence of both A and 

B shows that the two metals compete with coordination to the donor atoms of 1a. Thus, even 

in the presence of template 2a, which results in a diimine to phosphine ratio of two, both 

copper(I) and palladium(II) prefer to coordinate to (the phosphorus donor of) 1a. 

 

Zinc(II) has a very low affinity for phosphine donors and we expected that in combination with 

palladium(II), it would lead to selective coordination of the two types of metals to the two 

types of donor atoms of 1a. To the contrary, the self-assembly process did not result in the 

anticipated homoleptic hetero-nuclear assembly, but yielded a mixture of (poly-nuclear) 

complexes (scheme 9). 
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Scheme 9: Mixture of palladium(II) and zinc(II) (hetero-nuclear) complexes of 1a. 

 

Several multiplets were observed in the 31P NMR spectrum in the region between 48 and 17 

ppm. The signals can all be attributed to phosphines coordinated to palladium, as the zinc(II) 

complex of 1a displays a resonance at higher field. Moreover, it indicates that palladium can 

be found in several environments, which we attribute to the presence of a number of hetero-
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nuclear species (B). The reaction also yields the mononuclear tridentate coordinated 

palladium complex (A), underlining the strong preference of palladium for this coordination 

mode. Due to the broad character of the signals, 1H NMR spectroscopy did not provide 

structural information. Since zinc(II) has a very low affinity for coordinating to the phosphine 

moiety, the unselective coordination modes can solely be attributed to the high preference of 

palladium for both the phosphine and diimine donor atoms of 1a. Apparently, zinc(II) is 

unable to fully displace palladium(II) from the pyridine donors. 

 

Coordination modes in rhodium(I)-based assemblies   We studied the coordination mode 

of rhodium(I) in the presence of copper(I). In the homo-nuclear rhodium(I)-COD complex of 

1a, the metal coordinates to both the phosphine and bipyridine moieties (COD = 1,5-Z-

cyclooctadiene). A similar preference for both types of donor atoms was observed for the 

homo-nuclear copper(I) complex. Surprisingly, in the hetero-nuclear assembly, rhodium(I) 

and copper(I) coordinate in a selective manner to, respectively, the phosphine and diimine 

moieties. The reaction nevertheless does not lead to a single species, but yields a number of 

related aggregates (scheme 10). 
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Scheme 10: Formation of a mixture of related rhodium(I)-copper(I) assemblies (n = 1, 2, etc.). 

 

The rapid color change to red observed after addition of one equivalent of 

[(COD)Rh(I)(THF)2]
+ to an orange solution of in situ generated [1a2Cu(I)]

+, indicates that the 

copper(I) center in the resulting assembly is coordinated in a bis-bipyridine environment. This 

is consistent with 31P NMR spectroscopy, as resonances corresponding to copper(I) 

coordinated phosphines were not observed. Cooling the NMR sample to –10 oC sharpened 

the multiplet present between 31 and 25 ppm, allowing the signals to be identified as four 

roughly equally intense doublets with coupling constants (1JRh-P) between 111 and 99 Hz (fig. 

4)20. The chemical shift values correspond to rhodium(I) solely coordinated by the phosphine 

moieties of 1a. In comparison, the homo-nuclear [1a2Rh(COD)]
+, in which the metal is 

coordinated to both the diimine and phosphine moieties, displays a signal at roughly 47 ppm. 

The 1H NMR spectrum did not supply additional structural information due to the broadness 

of the signals. With mass spectroscopy, [1aCu]+, [1aRh]+, [1aRh(MeCN)]+, [5Rh(COD)]+ and 

[1a2Rh]
+ were identified, but hetero-nuclear species were not detected. This can be attributed 
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to fragmentation of the hetero-nuclear assembly inside the mass spectrometer. The data 

corresponds to the formation of at least four different hetero-nuclear species with overall 

comparable structures in which copper(I) coordinates to the diimines and rhodium(I) to the 

phosphines (scheme 10)21,22. The copper(I)-phosphine coordination, which was identified for 

[1aCu(I)]+, is disrupted by the presence of rhodium(I). Similarly, rhodium(I) coordination to the 

diimine, as observed in [1a2Rh(I)]
+ is blocked by the presence of the copper(I) cation. This 

result signifies that by appropriate choice of the ligand it is possible to address the 

coordination of two types of metals to a building block containing two types of donor atoms. 

 

Figure 4: 
31
P NMR spectrum of the Cu(I)-Rh(I)(COD) assembly. 

 

On the basis of the data, the formation of a species in which the [1a2Cu(I)]
+ fragment forms a 

bidentate phosphine (n =1) cannot be confirmed, nor excluded. The steric bulk of the 

diphenylphosphinomethyl moiety may disfavor the formation of a di-nuclear assembly and 

promotes the formation of less sterically crowded higher aggregates. Alternatively, the bite 

angle of the [1a2Cu(I)]
+ fragment may be unfavorable for rhodium(I) coordination, pushing the 

assembly process to higher aggregates. Literature provides numerous examples in which 

self-assembly leads to higher aggregates instead of an anticipated mono- or bi-nuclear 

species. The related 6-(2-diphenylphosphinoethyl)-bipyridine building block, for instance, 

yields with ruthenium(II) and copper(I) a tetra-nuclear metallocycle, instead of a bi-metallic 

complex (scheme 11)23. 
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Scheme 11: Formation of higher aggregates observed by Ziessel et al. for a related building 

block. 

 

Next, we studied the coordination chemistry of the related hetero-nuclear Cu(I)-Rh(I)(acac) 

species. This assembly has a structure which is very similar to the structure of the Cu(I)-

Rh(I)(COD) analogue; copper(I) can be found in a bis-bipyridine environment, while 

rhodium(I)(acac) is coordinated by the phosphine moieties (scheme 12)24. Again, the 

[1a2Cu(I)] fragment does not form a bidentate phosphine motif similar to the BISBI ligand, but 

the assembly process yields higher aggregates. 

 

N N

PPh2

Cu

+

+

N N

PPh2

O O

Rh

Ph2P

OO

Rh

PPh2

N N

Cu

NN

n

n+

[Cu(I)(CH3CN)4]
+ +

A

B [1a2Rh(I)(acac)]  
 

Scheme 12: Hetero-nuclear rhodium(I)(acac)-copper(I) complex of 1a. 

 

The formation of the Cu(I)-Rh(I)(acac) species proceeded more slowly than that of the 

related Cu(I)-Rh(I)(COD) species. Addition of a green solution of [1aRh(I)(acac)] to an 

orange solution of [1aCu(I)]+ resulted in a slow color change to red, typical of copper(I) bis-

diimine species (route A). In the 31P NMR spectrum a new, slightly broad doublet emerged at 

53.35 ppm (1JRh-P = 151.7 Hz). Simultaneously, the doublet corresponding to [1aRh(I)(acac)] 

decreased in intensity (fig. 5). On the basis of the integrals (10:8), roughly half of the initial 

rhodium complex had been converted after one hour reaction time. The reaction was allowed 

to proceed for another 14 hours, after which, according to 31P NMR spectroscopy the self-
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assembly process had completed. Resonances corresponding to copper(I) coordinated 

phosphines were not observed, signifying that the phosphines are solely coordinated to 

rhodium(I). 

 
 
 

                                     ←  [Cu(I)1a2Rh(I)(acac)]
+
 

 
 
 
 

                                                                                         ←  [1aRh(I)(acac)] 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 5: 
31
P NMR spectrum of the reaction between [1aRh(I)(acac)] and [1aCu(I)]

+
 after one 

hour. 

 

With mass spectrometry several homo-nuclear species were detected ([1aCu]+, [5Cu]+, 

[1aRhCO]+, [1aRh(MeCN)]+, [1a2Rh]
+), as well as the hetero-nuclear [Cu1a2Rh]

2+ and 

[Cu1a2Rh]
+ species. Interestingly, while no rhodium(I)(acac) complexes were observed, 

[5Cu(acac)]+, which originates from an anion exchange reaction between copper and 

rhodium, was detected. In the 1H NMR spectrum of the product, the resonances had a 

considerably broader character than observed for the starting [1aRh(I)(acac)] species, which 

can be attributed to the coordination of copper(I) to the bipyridine moiety. The methylene 

moiety of 1a gives rise to a broad resonance at 4.53 ppm. This corresponds to a downfield 

shift of 0.50 ppm with respect to the homo-nuclear [1aRh(I)(acac)] species and is attributed 

to the coordination of the copper(I) cation to the bipyridine moiety of 1a. This coordination 

mode is confirmed by the UV-Vis spectrum, as a typical absorption band with a maximum at 

454 nm was observed (ε = 2746 M-1 cm-1). Moreover, the broad absorption band with a 

maximum around 645 nm observed in the UV-Vis spectrum of [1aRh(acac)] was absent (fig. 

6). This signifies that the tridentate coordination of rhodium(I) to 1a is blocked in the hetero-

nuclear assembly as a result copper(I)-diimine coordination.  
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Figure 6: UV-Vis spectra of the hetero-nuclear Cu(I)-Rh(I)(acac) (bold) and the mononuclear 

                Cu(I) (grey) and Rh(I)(acac) (black) species. 

 

The resemblance of the 31P NMR chemical shift to that of related heteroleptic assemblies 

(vide infra), signifies that phosphine moieties coordinate to rhodium in a pseudo-

monodentate manner. In other words, the coordination of copper(I) to the diimine moieties 

does not yield a bidentate phosphine motif (n ≠ 1, scheme 12). On the basis of the 

spectroscopic data, the exact structure of the assembly can not be established. We attribute 

the observation with 31P NMR spectroscopy at –40 °C of two doublets with slightly altered 

chemical shift values, to the formation of a mixture of related assemblies (e.g. n = 2 & 3)22. 

 

We also studied the formation of the assembly by starting with different homo-nuclear 

complexes (route B, scheme 12), in order to verify the formation of the thermodynamic 

product25. The dark-red solid obtained after reaction of [Cu(I)(CH3CN)4]
+ with [1a2Rh(I)(acac)] 

is the same hetero-nuclear complex as was obtained when [1a2Cu(I)] and [CO2Rh(I)(acac)] 

were allowed to react (route A). This indicates that the hetero-nuclear complex is formed 

independently of the type of starting complexes and that the assembly is not a kinetic 

intermediate, but indeed the thermodynamic product. 

 

2,9-Bis-mesityl substituted phenanthrolines (3i-3j) are attractive co-ligands in combination 

with copper(I), as they form stable heteroleptic bis-phenanthroline complexes in high yield26. 

We studied if co-ligand 3j yields a heteroleptic hetero-nuclear complex, once combined with 

1a, Cu(I) and Rh(I)(acac) (scheme 13). The spectroscopic data indicate that the main 

species is the anticipated heteroleptic hetero-nuclear assembly. Rhodium(I) is coordinated to 

the phosphines of 1a in a monodentate manner, while copper(I) is coordinated to the diimine 

moieties of 1a and 3j. 

 

[1aRh(I)(acac)]  (15.2 10
-5
 M) 

 

[1aCu(I)]
+
  (21.7 10

-5
 M) 

 

[Cu(I)1a2Rh(I)(acac)]
+
  (2.81 10

-5
 M) 
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Scheme 13: Heteroleptic hetero-nuclear rhodium(I)-copper(I) complex of 1a. 

 

Reaction of pre-formed [1aCu(I)3j]+ with [(acac)Rh(CO)2] (2:1) yielded a dark-red solution. 

The color and UV-Vis spectrometry (λmax = 456 nm, ε = 6294 M-1 cm-1) confirmed that 

copper(I) is coordinated in a bis-diimine environment. Due to sterical reasons the homoleptic 

[3j2Cu(I)]
+ species cannot be formed26 and copper(I) must therefore be coordinated by the 

diimine moieties of both 1a and 3j. This is supported by the absence of a band around 650 

nm indicating tridentate coordination of rhodium(I) to 1a. Similarly, copper(I)-phosphine 

coordination bonds were not observed with 31P NMR spectroscopy. Next to the doublet 

displayed by the main product (53.72 ppm, 1JP-Rh = 152.7 Hz), several other signals (roughly 

25%) were observed. Thus, the reaction does not yield the anticipated hetero-nuclear 

assembly quantitatively27. Accordingly, in the 1H NMR spectrum, several resonances for the 

methyl moieties of 3j indicate that the co-ligand was present in more than one environment28. 

The main resonances for the methylene protons of 1a are two doublets at 4.47 and 4.51 ppm 

with a typical 2JH-H coupling of 3.6 Hz
29. The inequivalency of the protons can be attributed to 

restricted rotational freedom of the methylene moiety in the hetero-nuclear heteroleptic 

assembly, resulting in an AB pattern. With mass spectrometry several homo-nuclear species 

were detected ([Cu5]+, [1aRh(CO)]+, [3jCu(MeCN)]+ and [3jCu5]+). No hetero-nuclear species 

could be identified. Interestingly, the main signal in the 31P NMR spectrum is almost identical, 

both in chemical shift value and in coupling constant, to the main signal observed for 

[Cu(I)1a2Rh(I)(acac)]
+. We attribute this similarity to the resemblance in structure of the 

related homo- and heteroleptic Cu(I)-Rh(I) assemblies. In both species the phosphines 

coordinate in a monodentate manner to rhodium(I) (schemes 12 and 13). Apparently the 

direct environment around the phosphorus and therefore the chemical shift of the 31P NMR 

signal is not influenced by the presence and structure of the co-ligand. 

 

The same interpretation applies for the 31P NMR signal of the related heteroleptic zinc(II)-

rhodium(I)-3h complex (scheme 14). This assembly also displays a doublet with chemical 

shift and coupling constant similar to those observed for the related species (53.39 ppm, 1JP-

Rh = 151.6 Hz, fig. 7). This signifies that the rhodium(I) center is coordinated by two 

phosphines in a monodentate manner. The clean formation of a single hetero-nuclear 
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species30 indicates that zinc(II) coordinates in a considerably more selective manner in the 

product than in the starting material, which consists of a mixture of homo- and heteroleptic 

zinc(II) species. Accordingly, in the 1H NMR spectrum of the heteroleptic assembly a single 

doublet at 4.54 ppm (J = 11.5 Hz) was observed for the CH2 moiety of 1a, while in the 

starting material these protons display two doublets. We attribute the selective formation of 

the heteroleptic zinc(II) species to (sterical) restrictions inhibiting the formation of the 

homoleptic [Zn(II)1a2Rh(I)(acac)]
2+ assembly in which the [Zn(II)1a2] motif acts as a bidentate 

phosphine ligand for rhodium. Consequently the equilibrium is pushed towards the 

heteroleptic species31.  
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Scheme 14: Formation of [3h2Zn(II)21a2Rh(I)(acac)]
4+
 from a mixture of zinc(II) precursors. 

 

 

Figure 7: 
31
P NMR spectrum of [3h2Zn(II)21a2Rh(I)(acac)]

4+
. 

 

In conclusion, building block 1a displays a variety of coordination modes in homo- and 

hetero-nuclear species (schemes 6 and 15). The preference of palladium(II) to coordinate to 

1a in a tridentate manner inhibits the formation of the hetero-nuclear species and self-

assembly results in predominantly mono-nuclear complexes. In the homo-nuclear species, 

rhodium(I) coordinates to both the bipyridine and phosphine donors of 1a. In the presence of 

copper(I) or zinc(II), however, rhodium(I) coordinates selectively to the phosphine donors. 

This highlights a fundamental difference between the preferred coordination modes of 

rhodium(I) and palladium(II) to building block 1a when combined with an assembly metal. 
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Thus, to a certain extent, it is possible to address the coordination of two types of metals to a 

building block containing two types of donor atoms. The specific structure of the building 

block, which allows tridentate (PNN) coordination, however, puts restrictions on the types of 

metals that can be used to form selectively hetero-nuclear species. Moreover, the formation 

of bidentate phosphine ligands resembling the structure of BSIBI (fig. 2) via self-assembly 

proved difficult to engineer, as the process can also lead to higher aggregates. This 

underlines the importance of the design of the building block, as it requires careful 

consideration of numerous factors to prevent undesirable coordination modes. 
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Scheme 15: Selection of observed coordination modes in hetero-nuclear assemblies. 

 

Performance of the hetero-nuclear assemblies as catalysts   The coordination studies 

indicate that the specific structure of the basic building block allows tridentate coordination 

modes, which hamper the formation of hetero-nuclear palladium(II) species. In the mono-

nuclear rhodium(I) species the building block also coordinates in a tridentate manner. In the 

hereto-nuclear species this metal coordinates selectively to the phosphine moieties, albeit 

not in the anticipated bidentate manner. We studied the catalytic properties of palladium(II)- 

and rhodium(I)-based (hetero-nuclear) assemblies to establish if the observed coordination 

modes are also present under catalytic conditions. 

 

Palladium species as allylic substitution catalysts   Transition-metal catalyzed allylic 

substitution is a valuable tool in synthetic organic chemistry. Three products can be formed 

when non-symmetrically substituted allylic substrates are applied (branched, linear cis and 

linear trans). The regioselectivity of a catalyst is known to be very sensitive to subtle changes 

in the environment around the catalytic center32. We studied the catalytic performance of 

various assemblies in the palladium-catalyzed allylic amination33, using but-2-enyl methyl 

carbonate (7) as the allylic substrate and morpholine (8) as the nucleophile (scheme 17). 
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First, we evaluated the performance of homo- and hetero-nuclear complexes of building 

block 1a, of which the results are summarized in table 134. For this purpose 1a, the palladium 

precursor ([(allyl)Pd(II)(THF)2]
+) and Mass were allowed to react in a 2:1:1 ratio and the 

resulting assemblies were applied as catalysts without further analyses. 
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Scheme 17: Allylic amination of but-2-enyl methyl carbonate with morpholine. 

 

Table 1: Performance of 1a-based complexes in palladium-catalyzed the allylic amination. 

Entry Mass Time          
(hours) 

Conversion
a
 Selectivity 

(branched:trans:cis) 

 1
b 

-   17.5   0 - 

2 - 1  37 61:37:2 

3 -   17.5 100 60:38:3 

4 Cu(I)   17.5  13 49:51:0 

5 Cu(II)   17.5  11 44:56:0 

6 Zn(II)       0.33  16 64:36:0 

7 Zn(II) 1 34 60:39:1 

8 Zn(II) 20  99 57:39:4 

Conditions: Solvent = CH3NO2, T = RT, [Pd] = 0.5 mM, Mass/1a/Pd/7/8 1/2/1/240/264, anion = triflate. 
a
In mol% based 

on 7. 
b
1a/Pd 1/1. 

 

Application of one equivalent of 1a as ligand yielded an inactive catalyst; in 17.5 hours 

reaction time no product was formed (entry 1). The inactivity can be attributed to tridentate 

bipyridine-phosphine coordination mode of the building block to the metal, as observed in our 

coordination studies (scheme 6). Application of two equivalents of building block 1a results in 

a more active catalyst (average TOF = 89 mol prod. mol Pd-1 h-1), giving the allyl amine as a 

61:37:2 mixture (entries 2-3). The higher activity of the [1a2Pd(II)(allyl)]
+ species can be 

attributed to the presence of palladium centers coordinated solely by the phosphine moieties. 

The percentage in which these catalytically active species are formed is higher for 

[1a2Pd(II)(allyl)]
+ than for [1aPd(II)(allyl)]+, which is in line with the 31P NMR spectra (see 

experimental section for details). The hetero-nuclear copper(I)-palladium(II) assembly 

[Cu(I)1a2Pd(II)(allyl)]
2+ is only slightly active (average TOF = 7 mol prod. mol Pd-1 h-1, entry 

4). The low activity can be explained by the preference of both metals for tridentate (PNN) 

coordination to 1a, leading to the inactive mononuclear [1aPd(II)(allyl)]+ species. The data 
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indicate that the hetero-nuclear assembly deactivates rapidly; after 1 hour reaction time the 

yield was 3% (data not given in the table 1), while after 17.5 hours it had only increased to 

13%. With respect to activity and regioselectivity, [Cu(II)1a2Pd(II)(allyl)]
3+ provides similar 

results as the Cu(I) analogue (entry 5). The low preference of zinc(II) for phosphine donors is 

reflected in the higher activity displayed by the hetero-nuclear zinc(II) species (entries 6-8). 

Interestingly, both the activity and the regioselectivity of [Zn(II)1a2Pd(II)(allyl)]
3+ is very similar 

to the homo-nuclear [1a2Pd(II)(allyl)]
+ species (entries 2 and 7), signifying that the catalytic 

center can be found in comparable environments. 

 

Next, we evaluated the catalytic performance of various heteroleptic assemblies based on 

co-ligands 2 or 3 (charts 3-4), of which the results are summarized in table 2. For this 

purpose, the building block 1a, Mass, the palladium precursor (2:2:1) and 2 (1 equivalent) or 3 

(2 equivalents) were allowed to react for at least one hour, after which the assemblies were 

applied as catalysts without further analyses. 

 

Table 2: Performance of palladium-based heteroleptic complexes of 1a as catalysts. 

Entry Mass Co-ligand
a 

Time    
(hours) 

Conversion
b
 Selectivity 

(branched:trans:cis) 

1 Cu(I) 3j 20    23.5 61:39:0 

2 Cu(II) 3k 17.5   0 - 

3 Zn(II) 3g 0.33  11 63:37:0 

4 Zn(II) 3j 0.33  15 64:36:0 

5 Zn(II) 3k 0.33  17 62:38:0 

6 Cu(I) 2a 20 19 49:51:0 

7 Cu(I) 2b 20 4 54:46:0 

8 Zn(II) 2a 0.33 18 63:37:0 

9 Zn(II) 2b 24 53 62:38:0 

10 Zn(II) 2c 0.33 11 64:36:0 

11 Zn(II) 2d 0.33 16 62:38:0 

12 Zn(II) 2e 0.33 20 62:38:0 

Conditions: Solvent = CH3NO2, T = RT, [Pd] = 0.5 mM, Mass/1a/Pd/7/8 2/2/1/240/264, anion = triflate. 
a
1a/2 = 2/1 1a/3 

= 1/1. 
b
In mol% based on 7. 

 

With the exception of the Cu(II)/3k system, all heteroleptic hetero-nuclear assemblies are 

active as catalysts. The inactivity of the Cu(II)/3k system (entry 2) can be attributed to the 

presence of the co-ligand, as the homoleptic Cu(II)-system was slightly active (entry 5, table 

1). Similar to the homoleptic hetero-nuclear systems (table 1), the copper(I)-based 

heteroleptic species resulted in significantly lower yields than the zinc(II) assemblies. This 

can be rationalized by the affinity of copper(I) for phosphine donors, resulting in the formation 
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of the inactive mononuclear [1aPd(II)(allyl)]+ species. This corresponds to the coordination 

mode observed for the Cu(I)-2a system (scheme 8). Interestingly, the Cu(I)/3j assembly 

displayed a different regioselectivity (61:39:0, entry 1, table 2) than observed for the other 

copper(I) homo- and heteroleptic assemblies (roughly 5:5:0). This can be attributed to the 

specific structure of co-ligand 3j. Since [3j2Cu(I)]
+ cannot be formed because of steric 

reasons26, it pushes the equilibrium towards heteroleptic 3j-1a copper(I) complexes, thereby 

influencing the coordination mode of 1a to palladium. 

 

For all but one zinc(II)-based assemblies studied, the activities are comparable, with 

conversions after 20 minutes between 11 and 20%. The regioselectivities displayed by the 

various homo- and heteroleptic zinc(II) assemblies is very similar; roughly 6/4/0. Thus, both 

the presence and type of the co-ligand or template does not significantly influence the 

catalytic performance. This shows that the co-ligand has only a limited influence on the 

environment around palladium. Alternatively, the heteroleptic assembly is formed, but not in 

a selective manner, while the main portion of the activity originates from other species (e.g. 

homoleptic palladium-1a complexes). For the Zn(II)/2b combination no product was observed 

after 20 minutes, although the conversion reached 53% after 24 hours (entry 9). Interestingly, 

the related copper(I)/2b species was also the least active copper(I) assembly (entry 7). We 

therefore contribute the low activity to a high preference of palladium to coordinate to 2b, 

yielding inactive complexes. 

 

Finally, we performed several control experiments, of which the results are summarized in 

table 3. Application of monodentate phosphine 4 yielded an active catalyst (59% yield after 

10 minutes, entry 4) and [6Pd(II)(alyl)]+ is even more active (79% yield, entry 1). The 

activities are much higher than the activities of the hetero-nuclear [Mass1a2Pd(II)(allyl)]
+ 

species (table 1), which is in line with the preference of palladium for tridentate coordination 

to 1a. This is also evident by comparing the performances of the hetero-nuclear assemblies 

with their model systems. For example, [Cu(I)1a2Pd(II)(allyl)]
+ (entry 4, table 1) posses 

roughly 4% of the activity of the {[42Pd(II)(allyl)]
+ + [3a2Cu(I)]

+} model system (entry 7, table 

3). Similarly, the {[42Pd(II)(allyl)]
+ + 2 equiv. 3a} model system (entry 10) is roughly nine times 

more active than homo-nuclear [1a2Pd(II)(allyl)]
+ (entry 2, table 1). The regioselectivities 

(61/37/2 versus 52/46/2) corroborate the differences in coordination modes. Similar to what 

was observed for our assemblies, copper(I) has a more significant impact on the conversion 

than zinc(II). For instance, for [6Pd(II)(allyl)]+ the yield after 10 minutes dropped from 79% to 

52% with [3a2Cu(I)]
+ as additive (entries 1-2). After 120 minutes the {[6Pd(II)(allyl)]+ + 

[3a2Cu(I)]
+ model system had only reached 87% conversion (not depicted in table 3), 

implying that the catalysts deactivates rapidly. A similar deactivation was observed for the 
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hetero-nuclear [Cu(I)1a2Pd(II)(allyl)]
3+ assembly. For both systems this can be attributed to 

ligand disproportionation reactions as a result of the high preference of copper(I) for 

phosphine donor atoms. Zinc(II) has a very low preference for phosphine donors and this 

explains the smaller influence of zinc(II) additives on the overall activity (entries 3 and 8-9). 

 

Table 3: Performance of model systems in the palladium-catalyzed allylic amination. 

Entry Ligand Additive
a
 Time Conversion

b 
Selectivity 

(branched:trans:cis) 

  1  6
c
 - 10 minutes 79 34:65:1 

  2  6
c [3a2Cu(I)]

+ 10 minutes 52 34:65:1 

  3  6
c [3a2Zn(II)]

2+ 10 minutes 86 34:64:1 

  4 4 - 10 minutes 59 52:45:2 

  5 4 - 5 hours 100 8:83:9 

  6 4 [3a2Cu(I)]
+
 10 minutes 30 51:45:4 

  7 4 [3a2Cu(I)]
+
 5 hours 100 50:48:2 

  8 4 [3a2Zn(II)]
2+
 10 minutes 51 51:47:2 

  9 4 [3a2Zn(II)]
2+ 5 hours 100 19:74:7 

10 4 3a
d 

10 minutes 57 52:46:2 

11 4 3a
d
 5 hours 100 45:52:3 

Conditions: Solvent = CH3NO2, T = RT, [Pd] = 0.5 mM, ligand/Pd/7/8 2/1/240/264, anion = triflate. 
a
One equivalent of 

additive with respect to palladium. 
b
In mol% based on 7. 

c
Ligand/Pd 1/1. 

d
Two equivalents of 3a with respect to 

palladium. 

 

The regioselectivity of the product after 10 minutes reaction time was not influenced by the 

additives. For all 6-based model systems this is roughly 34:65:1, while for all 4-based 

systems it is roughly 51:47:2. The different regioselectivities for the two types of model 

systems reflects the differences in structure of (bidentate) phosphines 6 and 4. After 45 

minutes all [42Pd(II)(allyl)]
+ model system had quantitatively converted the substrate and the 

products were obtained with regioselectivities different from those observed for the initial 

phase of the reaction. Oosterom et al. reported that after completion of the reaction, the allyl 

amines are isomerized to the thermodynamically more stable trans product and that the 

palladium center is involved in this process35. A closer look at the regioselectivities revealed 

that the presence of bipyridine (3a) and Mass has a profound influence on the isomerization 

rate. For [42Pd(II)(allyl)]
+, after 5 hours the allyl amine was obtained as a 8:83:9 mixture, 

which is considerably different from the 52:45:2 ratio in which the product was initially formed 

(entries 4-5). The {[42Pd(II)(allyl)]
+ + [3a2Zn(II)]

2+} model system behaved in a comparable 

way; the ratio changes from 51:47:2 to 19:74:7 (entries 8-9). For the {[42Pd(II)(allyl)]
+ + 

[3a2Cu(I)]
+} and {[42Pd(II)(allyl)]

+ + 2 3a} systems, on the other hand, the isomerization rate 

was negligible (entries 6-7 and 10-11). The influence of the additives on the isomerization 

properties of [42Pd(II)(allyl)]
+ is particularly evident if the trans-branched ratio is plotted 
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versus the reaction time (figure 8). After 45 minutes, when all systems obtained full 

conversion, the trans-branched ratios of the different systems are comparable (approximately 

one). After five hours, [42Pd(II)(allyl)]
+ gives rise to the highest ratio of nearly ten, whereas for 

the other systems the ratio remains considerably lower. We attribute the lowered 

isomerization activity to the coordination of bipyridine to palladium after full conversion has 

been reached. This yields coordinatively saturated palladium(0) species that posses a low 

isomerization activity. Since the nature of Mass determines the stability of its bipyridine 

complex, the overall isomerization activity depends on the type of Mass
36. Interestingly, for the 

various hetero-nuclear [Mass1a2Pd(II)(allyl)]
x+ species the isomerization activity did not 

depend on the presence and/or type of Mass. It was equally low for all systems, indicating that 

different processes are operative in the assemblies and the model systems. 
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Figure 8: Influence of additives on the isomerization activity of model complex [42Pd(allyl)]
+
. 

 

Comparing the performances of the assemblies and the model systems, it is clear that there 

is no evidence that the anticipated hetero-nuclear assemblies of building block 1a are formed 

under catalytic conditions. Most likely, palladium is present in the reaction mixture as several 

homo- and hetero-nuclear species, which corresponds to the observations made in our 

coordination study (schemes 7-9). It is important to note that the addition of the nucleophile 

(amine) induced color changes in the reaction mixtures. This was observed for the majority of 

the hetero-nuclear assemblies and model systems, but were most prominent for the 

copper(I) species37. This implies altered coordination modes of Mass as a result of amine 

coordination. Alternatively, they can be assigned to (intra-molecular) redox reactions. For 

example, for a number of copper(II) systems the reaction mixture turned from green-blue, 
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typical of Cu(II)-polypyridine complexes, to orange-red, typical of Cu(I)-polypyridine 

complexes. 

 

Rhodium-based complexes as hydrogenation catalysts   Hydrogenation of alkenes and 

carbon-element double bonds has become an indispensable technique in the production of 

fine-chemicals. Rhodium catalysts are particularly effective in (asymmetric) hydrogenations38. 

We studied the application of hetero-nuclear assemblies in the rhodium-catalyzed 

hydrogenation of dimethyl itaconate (9, scheme 18), of which the results are summarized in 

table 4. The rhodium precursor, 1a and Mass were allowed to react in a 2:1:1 ratio and the 

resulting assemblies were applied as catalysts without further analyses. 

 

9

O
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Scheme 18: Hydrogenation of dimethyl itaconate. 

 

Table 4: Performance of [Mass1a2Rh(COD)]
x+
 and model systems in the hydrogenation. 

Entry Ligand Mass Additive Equivalents
a
 Conversion

b
 

  1
c 

1a - - -     0 

  2
c 

1a Cu(I) - -     0 

  3
c 

1a  Zn(II) - -     0 

    4
d,f
 3a - - -     0 

   5
d 

6 - - -   37 

   6
d 

6 - [3c2Cu(I)]
+
 1     0 

  7
 

4 - - - 100 

  8
 

4 - [3c2Cu(I)]
+
 1   69 

   9
e
 4 - [3e2Cu(I)]

+
 4     0 

10
 

4 - [3bCu(II)3k]
2+
 1     0 

11 4 - [3c2Ag(I)]
+ 

1     0 

12 4 - [3c2Zn(II)]
2+ 

1 100 

Conditions: Solvent = CH2Cl2, T = RT, 2.5 hours, 10 bar H2, [Rh] = 0.5 mM, ligand/Rh/9 2/1/100, Rh = 
[(COD)Rh(I)(THF)2]

+
, anion = triflate. 

a
Equivalents of additive with respect to rhodium. 

b
In mol% based on 9. 

c
12 hours, 

[Rh] = 0.36 mM. Mass/Rh/9 1/1/134. Similar results were obtained whith MeOH or CH3NO2 (at RT and 50 °C) as a 
solvent.

 d
Rh/ligand 1/1. 

e
21 hours. 

f
bar H2, [Rh] = 3.3 mM, 4 hours, Rh/substrate = 1/20. 

 

All rhodium(I) (hetero-nuclear) complexes of building block 1a studied did not show 

hydrogenation activity under the conditions applied (dichloromethane, methanol or 

nitromethane as solvent at 20 and 50 °C, entries 1-3). We attribute the inactivity to pyridine 

coordination to the catalytic center and more specifically to the tridentate (PNN) coordination 

of 1a, as observed for rhodium(I) species (scheme 6). This is confirmed by control 
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experiments; no product was formed when bipyridine (3a, chart 4) was applied as the ligand 

(entry 4). Moreover, the presence of diimine ligands has a significant impact on the 

performance of phosphine-based rhodium(I) catalysts (entries 5-12). Application of BISBI (6) 

yields an active catalyst, giving dimethyl 2-methylsuccinate in 37% yield (entry 5). The 

presence of one equivalent [3c2Cu(I)]
+ is sufficient to quench all activity (entry 6). 

Comparable behavior was observed for model [42Rh(I)(COD)]
+, but the effect of the additive 

on the conversion depends highly on the type of Mass and polypyridine. For instance, one 

equivalent of [3c2Ag(I)]
+ is sufficient to completely deactivate the rhodium catalyst, while 

[3c2Zn(II)]
2+ did not diminish the conversion (entries 11-12). This signifies that the nature of 

Mass has a determining influence on the processes that take place under catalytic conditions. 

 

Rhodium-based complexes as hydroformylation catalysts   Finally, we studied several 

assemblies in the rhodium-catalyzed hydroformylation, in which an alkene reacts with carbon 

monoxide and hydrogen to form the corresponding aldehydes (scheme 19)39. Application of a 

terminal olefin as substrate generally leads to mixtures of branched and linear aldehydes and 

there is great interest in highly regioselective hydroformylation catalysts40. The steric bulk of 

monodentate phosphines and the bite angle of bidentate phosphines have a profound 

influence on the regioselectivity of a catalyst2. Self-assembly and more specifically metal-

ligand interactions have proven an efficient tool to tune the performance of hydroformylation 

catalysts5b,40,41. The advantage of the rhodium hydroformylation catalyst is that rhodium 

hydrido carbonyl species do not coordinate to nitrogen ligands and thus the nitrogen ligands 

remain available for the assembly metals. As a model reaction we studied the 

hydroformylation of styrene (10, R = Ph, scheme 19). The rhodium precursor, 1a, Mass and if 

applicable 3 were allowed to react in the appropriate ratios and the resulting assemblies 

were applied as catalysts without further analysis. The results are summarized in table 5. 

 

R
R R
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Scheme 19: Regioselectivity in the rhodium-catalyzed hydroformylation of terminal olefins. 

 

The assembly metal free [1a2Rh(I)(acac)] species gave under the conditions applied, 2- and 

3-phenylpropanal in a 5:1 ratio in 6% yield (average TOF of 1.5 mol prod. mol Rh-1 h-1, entry 

1). Model complexes [6Rh(I)(acac)] and [42Rh(I)(acac)] are considerably more active 

(average TOF = 24.7 and 21.5 mol prod. mol Rh-1 h-1, entries 9-10). The different 

regioselectivities displayed by [1a2Rh(I)(acac)] (b/l = 4.9) and model [42Rh(I)(acac)] (b/l = 2.3) 
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corroborate the influence of the diimine on the environment around the catalytic center. We 

attribute the low activity of [1a2Rh(I)(acac)] to the partial formation of inactive pyridine 

coordinated rhodium species. Phosphine oxide 5 or diimines 3a, 3i or 3k also yield inactive 

catalysts (entries 13-14). 

 

Table 5: Performance of hetero-nuclear assemblies and model systems as catalysts in the 
hydroformylation of styrene. 

Entry Ligand Mass 
Co-
ligand 

Additive
a 

Conversion
b
 Branched/linear

c
 

  1
 

1a -  - 6 4.9 

   2
d
 1a Cu(I)  - 0 - 

   3
d
 1a Cu(II)  - 0 - 

   4
d
 1a Ag(I)  - 0 - 

   5
d
 1a Zn(II)  - 0 - 

   6
e 

1a Cu(I) 3i  0 - 

   7
e
 1a Cu(II) 3d  0 - 

   8
e
 1a Zn(II) 3d  0 - 

   9
f
 6 - - - 99 3.8 

10 4 - - - 86 2.3 

11 4 - - [3aCu(I)3i]
+
 0 - 

12 4 - - [3aCu(II)3k]
2+
 0 - 

13
f
 5 - - - 0 - 

14
f 

 3
g
 - - - 0 - 

Conditions: Solvent = ClCH2CH2Cl, T = 50 °C, 20 hours, 20 bar H2/CO 1:1, Rh/ligand/10 1/2/500, [Rh] = 0.17 mM, Rh 
= (acac)Rh(CO)2, anion for Mass = triflate.

 a
Two equivalents with respect to rhodium. 

b
In mol% based on 10. 

c
Branched 

to linear aldehyde ratio. 
d
1a/Mass 2/1. 

e
3/Mass/1a 1/1/1. 

f
Rh/ligand 1/1. 

g
3 = 3a, 3i, 3k. 

 

Coordination of Mass to the diimine moiety of 1a prevents the coordination of rhodium to this 

binding site and we expected the hetero-nuclear species to display a higher activity. To the 

contrary, all (heteroleptic) hetero-nuclear assemblies are inactive as catalysts, which can be 

attributed to the formation of rhodium-pyridine species as a result of ligand disproportionation 

reactions (entries 2-8). Control experiments confirmed this; in the presence of two 

equivalents of a Cu(I) or Cu(II) polypyridine complex, [42Rh(I)(acac)] becomes inactive 

(entries 11-12). Thus, although the coordination studies showed that in the hetero-nuclear 

complexes, rhodium(I)(acac) coordinates to the phosphines in a selective manner, under 

catalytic conditions different coordination modes exists. Most likely tridentate coordination of 

1a to the catalytic center results in inactive species. The inactivity of the related rhodium(I) 

hydrogenation catalysts can also be attributed to this coordination mode. 
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5.3   Conclusions 
 

We have explored the formation of bidentate phosphine transition-metal catalysts by means 

of metal-mediated self-assembly. The approach is based on the selective coordination of two 

bipyridine moieties to an assembly metal, yielding a bidentate phosphine ligand capable of 

binding the catalytic center. For this purpose we synthesized a novel phosphine 

functionalized bipyridine building block. Its coordination chemistry shows a variety of 

coordination modes, but in most homo-nuclear complexes both the phosphine and bipyridine 

were involved in binding the metal. More specifically, most metals displayed a high 

preference for tridentate coordination to the building block. This coordination mode inhibits 

the formation of hetero-nuclear palladium(II) species. To the contrary, in several hetero-

nuclear complexes, rhodium(I) coordinates to the phosphine moieties, while the assembly 

metal coordinates to the diimine binding site(s) of the basic building block (and the co-

ligand). These coordination modes do, however, not result in the anticipated bidentate 

phosphine motif resembling the structure of BISBI, as the assemblies form higher 

aggregates. The hetero-nuclear rhodium(I) complexes are inactive as catalysts in the 

hydrogenation of dimethyl itaconate and the hydroformylation of styrene. Model systems 

indicate that the low activity can be attributed to tridentate coordination of the building block 

to the catalytic center. Under allylic amination conditions, palladium is present as a mixture of 

homo- and hetero-nuclear species, with the formation of inactive tridentate coordinated 

palladium species leading to low overall activities. It can be concluded that the specific 

structure of the building block, with the diimine and phosphine donor atoms in close 

proximity, promotes tridentate coordination and thereby inhibits the metal-mediated assembly 

of bidentate phosphines. For a related basic building block (discussed in chapter 2) the 

opposite effect was observed; the two types of binding sites are positioned too distant, 

limiting the influence of the assembly metal and the co-ligand on the catalytic properties. The 

importance of building block design for the assembly of poly-nuclear catalysts is evident, 

while the results also underline that the outcome of assembly processes remain difficult, if 

not impossible, to predict. 
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5.4   Experimental Section 
 

General Remarks   All reactions were carried out under strictly oxygen free conditions, using 

standard Schlenk techniques under an atmosphere of purified nitrogen. NMR spectra were 

recorded on a Varian Mercury-300, a Bruker DRX-300 and a Varian Inova-500; NMR-spectra 

were recorded at room temperature in CDCl3 or CD2Cl2, unless stated otherwise. Positive 

chemical shifts (δ) are given (in ppm) for high-frequency shifts relative to a TMS reference 

(1H and 13C), a CFCl3 reference (
19F) and to a 85% H3PO4 reference (

31P). 13C and 31P 

spectra were measured with a 1H decoupling. Data are reported as follows: (br - broad, s - 

singlet, d - doublet, t - triplet, q - quartet, m - multiplet; coupling constant(s) in Hz; integration; 

assignment). Mass spectra were recorded on a Shimadzu LCMS-2010A (APC- or ES- 

ionization) using acetonitrile or methanol as the eluent and on a Hewlett-Packard 

6890N/6973N GC-MS set-up (HP-5ms column (cross-linked phase 5% PhMe-siloxane, 30 m, 

0.25 mm internal diameter, 0.25 µm film thickness), E.I. detection). Elemental analyses were 

carried out by H. Kolbe Mikroanalytisches Laboratorium, Mülheim an der Ruhr, Germany. 

Melting points were determined on a Gallenkamp melting point apparatus in open capillaries 

and are reported uncorrected. UV-Vis spectra were recorded on a HP 8453 UV/Visible 

System of CH2Cl2 solutions of the complexes. Gas chromatographic analysis were run on an 

Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W Scientific DB-1 column 

(cross-linked phase Me2siloxane, 30 m, internal diameter 0.32 mm, film thickness 3.0 µm), 

F.I.D. detector), on an Interscience Finnigan TraceGC ultra apparatus equipped with a RTX1 

column and on a Shimadzu GC-17A apparatus (split/splitless injector, BPX35 (SGE) column 

(35% phenyl polysilphenylenesiloxane, 25 m, internal diameter 0.22 mm, film thickness 0.25 

µm), F.I.D. detector). Maayke J. Mars is acknowledged for the attempted synthesis of 

building block 1b. 

 

Materials   Chemical were purchased from Acros Chimica, Aldrich Chemical Co., Biosolve, 

Fluka, Merck and Strem and were used as received, unless indicated otherwise. Diethylether 

and THF were distilled from sodium/benzophenone, Hexanes and n-pentane were distilled 

from sodium/benzophenone/triglyme. Acetonitrile, triethylamine, dichloromethane, 1,2-

dichloroethane, methanol, piperidine and triethylamine were distilled from calcium hydride. 

Nitromethane was stored in the dark at +4 °C. Deuterated solvents were distilled from the 

appropriate drying agents; distilled CDCl3 was stored on K2CO3. Silica chromatography 

columns (silica 60, SDS Chromagel, 70-200 µm) were deactivated with 10% NEt3 in 

petroleum ether followed by washing several times with petroleum ether. 6-methyl-2,2’-

bipyridine42, 6-trimethylsilylmethyl-2,2’-bipyridine12b, 5,5’-dimethyl-2,2’-bipyridine (3b)43, 5-

bromomethyl-5’-methyl-2,2’-bipyridine44, 6’,6’’-bis(2-pyridyl)-2,2’:4,4’’:2’’,2’’’-quaterpyridine 
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(2e)45, 2,9-Bis-(2,4,6-trimethylphenyl)-1,10-phenanthroline (3i)6, 2,9-Bis-(2,4,6-

trimethylphenyl)-4,7-diphenyl-1,10- phenanthroline (3j)6, (2R,5S,1S)-2-iso-propyl-5-methyl-1-

(4,7-dimethyl-1,10-phenanthroline-9-yl)-cyclohexanol (3h)18, [Cu(I)(CH3CN)4]OTf
6 and crotyl 

methyl carbonate46 were synthesized according to literature procedures. 6-Chloromethyl-2,2’-

bipyridine was synthesized using a modified literature procedure47; due to the large scale of 

the synthesis, the crude material was purified prior to column chromatography by acid-base 

extraction. 3,3’-Bi-1,10-phenanthroline (2c) was synthesized using a modified literature 

procedure48, in which NiCl2 was replaced by (DME)NiCl2
49 (DME = 1,2-dimethoxy-ethane), 

resulting in an improvement of the yield to 80% (literature value: 70%). The assembly metals 

were added via stock solutions of their triflate salts. Cu(I) was dissolved in CH2Cl2/MeCN 9:1, 

Cu(II) in MeCN and Zn(II) in MeOH. Stock solutions (CH2Cl2/THF, 10:1) of [(η
4-

COD)Rh(I)(THF)2]OTf
50, and [(η3-C3H5)Pd(II)(THF)2]OTf were generated from, respectively, 

[(COD)Rh(I)Cl]2 and [(C3H5)Pd(II)Cl]2 by anion exchange with AgOTf, followed by filtration to 

remove AgCl. When kept under an inert atmosphere at –20 °C for several months, the stock 

solutions do not show signs of decomposition. 

 

6-Diphenylphosphinomethyl-2,2’-bipyridine (1a)   3.8 g 

(18.6 mmol) 6-Chloromethyl-2,2’-bipyridine was dissolved in 

100 ml THF. The solution was cooled to –78 °C and 19.0 mmol 

KPPh2 (38 ml, 0.5 M in THF) was added dropwise. After stirring 

for two hours, the solution was allowed to warm up to room 

temperature. After an additional four hours stirring, the reaction was quenched by adding 20 

ml water. Evaporation of the solvents in vacuo, resulted in a yellow solid. CH2Cl2 (20 ml) was 

added and the suspension was filtrated over a P4 glass filter (to remove KCl). Addition of iso-

propanol (20 ml) and hexanes (30 ml) to the filtrate and subsequently cooling to –20 °C, 

resulted in a white precipitation. 31P NMR spectroscopy revealed two phosphorus containing 

compounds (δ = –10.6 ppm and –14.5 ppm, 100:44). The crude product was purified on a 

Chromatotron™ (silica / EtOAc, Rf = 0.90), affording 1a as a white analytical pure solid. 

Yield: 3.66 g, 10.32 mmol, 56%. 1a slowly decomposes, even when kept under strictly air 

free conditions, evidenced by additional signals in the 31P NMR spectrum at 37.1 (d, J = 

227.9 Hz), 22.6 (s), –13.8 (s), and –21.17 ppm (d, J = 227.9 Hz). 

1H NMR: δ = 8.63 (ddd, J = 0.9 Hz, J = 1.8 Hz, J = 4.8 Hz, 1H, Ar-H), 8.15 (m, 2H, Ar-

H), 7.72 (ddd, J = 1.8 Hz, J = 6.5 Hz, J = 8.1 Hz, 1H, Ar-H), 7.61 (dd, appears as a triplet, J= 

8.1 Hz, 1H, Ar-H), 7.49 (m, 4H, Ar-H), 7.33 (m, 6H, Ar-H), 7.24 (m, 1H, Ar-H), 7.03 (d, J = 7.5 

Hz, 1 H, Ar-H), 3.71 (s, 2H, CH2 ); 
13C NMR: δ = 157.74, 157.64, 156,51, 155.69, 149.17, 

138.69, 138.49, 137.29, 137.02, 133.36, 133.11, 128.87, 128.62, 128.54, 123.87, 123.77, 

121.62, 118.45, 38.76 (d, J = 15.7 Hz, CH2); 
31P NMR: δ = –10.6; LC-MS: (m/z (relative 

N N

P
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intensity, assignment)): 355 (25, M+), 371 (100, M+O), 387 (4, M+O2); Anal. calc. for 

C23H19N2P: C 77,95, H 5,40, N 7,90; found: C 78.08, H 5.36, N 7.82; m.p. = 79 °C. 

 

3-Diphenylphophinomethyl-biphenyl (4)   1.20 g 3-

Bromomethyl-biphenyl (4.85 mmol) was dissolved in 125 ml 

THF and cooled to –78 °C. KPPh2 (9.7 ml 0.5 M in THF, 4.85 

mmol, 1 equivalent) was added dropwise. After stirring for 90 

minutes the reaction mixture was allowed to warm to room 

temperature. The resulting orange suspension was stirred for an additional 45 minutes, after 

which it was quenched at 0 °C with 10 ml water. The solvents were evaporated in vacuo and 

the resulting white powder was subsequently purified by plug filtration with CH2Cl2 over 

neutral alumina (to remove KCl and phosphine oxides) and precipitation from CH2Cl2/i-PrOH. 

Yield: 1.45 g, 4.12 mmol, 85%. 

1H NMR: δ = 7.47-7.07 (m, 19H, Ar-H ), 3.49 (s, 2H, CH2); 
13C NMR: δ = 141.32 (s), 

141.27 (s), 138.15 (m), 133.36 (s), 133.12 (s), 129. 01 (s), 128.65 (m), 127.34 (s), 125.03 (s), 

125.00 (s), 36.28 (d, 1J(P-C) = 14.6 Hz); 31P NMR: δ = –8.51 (s); LC-MS (m/z (relative 

intensity, assignment)): 353 (100, M+), 369 (20, M+O); Anal. calc. for C25H21P: C 85,20, H 

6,01; found: C 84.98, H 6.06; m.p. = 63 °C. 

 

6-Diphenylphosphinoylmethyl-2,2’-bipyridine (5)   6-

Diphenylphosphinomethyl-2,2’-bipyridine was quantitatively 

converted into the corresponding phosphine oxide by bubbling 

air through a CH2Cl2 solution for 30 minutes. Evaporation of the 

solvent in vacuo, yielded a clear yellowish oil, which was used 

without further purification.  

1H NMR: δ = 8.59 (d, J = 5.4 Hz, 1 H, Ar-H), 8.14 (d, J = 8.1 Hz, 1H, Ar-H), 7.83-7.65 

(m, 7H, Ar-H), 7.65-7.20 (m, 8H, Ar-H), 3.98 (d, 2J(H-P) = 14.4 Hz, 2H, CH2 ); 
31P NMR: δ = 

31.8; LC-MS: (m/z (relative intensity, assignment)): 371 (100, M+), 387 (4, M+O). 

 

5,5’-Bis-trimethylsilanylmethyl-2,2’-bipyridine    The 

target compound was obtained as a byproduct in the 

attempted synthesis of 5-Methyl-5’-[(trimethylsilyl)methyl]-

2,2’-bipyridine13. Crystallization of the crude product 

(CH2Cl2/Hexanes, –20 °C), yielded large colorless needles of analytically pure 5,5’-Bis-

trimethylsilanylmethyl-2,2’-bipyridine. 

1H NMR: δ = 8.31 (d, J = 2.4 Hz, 2H, Ar-H), 8.17 (d, J = 8.1 Hz, 2H, Ar-H), 7.41 (dd, J 

= 8.1 Hz, J = 2.4 Hz, 2H, Ar-H), 2.09 (s, 4H, CH2), 0.01 (s, 18H, Si(CH3)3) 
13C NMR: δ = 

P

N N

P

O

N

N

Si

Si
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152.75 (Ar-C), 148.59 (Ar-C), 136.09 (Ar-C), 136.17 (Ar-C), 120.23 (Ar-C), 24.08 (CH2), -1.82 

(SiCH3); GC-MS (m/z (relative intensity), assignment) 328 (100, M+), 313 (33), 256 (32), 240 

(14); Anal. calc. for C18H28N2Si2: C, 65.79, H, 8.59, N, 8.53; found: C 65.86, H 8.55, N 8.47, 

m.p. = 148 °C. 

 

Typical procedure for coordination studies   Appropriate amounts of stock solutions of 

Mass, Mcat (and the co-ligand) were added to a CH2Cl2 solution of 1a. After stirring for 

approximately one hour at room temperature, the solvents were evaporated and the residue 

was dried in vacuo. The solid was dissolved in deuterated solvent and transferred to a, with 

N2 atmosphere flushed, dry NMR tube fitted with an air tight cap. Alternatively the reaction 

was conducted by mixing stock solutions (of deuterated solvents) of the building blocks 

directly in a NMR-tube. Low temperature NMR experiments were performed by taking NMR 

spectra at regular 10 °C intervals. To check for disproportionation and/or decomposition 

reactions, NMR spectra were taken again after several hours up to several days. For UV-Vis 

measurements the compound was dissolved in CH2Cl2 and transferred under an inert 

atmosphere to a with N2 atmosphere flushed cuvet. Mass spectra of the metal complexes 

were recorded on a Shimadzu LCMS-2010A system by direct injection into the mass-

spectrometer (solvent = MeCN or MeOH, APCI and/or ESI ionization, CDL and block 

temperature = 50, 100 or 250 °C)51.  

 

Coordination of copper(I) to 1a in homo-nuclear complexes   The coordination mode of 

copper(I) towards mixed phosphine-pyridine ligands is difficult to predict, as the metal has a 

high preference for both types of donor atoms52. This is also reflected in the coordination of 

copper(I) to 1a (scheme 20). 

 

NN
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N N
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N N
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Cu
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N

N
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[Cu(I)(CH3CN)4]
+

+ +

CA B  
 

Scheme 20: Homo-nuclear copper(I) complexes of building block 1a. 

 

In the yellow-orange mononuclear copper(I) complex both the diimine and the phosphine 

donors participate in coordination. A single broad resonance at 8.0 ppm observed in the 31P 

NMR spectrum reveals the copper(I)-phosphine coordination bond. 1H NMR spectroscopy 
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did not provide much additional structural information, as only extremely broad resonances 

were observed. Two signals at 4.38 and 4.15 ppm with equal intensity can be attributed to 

the methylene moiety of 1a. Mass spectroscopy showed the presence of [Cu1a]+ and 

[Cu1a2]
+. Mixed tri-arylphosphine-diimine copper(I) species typically exhibit a MLCT transition 

in the UV-Vis spectrum between 360 and 390 nm53,54. For [1aCu(I)]+ a band was observed 

with an absorption maximum at 314 nm (ε = 4585 M-1 cm-1) with a shoulder at 421 nm. The 

absence of the typical band can be attributed to the specific tridentate (PNN) coordination 

mode (A, scheme 20). The coordination sphere of the metal may be fulfilled by acetonitrile 

originating from the starting material (not depicted in scheme 20). On the basis of the 

spectroscopic data it is not possible to establish the exact structure of the copper(I) complex. 

Higher aggregates, in which both the nitrogen and phosphorus donor atoms participate in 

binding the metal (B), cannot be excluded. The related 6-diphenylphosphino-bipyridine 

ligand, for instance, forms bi-nuclear copper(I) complexes, in which both metals are 

stabilized by a bipyridine and a phosphine (C)52c. 

 

2,9-Bis-mesityl substituted phenanthrolines (3i and 3j) yield in combination with copper(I) 

and a second phenanthroline, stable heteroleptic bis-phenanthroline complexes in high 

yield26. In combination with 1a, the co-ligand reduces the preference for copper(I)-phosphine 

coordination and leads to predominately the heteroleptic [3jCu(I)1a]+ species (scheme 21). 
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Scheme 21: Unselective formation of the heteroleptic 1a-3j copper(I) complex. 

 

Addition of one equivalent of 3j to a clear yellow-orange solution of in situ generated 

[1aCu(I)]+, resulted in a rapid color change to dark red. In the UV-Vis spectrum a broad 

absorption band with a maximum at 464 nm (ε = 1705 M-1 cm-1) was observed, characteristic 

for bis-phenanthroline copper(I) complexes53,55. Mass spectrometry confirmed the formation 

of the heteroleptic copper species ([1aCu3j]+), as well as the homoleptic metal complexes 

([1aCu]+ and [3jCu(MeCN)]+). In the 31P spectrum of a CD2Cl2 solution, broad signals were 

present at –13 and 8 ppm (roughly 4:1). The high field signal can be assigned to the 

uncoordinated phosphine moiety of the basic building block in the heteroleptic [1aCu(I)3j]+ 

complex (A, scheme 8). The heteroleptic copper(I) complex (A) is thus formed in roughly 



Metal-Mediated Assembly of Bidentate Phosphine Ligands 
__________________________________________________________________________________________ 
 
 

 139 

80% yield. The relative low yield of the heteroleptic bis-diimine species can be attributed to 

the high preference of copper(I) for phosphine donors. The signal at 8 ppm reveals the 

presence of the homoleptic tridentate copper(I) complex of 1a (B). The formation of this 

species also implies that uncoordinated 3j must be present in the reaction mixture28. Indeed 

several broad resonances observed in the 1H NMR spectrum in the region between 2.6-1.3 

ppm, correspond to the CH3 moieties of 3j in several environments. 

 

Coordination of zinc(II) to 1a   We studied the coordination of zinc(II) to building block 1a in 

the presence of co-ligand 3h. Reaction of equimolar amounts of 1a, Zn(II)(OTf)2 and 3h 

yielded an off-white solid, which according to the spectroscopic data contains several 

species (scheme 22). 
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Scheme 22: Non-selective formation of the heteroleptic [1aZn(II)3h]
+
 complex. 

 

[1aZn3h]2+ and [1aZn5]2+ were identified with mass spectrometry. The presence of [1aZn5]2+ 

can be attributed to the oxidation of one phosphine moiety of the [1a2Zn(II)]
2+. This process 

takes place inside the mass spectrometer, as with 31P NMR spectroscopy no signals 

corresponding to phosphine oxides were observed (fig. 9). 

 
 

                                                                                                           [1aZn(II)3h]
+
  →    

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 9: 
31
P NMR spectrum of the heteroleptic [1aZn(II)3h]

+
 complex 
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The two sharp resonances at –18.5 and –25.4, as well as an extremely broad resonance at –

15.7 ppm (132:25:32) show that the reaction leads to a mixture of complexes. Likely the 

heteroleptic ([1aZn(II)3h]2+) and homoleptic ([1a2Zn(II)]
2+ and [3h2Zn(II)]

2+) complexes are 

formed and we assign the main signal at –18.5 ppm to the heteroleptic species. The 1H NMR 

spectrum supports this; two distinct sets of resonances (3:1) at 4.20 (doublet, 8.0 Hz) and 

4.08 ppm (doublet, 8.8 Hz) corresponding to the methylene moiety of 1a in at least two 

different environments. The chemical shifts in the 31P NMR spectrum suggest that the 

phosphine moiety is coordinated to the metal. Care should, however, be taken when 

assigning zinc-phosphine coordination bonds solely on the basis of 31P NMR data; the shift to 

higher field could also be induced by the coordination of the zinc ion to the diimine in close 

proximately of the phosphine56. 

 

Coordination of palladium(II) to 1a    Related tridentate ligands, (e.g. terpyridine) generally 

yield η3- and η1-allyl complexes with the ligand coordinated in bi- and tridentate modes57. It 

can therefore be expected that 1a also yields more than one species. Indeed, reaction of 

equimolar amounts of the building block 1a with [(allyl)Pd(II)(THF)2]
+ yielded a mixture of 

complexes in which the metal coordinates to both types of donor atoms (chart 6). 

 

Ph2P N

Pd N

A B

+

N N

PPh2
Pd

+

Pd

C

+

PPh2Ph2P

N N
N

N

 
 

Chart 6: Possible bi- and tridentate coordination modes in palladium-1a complexes. 

 

In the 31P NMR spectrum several multiplets were observed in the region between 67 and 22 

ppm (fig. 10). The main signal (roughly 50%), is a slightly broad singlet at 37.5 ppm. On the 

basis of its chemical shift57a, this is assigned to the mononuclear η1-allyl palladium complex 

in which 1a coordinates in a tridentate manner (A). The main distinctive signals in the 1H 

NMR spectrum were a doublet at 4.66 ppm (12.5 Hz, CH2 of 1a) and two broad singlets at 

5.9 and 2.6 ppm (protons of the allyl moiety). The chemical shifts are in agreement with the 

allyl moiety coordinating to the palladium in a η1-manner57. The reaction of two equivalents of 

1a with palladium did not lead to a more selective coordination mode58. In the 31P NMR 

spectrum three slightly broad resonances were observed at 37.3, 24.4 and 19.7 ppm 

(3:2:15), corresponding to, respectively, A and palladium complexes in which the metal is 

solely coordinated to the phosphine moiety (e.g. C)57a. Note that the integrals show that a 
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considerable percentage of the palladium centers is solely coordinated by the phosphine 

moieties of 1a (roughly 75% of 1a is present as a ligand in these species). 

 
 

                                                                   ←  Tridentate coordinated species (A) 

 
 
 
 
 
 
 
 
 
 
 
 
 

                                                                                            ←  (bis-) phosphine coordinated 

                                                                                                            complexes (e.g. C) 
 
 
 
 
 
 
 

Figure 10: 
31
P NMR spectrum of [1aPd(II)(allyl)]

+
. 

 

Coordination of rhodium(I) to 1a   In previous work, rhodium(I) displayed a high preference 

for coordination to the phosphine moieties of the basic building block6. To the contrary, in the 

coordination to building block 1a, both the nitrogen and phosphine donor atoms are involved 

(scheme 12). We attribute this difference in behavior to the specific structure of 1a with the 

phosphine and diimine donor atoms in close proximity, enabling terdentate coordination. 
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Scheme 24: Displacement of COD as a result of diimine-rhodium(I) coordination. 

 

Reaction of 1a with [(COD)Rh(I)(THF)2]
+ (2:1) in CH2Cl2 resulted, after evaporation of the 

solvent, in a dark red-brown powder. With mass spectrometry [1a2Rh]
+, [5Rh(COD)]+, 
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[1aRh5]+ and [52Rh]
+ were identified. The 1H NMR spectrum gave little additional structural 

information due to the broadness of the peaks. A doublet at 3.96 ppm (13.8 Hz) can be 

assigned to the CH2 moiety of the building block. In the 31P NMR spectrum two sets of 

slightly broad multiplets were observed around roughly 56 and 42 ppm. A singlet at 32.0 ppm 

can be assigned to (the rhodium complex of) 5. Cooling the sample to –10 °C sharpened the 

resonances, allowing the identification of the pattern as two doublets of doublets at 55.96 

and 42.48 ppm (fig. 11). The coupling constants are, respectively, 172.7 and 168.6 Hz, 

typical for 1JRh-P, while the additional coupling with an average value of 50.4 Hz is typical for 

2JP-P. Note that, due to the broad character of the resonances, the coupling constants could 

not be determined exactly59. The data is consistent with a rhodium complex coordinated to 

two magnetically different phosphines. A rhodium complex in which one building block 1a is 

coordinated in a tridentate manner to the metal, while a second 1a is coordinated solely via 

the phosphine moiety fulfills the criteria (B, scheme 24). Moreover, the average chemical 

shift of roughly 47 ppm is in agreement with a cationic rhodium species coordinated by one 

bipyridine and two phosphine moieties60. 
 

                                                                                                                       ←  5    

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 11: 
31
P NMR spectrum of [1a2Rh(I)]

+
. 

 

The complex in which the metal is solely coordinated by phosphines ([1a2Rh(I)(COD)]
+, A) 

may have been formed initially, with coordination of the bipyridine moiety of 1a in equilibrium 

with coordination of the COD ligand61. Evaporation of the uncoordinated alkene during work 

up subsequently pushed the equilibrium towards B. Indeed, the protons of the 

cyclooctadiene ligand could not be identified in the 1H NMR spectrum. Rhodium(I)-COD 

complexes of related pyridine-phosphine ligands have shown similar behavior; the initially 

formed bis-phosphine COD species rearrange to give uncoordinated cyclooctadiene6,60. The 

rearrangement process was still in progress; after one day the 31P NMR spectrum displayed 

a number of multiplets in the region between 54 and 23 ppm. 
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Finally we studied the coordination mode in the related Rh(I)(acac) species. The results 

indicate that with this anion the coordination towards 1a is more selective, yielding a single 

mononuclear species in which 1a coordinates in a tridentate manner (scheme 25)24. 

 

1a

(acac)Rh(I)(CO)2

N N

PPh2 N N

PPh2

O O

Rh

 
 

Scheme 25: Selective coordination of rhodium(I)(acac) to building block 1a. 

 

Reaction of equimolar amounts of 1a and [(acac)Rh(I)(CO)2] yielded, after evaporation of the 

solvent (toluene), a dark-green solid. In the UV-VIS spectrum of a CH2Cl2 solution a band 

with an absorption maximum at 645 nm was observed (ε ≈ 372 M-1 cm-1), which is 

responsible for the green color of the complex (fig. 6). We attribute this band to a tridentate 

(PPN) coordinated species, as [42Rh(I)(acac)] only absorbs below the 350 nm, while 

[(pyridine)2Rh(I)(PPh3)2]
+ has an absorption maximum at 410 nm62. With mass spectrometry 

[1aRh]+, [1aRh(CO)]+ and [1aRh(MeCN)]+ were identified (the MeCN ligand can be attributed 

to the use of MeCN as the eluent). In the 31P NMR spectrum a doublet was observed at 46.1 

ppm, with a coupling constant of 150.4 Hz, which is a typical value for 1JRh-P. The absences 

of signals corresponding to non-coordinated phosphines, indicates that the metal coordinates 

in a selective 1:1 manner to the building block. In the 1H NMR spectrum, a doublet at 4.03 

ppm (14.5 Hz) can be assigned to the methylene protons of 1a63. Reaction of 

[(acac)Rh(CO)2] with two equivalents of building block 1a yielded, after evaporation of the 

solvent, a black solid. The spectroscopic data indicate that this reaction yielded 

predominately the mononuclear [1aRh(I)(acac)] species, with the second equivalent of 1a 

oxidized during work-up to yield 5. This is also consistent with the mass spectrometry, in 

which [1aRh]+, [1aRh(CO)]+, [1a2Rh]
+, [1aRh5]+ and [52Rh]

+ were detected. 

 

Palladium-catalyzed allylic amination - General procedure   A Schlenk, equipped with a 

magnetic stirring bar, was charged in the following order with the bi-nucleating template (2) 

or co-ligand (3), the assembly metal, the ligand and [(allyl)Pd(II)(THF)2]OTf (1.5 µmol) in the 

appropriate amounts. After stirring for approximately 60 minutes, the solvents were 

evaporated in vacuo and the complex was re-dissolved in nitromethane (1.0 ml). 

Alternatively, the catalysts and assembly metal complexes were prepared in separate flasks 

and added to the reaction flask via stock solutions. The allylic substrate (0.36 mmol) and 

nitrobenzene (0.20 mmol, as internal standard for the GC) were added via a nitromethane 

stock solution (1.0 ml). The reaction was started by adding the amine (0.40 mmol, 1.0 ml of a 
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freshly prepared nitromethane stock solution) and monitored by sampling at regular intervals. 

The samples were quenched in a dba (dibenzylidene acetone) solution in Et2O, filtered over 

celite and analyzed with GC. All allylic amination experiments were performed at least in 

duplo and the results were reproduced within GC error limits. Note that a problem associated 

with nitromethane as a solvent (for allylic substitution reactions) lies in the explosive nature of 

nitromethane under basic conditions!64. Additionally nitromethane can act as a C1 

nucleophile64. Note that under the applied reaction conditions no nitromethylated allyl 

products were observed. 

 

Hydrogenation of dimethyl itaconate - General procedure   A Schlenk, equipped with a 

magnetic stirring bar, was charged in the following order with the co-ligand (3), the assembly 

metal, the ligand and [(COD)Rh(I)(THF)2]OTf in the appropriate amounts. After stirring for 

approximately 60 minutes, the solvents were evaporated in vacuo and the complex was re-

dissolved in the reaction medium. Alternatively, the catalysts and assembly metal complexes 

were prepared in separate flasks and added to the reaction flask via stock solutions. The 

catalytic experiments were run simultaneously in a parallel way using an autoclave equipped 

with 15 mini inner-reactors. Vessels equipped with Teflon stirring bars, were charged with the 

self-assembled catalyst (0.5 µmol Rh), 50 µmol dimethyl itaconate and 50 µmol decane (as 

internal standard for GC). The vessels were transferred into a stainless steel 150 ml 

autoclave and the autoclave was flushed with hydrogen gas (3 x 3 bar) and pressurized to 10 

bar. After stirring for 12 hour at 20 °C, the autoclave was depressurized and the reaction 

mixtures were filtered over silica (CH2Cl2). Conversions were determined by GC and all 

catalytic runs were performed at least in duplo and the results were reproduced within GC 

error limits. 

 

Hydroformylation of styrene - General procedure   A Schlenk, equipped with a magnetic 

stirring bar, was charged in the following order with the co-ligand (3), the assembly metal, the 

ligand and [(acac)Rh(I)(CO)2] in the appropriate amounts. After stirring for approximately 60 

minutes, the solvents were evaporated in vacuo and the complex was re-dissolved in 

ClCH2CH2Cl. Alternatively, the catalysts and the assembly metal complexes were prepared 

in separate flasks and added to the reaction vessels via stock solutions. The catalytic 

experiments were run simultaneously in a parallel way using an autoclave equipped with 15 

mini inner-reactors. Vessels equipped with Teflon stirring bars, were charged with the self-

assembled catalyst (0.25 µmol Rh), 100 µmol decane (as internal standard) and 125 µmol 

styrene, which was purified prior to use by filtration over a plug of basic alumina. The vessels 

were transferred into a stainless steel 150 ml autoclave. The autoclave was flushed with 

hydrogen gas (3 x 3 bar), pressurized to 20 bar and heated to 50 °C. After stirring for 20 
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hours, the autoclave was cooled to room temperature, depressurized and the reaction 

mixtures were filtered over silica (CH2Cl2). Conversions were determined by GC and 

products were identified by GC and GC-MS. All catalytic runs were performed at least in 

duplo and the results were reproduced within GC error limits.  

 

Molecular modeling   Molecular modeling experiments were performed using semi-

empirical (PM3-TM) calculations on a Unix workstation or a Windows PC, using Spartan 

software. 
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Chapter 6 

 

Waste-Free One-Pot Bio-Chemo-Catalyzed Allylic Amination 

 

Towards Integration of Bio- and Transition-Metal Catalysts 
 

 

Abstract 
 

The main objective of the research described in this chapter, is the design and exploration of 

a novel methodology comprising the integration of bio- and transition-metal catalyzed 

transformations. The general process involves the in situ activation of substrates with an 

enzyme-catalyzed reaction and a subsequent transition-metal catalyzed coupling reaction 

with the activated substrate. This route enables the recycling of an activator, that otherwise 

would be a significant part of the waste stream. To obtain fundamental insight into the 

chemistry involved in the integrated process, a system based on palladium and lipase 

catalysts was investigated, which aimed at the waste-free synthesis of allylic amines. Lipase 

is used as a biocatalyst to convert an allylic alcohol into the corresponding ester. This 

activated substrate is subsequently converted into the product by a palladium-catalyzed 

allylic amination. The acetic acid generated in the latter reaction is used as the acetate 

source in the lipase-catalyzed esterification, making the two catalytic cycles fully integrated. 

 

The optimized system converts a broad variety of substrates to the corresponding allyl 

amines in moderate to high yields. The reaction temperature, the solvent, the (bio-) catalyst 

and the drying agent all have a decisive influence on the outcome of the reaction. The 

reaction proceeds most efficiently in apolar solvents at elevated temperatures. Molecular 

sieves obscured the results, as it not only serves as a drying agent, but also plays an active 

role in the transformations. At first, most results pointed towards the successful integration of 

the enzymatic- and chemo-catalyzed reactions. More detailed research revealed that the 

reaction proceeds via an alternative route in which the released acetic acid is not used by the 

lipase, but serves as a co-catalyst for the palladium-catalyzed amination of allylic alcohols. 
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6.1   Introduction 
 

The current human population has an almost insatiable need for natural resources. As 

reserves are limited, it is essential to move to a more sustainable use of matter. This clearly 

defines challenges for chemists such as the development of catalytic systems performing 

reactions at 100% atom economy1,2. The development of cascade conversions is considered 

as an important step towards sustainable chemical production3. One of the advantages of 

these types of processes is that it results in a substantial reduction in solvent usage. Nature 

provides numerous examples of cascade processes, which generally comprise multi-step 

reactions carried out by well-organized arrays of enzymes4, 5. One-pot procedures that utilize 

several (transition-metal) catalysts are far less common, although in the last decade an 

increasing number of efficient systems have been developed3,6,7. Combining bio- and 

transition-metal catalyzed steps is a particular attractive route, because both the advantages 

of enzymes and organometallic catalysts can be utilized8. Several groups have combined 

enzymes and organometallic catalysts in dynamic kinetic resolutions (DKR) of various 

classes of substrates9. Scheme 1 shows an example, in which the combination of stereo-

selective esterification by lipase, combined with ruthenium-catalyzed racemization of the 

substrate, gives the product in high enantiomeric purity in nearly quantitative yield10. In 

comparison with the classical resolution technique, the cascade leads to an almost doubling 

of the yield. 
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Scheme 1: Ruthenium and lipase-catalyzed dynamic kinetic resolution. 

 

Generally transition-metal catalysts require activated substrates; only those that contain a 

suitable activation group, such as halogens, are converted into the desired product. This 

activation group is not incorporated in the final product, but ends up in the waste stream. 

Integrating (rather than cascading) multiple catalytic steps into a single process could in 

principle reduce the amount of activator required. Such a process should consist of an in situ 

activation of substrates with for example an enzymatic reaction, followed by a transition-

metal catalyzed coupling reaction with the activated substrate. As the two catalytic steps are 

integrated into one single process, in situ reuse of the activator becomes possible. The use 

of only catalytic amounts of the activator, and therefore waste-free transformations become 
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feasible. In this chapter we describe the results obtained using this approach for the 

synthesis of functionalized allyl amines. 

 

Allyl Amines   Allyl amines are important building blocks in organic chemistry11. The 

synthesis of these compounds receives considerable interest from both industry and 

academia. Transition-metal catalyzed allylations emerged as clean, powerful and versatile 

routes11,12. Generally palladium catalysts are superior in comparison with other transition-

metals with respect to activity and selectivity. Scheme 2 shows the general reaction 

mechanism for palladium-catalyzed allylic substitution. Oxidative addition of the substrate 

(vide infra) to a palladium(0) complex yields a π-allyl palladium(II) complex. Reaction of this 

complex with a nucleophile gives the product and regenerates the palladium(0) complex that 

can re-enter the catalytic cycle. Three different regio-isomers of the product can be formed; 

linear trans, linear cis and branched. The nature of the substrate, the nucleophile and the 

ligand that is coordinated to the metal all have a large influence on the regio-selectivity of the 

reaction12. Chiral ligands have been applied in the asymmetric synthesis of allyl amines13. 
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Scheme 2: General scheme of palladium-catalyzed allylic substitution. 

 

Allylic substitution reactions are often performed with allylic carbonates (LG = O2COR) and 

esters (LG = O2CR). As these activated substrates are usually prepared from the allylic 

alcohols, the preparation of the substrate leads to a considerable amount of waste. Route A 

(scheme 3) shows the waste generation in the activation of crotyl alcohol (crotyl = but-2-

enyl). Converting this into the crotyl acetate by reaction with acetyl chloride generates HCl, 

which is neutralized with triethylamine. Subsequently, during the allylic amination (route B) 

additional waste is generated, because the acetate group, which has been introduced to 

activate the alcohol, serves as the leaving group. The combined two-step synthesis results in 

undesirable large amounts of waste, the preparation of N,N-di-propyl-but-2-en-1-amine (R1 = 

R2 = C3H8) via this route, generates 1.9 kg of waste per kg of product. 
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Scheme 3: Waste (boxed) formed in the synthesis of allylic acetates and a subsequent 

palladium-catalyzed amination. 

 

The direct conversion of allylic alcohols would be highly satisfying from an atom economy 

point of view, since water will be the only waste formed14. Due to the poor leaving ability of 

the hydroxy-group, direct catalytic conversion of allylic alcohols is difficult15. Rather severe 

reaction conditions are needed to convert these substrates into the desired products. 

Moreover, the product is often only obtained in low yield as a result of side reactions that 

occur under these severe conditions. Several routes to convert allylic alcohols directly have 

been explored. Considerably progress has been made with the use of in situ activating 

agents16, like titanium17 or boron compounds18. These routes, nevertheless, still lead to 

considerable amounts of waste, as the activating agents need to be present in (sub)-

quantitative amounts. Recently Ozawa et al. reported an interesting route for the direct 

conversion of allylic alcohols, which requires a particular class of phosphorus bidentate 

ligands to stabilize palladium19,20. From an economical and practical point of view, the 

application of readily accessible and cheap (organometallic) catalysts would be highly 

desirable.  

 

Scheme 4 shows our proposal for waste-free allylic amination. The system is based on the 

integration of two catalyzed transformations. The substrate (allylic alcohol, 1) is converted 

into the corresponding allylic acetate (2) by an enzymatic reaction. The ester is subsequently 

converted into the amination product (4) by a palladium-catalyzed allylic amination. The last 

step produces acetic acid as a byproduct; this can act as the acetate source for the activation 

of the alcohol by the enzyme. Thus, the combination of bio- and chemo-catalysis enables the 

recycling of the ‘acetate’ and thereby results in a waste-free route21. 
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Scheme 4: Lipase and palladium based integrated system for the waste synthesis of 

allylic amines from allylic alcohols. 

 

Lipases   Lipases are the primary choice to catalyze the enzymatic part of the reaction22,23. 

They represent a class of trans-esterification enzymes with outstanding catalytic properties. 

Depending on the solvent system, they catalyze the ester formation from alcohols and acids, 

or the reverse reaction (the hydrolysis of esters) (A, scheme 5). In addition, they are 

excellent trans-esterification catalysts (B)24. 

 

R

O

OR'

+ H2O

R

O

OH
+ HOR'

- H2O

R

O

OR
+ HOR'

R

O

OR'
+HOR

A

B
 

 

Scheme 5: Lipase-catalyzed hydrolysis, esterification and trans-esterification reactions. 

 

In nature, lipases have various functions in the degradation of food and fat. In biotechnology 

they are often applied as catalysts for the production of specialty chemicals, as a result of 

their extraordinary stability in non-aqueous environments; in general good activities and 

selectivities are found in a broad range of organic solvents25,26. Furthermore, lipases are 

stable at high reaction temperatures27, especially if immobilized on a support28. The solubility 

of the lipases in organic solvents can be enhanced, without compromising the activity or 

selectivity29. Many enzymes only accept specific substrates. Lipases, on the other hand, 

accept a wide range of substrates with diverse electronic and steric properties. Several 
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papers have reported high yield transformations with a broad variety of allylic alcohols or 

esters as substrates30,31,32,33. The increasing knowledge of the anatomy of the lipase binding 

site34 and the reaction mechanism opens the way to design enzymes (for specific substrates) 

using rational strategies35. To arrive at integrated bio- and chemo-catalyzed processes it is 

essential that the performance of the enzyme and the organometallic catalyst are not 

adversely affected by the presence of one another. Lipases are tolerant to several types of 

transition-metal catalysts9. More specifically, lipases and palladium complexes have been 

combined successfully in dynamic kinetic resolution of chiral amines36, allylic alcohols32a and 

allylic acetates32b. The knowledge gained in these cascade examples make lipase and 

palladium an ideal combination for an integrated system. The complexity of the catalytic 

system increases with the number of steps that are integrated and consequently, it becomes 

increasingly difficult to predict the outcome of the overall process. In addition, the overall 

process may be very sensitive to small changes in the conditions applied. 

 

 

6.2   Results and Discussion 
 

Initial reactions  –  pure ethyl acetate   The first goal in this investigation was the one-pot 

conversion of cinnamyl alcohol (1a, scheme 6, systematic name: 3-phenylprop-2-en-1-ol) to 

cinnamyl piperidine (4a) in the presence of lipase and palladium as catalysts. We started with 

ethyl acetate as both ‘acetate’ source and solvent and although under these conditions the 

acetate is not recycled, it is a good starting point for this study.  

 

Initial screening of the conditions involved variation of the temperature and catalysts. We 

found the coupling of 1a with piperidine (3a) to proceed efficiently and cleanly37 at elevated 

temperatures (T = 65 °C). The product 4a was obtained in almost quantitative yield with 

Novozyme 43538 and [(1,10-phenanthroline)Pd(II)(allyl)]Cl as bio- and chemo-catalyst, 

respectively. 
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Scheme 6: Cascade lipase/palladium-catalyzed esterification-amination of cinnamyl 

alcohol, EtOAc and piperidine. 
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Although the formation of cinnamyl acetate (2a) proceeds smoothly at 25 °C, no amine 

product formation is observed at this temperature. This is due to the low catalytic activity of 

the palladium catalyst under these conditions. Indeed, in separate experiments no coupling 

product between cinnamyl acetate and piperidine was observed after 2.5 hours at 25 °C, 

whereas at 65 °C the acetate was completely consumed. 

 

In order to obtain more insight in the process, the reaction progress was monitored with GC 

in time. In figure 1 the amounts of the substrate (1a), the intermediate acetate (2a) and the 

product (cinnamyl piperidine, 4a) are plotted versus the reaction time. The data clearly 

indicate the cascading nature of this system in pure ethyl acetate at 65 °C. The esterification 

proceeds at a considerable higher rate than the palladium-catalyzed amination, resulting in a 

gradual build up of cinnamyl acetate. After 60 minutes, the substrate is completely converted 

into 95% of the intermediate and 5% of the product. In the course of the reaction this 

intermediate is converted quantitatively by the palladium into the amine product. 
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Figure 1: Concentration of cinnamyl alcohol (black), the acetate (grey) and the product 

(bold) versus time in the cascade esterification-amination in pure ethyl acetate  at 65 °C. 

 

After this initial result we explored the use of catalytic amounts of acetate. The coupling 

between crotyl alcohol (1b) and piperidine (3a) was chosen as a model reaction (scheme 7). 

Based on initial experiments we used the following standard reaction conditions: Novozyme 

435 and [(dppf)Pd(II)(allyl)]Cl were applied as catalysts in hexanes at 65 °C with molecular 

sieves to abstract the formed water39. A systematic investigation in the different factors 

influencing the reaction is described below. It must be noted that under these conditions the 

obtained yields could be reproduced within a 10% limit only. 
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Scheme 7: Regio-selectivity in the palladium-/lipase-catalyzed synthesis of crotyl piperidine. 

 

Searching for a compatibility window   Bio- and organometallic catalysts generally require 

different reaction conditions, and if these catalysts are combined in a one-pot process, it is 

essential to find reaction conditions under which both catalysts perform at an acceptable 

level. In other words, it is important to find the compatibility window. We explored the use of 

catalytic amount of ethyl acetate in a range of solvents. The palladium-catalyzed allylic 

substitutions generally proceed efficiently at room temperature in organic solvents like THF 

or CH2Cl2. These conditions proved unsuitable for the one-pot process (entries 1-5, table 1). 

The use of apolar solvents at elevated temperatures (65 °C) was more successful (entries 6 

and 7). The highest yields were obtained in hexanes (63% after 12 hours). This can be 

explained by the higher esterification activity of lipases generally found in apolar organic 

solvents26b,40. 

 

Table 1: Screening of solvent and temperature in the one-pot conversion of 1b to 4b. 

Entry Solvent Temperature (°C) Yielda 

1 DCM 25 n.o. 

2 THF 25 n.o. 

3 THF 65 n.o. 

4 MeCN 65 n.o. 

5 Toluene 65    9b 

6 n-Bu2O 65 42 

7 Hexanes 65 63 

Conditions: 1b/3a/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg molecular 
sieves, total volume = 4 ml. aIn mol% based on 1b, after 12 hours. bAfter 24 hours. n.o. = not observed. dppf = 1,1’-
bis-(diphenylphosphino)ferrocene 

 

With hexanes as the solvent and a reaction temperature of 65 °C for 20 hours we found 4b in 

81% linear trans, 13% linear cis and 5% branched (scheme 7). The high selectivity for the 

linear trans product can be contributed to the relatively high reaction temperature applied. 

The same regio-selectivity was found in a control experiment using crotyl acetate and 2.2 

equivalents of piperidine under otherwise identical reaction conditions. Further optimization 
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of the process was performed using hexanes as the solvent by investigating the effect of the 

reaction temperature. The product is efficiently formed at 65 °C and 80 °C (entries 3 and 4, 

table 2) while at 55 °C a much lower yield is obtained (entry 2). At room temperature no 

product was observed (entry 1). 

 

Table 2: Influence of the temperature on the yield in the one-pot conversion of 1b to 4b. 

Entry Temperature (°C) Yielda 

1 25  0 

2 55  25b 

3 65 63 

4  80c 87 

Conditions: 1b/3a/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg molecular 
sieves, hexanes (4 ml). aIn mol% based on 1b, determined after 12 hours. bAfter 40 hours. cn-Heptane as solvent. 

 

The overall reaction is a condensation between an allylic alcohol and an amine, generating 

water as side-product (scheme 4). We investigated if the presence of various drying agents 

to remove the water from the reaction medium has an influence on the yield of the reaction 

(table 3). The use of molecular sieves (entry 3) resulted in significantly higher yields than the 

use of MgSO4 (entry 2) or in the absence of a drying agent (entry 1). During the course of the 

research we discovered the reason for the higher yields obtained with molecular sieves (vide 

infra). 

 

Table 3: Screening of drying agents in the one-pot lipase/palladium-catalyzed synthesis of 4b. 

Entry Drying agent Yielda 

1 X 44 

2 MgSO4 46 

3 Molecular sieves 63 

Conditions: 1b/3a/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg drying agent, 
hexanes (4 ml), 65 °C. aIn mol% based on 1b, after 12 hours. 

 

Next, we studied the efficiency of various types of lipase and palladium catalysts under the 

optimized reaction conditions (table 4). In the absence of palladium, no product formation 

was observed (entry 1). Palladium tertakis-triphenylphospine ([Pd(0)(PPh3)4]) turned out to 

provide slightly higher yields than [(dppf)Pd(II)(allyl)]Cl (entries 2 and 3). Yields in the range 

of 2-5% were obtained when all components except lipase were allowed to react (entry 4). 

The small amount of product observed, is explained by the direct amination of allylic alcohols 

by palladium. Similar yields were reported by Bricout et al. for the Pd/PPh3-catalyzed 

coupling between allyl alcohol and diethylamine at 80 °C41. 
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Table 4: Catalyst efficiency in the one-pot synthesis of 4b from 1b. 

Entry Palladium catalyst Lipase Yielda 

1 - Novozyme 435c n.o. 

2 [Pd(0)(PPh3)4]
b Novozyme 435c 76 

3 [(dppf)Pd(II)(allyl)]Clb Novozyme 435c 63 

4 [(dppf)Pd(II)(allyl)]Clb - trace 

5 [(dppf)Pd(II)(allyl)]Clb CALBd 85 

6 [(dppf)Pd(II)(allyl)]Clb Amano Lipase Me trace 

Conditions: 1b/3a/EtOAc/Pd 60/66/6/1, [1b] = 0.15 M, 300 mg molecular sieves, hexanes (4 ml), 65 C. aIn mol% 
based on 1b, after 12 hours. b[Pd] = 2.5 mM. c10 mg. d5 mg. eVarious amounts tested. n.o. = not observed. 

 

The reaction proceeds very efficiently with Novozyme 435 or CALB as esterification catalyst 

(entries 1 and 5, CALB = lipase B from Candida antartica). A direct comparison of the 

efficiency of the two enzymatic catalysts is not possible, as the enzyme loading on the resin 

is unknown for Novozyme 435. The 85% yield obtained with pure CALB corresponds to an 

average turnover frequency (TOF) of 280 mol product per mol lipase per hour. For the 

palladium catalyst and the activator (‘OAc’) the average TOF are respectively 4.9 and 0.7 

mol prod. (mol cat)-1 h-1. From a practical point of view, the resin-based Novozyme 435 

turned out to be more convenient and was used in the remaining experiments. The use of 

Amano Lipase M. (from Mucor javanicus) lead to only traces of the allylic amine (entry 6). We 

evaluated its trans-esterification capability in separate experiments under otherwise similar 

reaction conditions. It turned out that this lipase is, under the applied reaction conditions, 

unable to convert allylic alcohols to the corresponding allyl acetates using EtOAc as acetate 

source. 

 

To see whether we could increase the turn over number (TON) of the acetate, and thereby 

further reduce the amount of waste, we investigated the system with different amounts of 

EtOAc (table 5). In the experiment with 35 mol% ethyl acetate, an additional 25% of amine 

was added, to serve as a base for the acidic acid generated by the palladium-catalyzed 

amination. Surprisingly, the yield gradually decreases with increasing ‘acetate’ concentration 

(entries 1-5); 68% yield after 12 hours with 35 mol% EtOAc compared with 99% yield in the 

presence of 1 mol% EtOAc. Initially we contributed this to a strong solvent effect of the 

palladium-catalyzed step. The lipase activity should increase with increasing EtOAc 

concentration. The palladium-catalyzed reaction on the other hand could be inhibited by an 

increasing EtOAc concentration, thereby decreasing the overall progress of the reaction. 
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Table 5: Effect of the acetate concentration on the [Pd(0)(PPh3)4]/Novozyme 435-catalyzed 
synthesis of 4b. 

Entry EtOAca Yielda (4 hours) Yielda (12 hours) 

1 35 44 68 

2 10 39 76 

3   5 57 95 

4   1 84 99 

5   0 44 82 

Conditions: 1b/3a/Pd(Ph3)4 60/66/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg molecular sieves, 4 ml hexanes, 65 
°C. aIn mol% based on 1b. 

 

Surprisingly, in the absence of EtOAc the product was obtained after 12 hours in 82% yield. 

These results point to a background reaction that accounts for 50% of the observed activity. 

The data also point out that the system cannot be simply interpreted as a large background 

reaction plus an additional (catalyzed) reaction. For instance, in low concentrations the 

addition of ethyl acetate results in an increase of the yield; after 4 hours the addition of 1% 

EtOAc almost doubles the yield (44 versus 84%, entries 4 and 5). At higher concentrations 

the addition of ethyl acetate seems to decrease the yield (entries 1 and 2). These 

unexpected results raise questions that made it necessary to critically examine the nature of 

the observed transformation and design experiments to find the origin of the background 

activity. 

 

The effect of the molecular sieves   We systematically investigated the effect of various 

reactants and additives to find the origin of the background reaction. It turned out that 

molecular sieves in combination with palladium can efficiently catalyze the amination of allylic 

alcohols (entry 1, table 6). Several batches of fresh molecular sieves (both 3 Å and 4 Å) were 

used and these were, in combination with palladium, all equally effective in the amination of 

allylic alcohols. Note that in these experiments no EtOAc was present. Similar experiments 

conducted in the absence of molecular sieves or using MgSO4 did not result in any product 

formation (entries 2 and 3). 

 

Table 6: Effect of the drying agent on the yield of 4b, synthesized in the absence of EtOAc. 

Entry Drying agent Yielda 

1 Molecular sieves 82 

2 MgSO4 trace 

3 X trace 

Conditions: 1b/3a/Pd(Ph3)4 60/66/6/1, [1b] = 0.15 M, 10 mg Novozyme 435, 300 mg drying agent, 4 ml hexanes, 65 
°C. aIn mol% based on 1b, after 12 hours. 
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After finding the origin of the background reaction, the next goal was to understand the 

mechanism resulting in the molecular sieves induced activity. First molecular sieves were 

extracted under conditions resembling catalysis. The resulting mixture was used to perform 

the palladium-/lipase-catalyzed allylic amination of crotyl alcohol. As only 3% of product was 

observed after 24 hours, the presence of acids or esters liberated from the molecular sieves 

(by the lipase) could be discarded42. It was also studied if the molecular sieves acted as an 

activator for the allylic alcohols. Various (inorganic) compounds (containing P, Sn, Ti, B 

and/or As) can be extracted from the molecular sieves and can serve as homogeneous 

Lewis acid catalysts16,17,18. This does not explain the necessity of the presence of Novozyme 

435, as without the enzyme no activity was observed (table 4). To the best of our knowledge, 

there are no examples where lipase acts as a catalyst for the synthesis of inorganic esters. 

Secondly, these compounds should have been liberated during our extraction experiments. 

Washing the resin-based enzyme prior to use did not influence the result, indicating that the 

presence of compounds originating from the polymeric support of Novozyme 435 can be 

excluded. Moreover, pure CALB in combination with [Pd(0)(PPh3)4], molecular sieves and 0% 

EtOAc also resulted in the formation of the cascade product (78% yield after 24 hours). On 

the basis of the above described experiments we are not able to explain the mechanism that 

is operative and the origin of the unexpected activity therefore remains unclear. This clearly 

shows that it becomes increasingly more difficult to rationalize effects when the complexity of 

a catalytic system increases. The fact that palladium, lipase and molecular sieves all need to 

be present, prevented us from observing this activity when we checked for background 

reactions (table 4). Although the role of the molecular sieves is unclear, it does explain the 

low reproducibility in the yields observed. The approximately 10% variation in the amount of 

molecular sieves used, generated a similar variation in the observed yields. Indeed we found 

good reproducibility in the yields when equal amounts of molecular sieves were used.  

 

The use of MgSO4 as dehydration agent   We decided to continue to explore the potential 

of the integrated approach, but molecular sieves were no longer used as drying agents. 

Since the system also gave satisfactory results with MgSO4 (table 3), we continued our 

experiments with this as the drying agent. Foremost we checked if MgSO4 is innocent under 

the reaction conditions (table 7). Only trace amounts of product were observed when the 

amination of crotyl alcohol catalyzed by palladium and lipase, using MgSO4 as drying agent, 

was performed in the absence of acetate (entry 2). As can be seen from entries 2, 3 and 4, 

lipase, palladium and acetate all are essential for product formation. This indicates that this 

drying agent is innocent under the conditions applied. Moreover, considerable lower amounts 

of palladium black were observed when MgSO4 was used instead of molecular sieves.  
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Table 7: Innocence of MgSO4 in the palladium/lipase-catalyzed synthesis of crotyl piperidine. 

Entry Lipase Palladium catalyst Amount EtOAca Yielda,b 

1 Novozyme 435c [(dppf)Pd(II)(allyl)]Cld 10 77 

2 Novozyme 435c [(dppf)Pd(II)(allyl)]Cld   0 trace 

3 X [(dppf)Pd(II)(allyl)]Cld 10 trace 

4 Novozyme 435c X 10 trace 

Conditions: 1b/3a/Pd 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, hexanes (4 ml), 65 °C. 
aIn mol% based on 1b. bAfter 20 

hours. c10 mg. d[Pd] = 2.5 mM. 

 

Next, we investigated the efficiency of several catalysts under the new reaction conditions, 

showing that the use of [(dppf)Pd(II)(allyl)]Cl as amination catalyst, provided much higher 

yields than the use of [Pd(0)(PPh3)4] (entries 1 and 2, table 8). Note that the opposite trend 

was observed in the presence of molecular sieves as drying agent (table 4). The use of 

lipases from Amano PS and Candida cylindracea as esterification catalyst gave only trace 

amounts of the cascade product (entries 3 and 4). Additional experiments revealed that 

these lipases displayed no trans-esterification activity between ethyl acetate and crotyl 

alcohol under the reaction conditions applied. 

 

Table 8: Catalyst efficiency in the one-pot synthesis of 4b, using MgSO4 as drying agent. 

Entry Lipase Palladium catalysta Yieldb 

1 Novozyme 435c [(dppf)Pd(II)(allyl)]Cl 77 

2 Novozyme 435c [Pd(0)(PPh3)4] 29 

3 Amano PSc [(dppf)Pd(II)(allyl)]Cl trace 

4 Candida cylindracea
c [(dppf)Pd(II)(allyl)]Cl trace 

Conditions: 1b/3a/EtOAc/Pd 60/66/6/1, [1b] = 0.15 M, 300 mg MgSO4, hexanes (4 ml), 65 °C. 
a[Pd] = 2.5 mM. bIn 

mol% based on 1b, after 20 hours. c10 mg.  

 

To investigate the effect of the acetate concentration on the efficiency of the process, we 

systematically varied the amount from 20 to 0 mol%. Under these conditions the expected 

gradual decrease in yield was observed when the amount of acetate was lowered (table 9). 

In the presence of 20 mol% of ethyl acetate the product was obtained in 93% yield after 20 

hours (entry 1), whereas the absence of acetate resulted in trace amounts of the product. 

The use of 1 mol% of ethyl acetate provided the crotyl piperidine in 39% yield (entry 4), 

which corresponds to a TON of 39 mol prod. (mol OAc)-1. Compared with the traditional route 

(scheme 3), this corresponds to an almost 40-fould reduction of the amount of ‘acetate 

waste’ generated during the process. Additionally, in our system no additional base was 

required to neutralize the generated acid, giving a second considerable waste reduction. 
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Introduction of the acetate via trans-hex-2-enyl acetate (entry 6) gave similar yields as the 

use of ethyl acetate (79 versus 77%)43. In this reaction there is no release of ethanol as a 

result of the lipase-catalyzed trans-esterification activity. Since the yield is similar to that 

observed for ethyl acetate as acetate source, it can be concluded that the formation of up to 

10 mol% of ethanol has a negligible effect on the overall progress of the reaction. 

 

Table 9: Effect of the acetate concentration on the yield of 4b, using MgSO4 as drying agent. 

Entry Acetate source Amounta Yielda (2 hours) Yielda (20 hours) 

1 EtOAc 20 72 93 

2 EtOAc 10 66 77 

3 EtOAc   5 27 65 

4 EtOAc   1 13 39 

5 EtOAc   0 n.o. trace 

6 C3H7 OAc  
10 50 79 

Conditions: 1b/3a/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, 10 mg Novozyme 435, hexanes (4 
ml), 65 °C. aIn mol% based on 1b. n.o. = not observed. 

 

Activator and substrate variation   We were interested in the scope of the reaction and 

therefore we studied the effect of the nature of the activator, the amine and the allylic alcohol 

substrate on the efficiency of the overall process. We anticipated that both substrates and 

activator can be chosen freely, provided that the catalysts can handle them. The use of 

methyl decanoate (CH3O2C9H19) as acetate source for the esterification resulted in an 

increase of the yield compared with ethyl acetate (89 versus 77%, table 10). Crotyl 

benzoate44 is a less suitable activator source, as poor results were obtained, both at ambient 

and elevated temperatures (entries 3 and 4).  

 

Table 10: Activator efficiency in the lipase/palladium-catalyzed synthesis of 4b. 

Entry Activator sourcea Temperature (°C) Yieldb 

1 EtOAc 65 77 

2 CH3O2C9H19 65 89 

3 Crotyl benzoate 25   6 

4 Crotyl benzoate 65 23 

Conditions: 1b/3a/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, 10 mg Novozyme 435, hexanes (4 
ml). a15 mM. bIn mol% based on 1b, after 20 hours. 

 

Next to crotyl alcohol and piperidine, various other substrates (chart 1) can be efficiently 

coupled under the optimized reaction conditions. Note that in these experiments ethyl 
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acetate was used as the activator source. Good to moderate yields were obtained for a 

variety of substrates (table 11). With cinnamyl alcohol (1a) as the substrate the product was 

obtained in a higher yield than when the isomer 1-phenylprop-2-en-1-ol (1c) was used as the 

substrate (86 versus 74% conversion, entries 1-2). Note that both substrates gave rise to the 

same product (trans-1-cinnamyl-piperidine, 4a). Cis-pent-2-en-1-ol (1d) was converted to the 

corresponding product in 56% yield, while trans-hex-2-en-1-ol (1e) was converted to hex-2-

enyl piperidine in 67%. With morpholine (3b), crotyl morpholine was obtained in 69% yield 

(entry 5). The reaction between cyclohex-2-enol (1f) and piperidine yielded only trace 

amounts of the product (entry 6), but with methylbenzylamine (3c) as the nucleophile, the 

amination product was obtained in good yield (entry 7). 

 

OH

Ph

OH OH

Ph

OH OH OH N
H

O

N
H

Ph

N
H

1a 1b 1c 1d 1e 1f 3a 3b 3c

Allylic alcohol Amine  
 

Chart 1: Allylic alcohols and amines studied in the lipase/palladium-based system. 

 

Table 11: Efficient lipase and palladium-catalyzed synthesis of allylic amines. 

Entry Allylic alcohol Amine Yielda (4hours) Yielda (20 hours) 

1 1a 3a 61 84 

2 1c 3a 58 74 

3 1d 3a 60 44 

4 1e 3a 67 56 

5 1b 3b n.d. 69 

6 1f 3a n.d. trace 

7 1f 3c n.d. 88 

Conditions: 1/3/EtOAc/[(dppf)Pd(II)(allyl)]Cl 60/66/6/1, [1] = 0.15 M, 300 mg MgSO4, 10 mg Novozyme 435, hexanes 
(4 ml), 65 °C. aIn mol% based on 1. n.d. = not determined. 

 

The role of the lipase   During the preparation of this work an article by Kobayashi et al. 

appeared, reporting the palladium-catalyzed conversion of allylic alcohols using catalytic 

amounts of acid as co-catalyst (scheme 8)45. The reported system resembles our system to a 

certain extent; palladium as a catalyst in the presence of a catalytic amount of activator (acid) 

to catalyze the alkylation of allylic alcohols. A significant difference is that the reaction is 

performed in water. 
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Scheme 8: Palladium- and acid-catalyzed allylic substitution of allylic alcohols developed 

by Kobayashi et al. 

 

In the system of Kobayashi the allylic alcohol is not esterified prior to the substitution 

reaction. Therefore, we needed to reconsider the role of the lipase in our system. Since we 

use ethyl acetate (an ester) as the source of ‘acetate’, the lipase has two tasks to perform. In 

the initial phase, the lipase performs a trans-esterification between ethyl acetate and the 

allylic alcohol to yield ethanol and the allylic acetate. In a later stadium of the reaction it 

couples the acetic acid, liberated by the palladium-catalyzed amination, with the allylic 

alcohol to generate the activated allylic substrate. To investigate the separate steps, 

experiments were conducted starting with acidic acid rather than ethyl acetate (scheme 9). 

 

OH

N

N+
 EtOAc

Pd + lipase

OH

N

N+
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Scheme 9: Ethyl acetate versus acidic acid as activator sources. 

 

Surprisingly, when acidic acid was used as activator source, the reaction also proceeded 

efficiently in the absence of lipase (table 12, entries 1 and 2). Only a slightly lower yield was 

observed in the absence of Novozyme 435 (85 versus 90%) after a reaction time of 20 hours. 

This shows that the enzyme has a limited effect on the reaction progress when acidic acid is 

the activator source and suggests that palladium in combination with the acid fully accounts 

for the observed transformations. Note that no product was observed in the absence of 

lipase when the reaction was started with EtOAc (table 7, entry 2). Clearly, under these 

reaction conditions the lipase is required for the hydrolysis of the ethyl acetate. The higher 

yield as a result of the use of HOAc instead of EtOAc as the activator source (90% versus 
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77%; table 12, entry 1 and table 9, entry 2) can be contributed to the role the lipase has to 

perform. In the latter case the HOAc needs to be released from the EtOAc by the lipase, 

while this is not necessary if the reaction is performed with HOAc as acetate source. When 

the reaction was performed in the absence of an acetate source, the reaction yielded, as 

expected, only trace amounts of the product (entries 3 and 4). 

 

Table 12: Influence of lipase on the yield of 4b, applying HOAc as activator source. 

Entry Enzyme Amount HOAca Yielda 

1 Novozyme 435b 10 90 

2 X 10 86 

3 Novozyme 435b 0 trace 

4 X 0 trace 

Conditions: 1b/3a/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1b] = 0.15 M, 300 mg MgSO4, hexanes (4 ml), 65 °C. 
aIn mol% 

based on 1b, after 20 hours. b10 mg. 

 

Next, we investigated the lipase/palladium/HOAc system in more detail, by varying the 

reaction conditions (table 13). At 50 °C in the presence of the palladium catalyst and 10 

mol% HOAc, we found that around 38% of the product was formed in the absence and 

presence of Novozyme 435 (entries 1 and 2). Similarly, the presence of lipase did not 

influence the yield when the reaction was performed at 65 °C with 1 mol% of acidic acid 

(entries 3 and 4)46. When cinnamyl alcohol (1a) was used instead of crotyl alcohol (1b), even 

a slight decrease in the yield was observed when Novozyme was present (entries 5 and 6). 

The effect of the Novozyme 435 on the yield in the reactions conducted with benzoic acid as 

activator (table 10) is also negligible, since identical yields were obtained in the absence and 

presence of Novozyme both at 25 °C and 65 °C (not presented in the table). 

 

Table 13: Influence of lipase on the yield of allylic piperidines with HOAc as acetate source. 

Entry Enzyme Amount   
HOAca 

Temperature 
(°C) 

Substrate Yielda       
(2 hours) 

Yielda      
(20 hours) 

1 Nov. 435b 10 50 1b 12c 37 

2 X 10 50 1b 14c 39 

3 Nov. 435b 1 65 1b n.d. 28 

4 X 1 65 1b n.d. 28 

5 Nov. 435b 10 65 1a 43 n.d. 

6 X 10 65 1a 51 n.d. 

Conditions: 1/3/[(dppf)Pd(II)(allyl)]Cl 60/66/1, [1] = 0.15 M, 300 mg MgSO4, hexanes (4 ml). 
aIn mol% based on 1b. 

b10 mg, Nov. 435 = Novozyme 435. cAfter 1 hour. n.d. = not determined. 
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These experiments revealed that a re-interpretation of the data and revisions of the 

mechanisms operative in our system was necessary. The data suggest the role of the lipase 

is limited to an initial trans-esterification reaction yielding allylic acetates. A subsequent 

palladium-catalyzed amination releases the ‘OAc’ as acidic acid in the system. A succeeding 

separate catalytic process, which is based on palladium in combination with the acidic acid, 

is the main contributor to the observed yields. So, instead of integrating two catalytic 

processes, a system consistent of an initial cascade of two catalyzed reactions, followed by 

an acid and palladium co-catalyzed step, was created (scheme 10). The proposed 

mechanism is consistent with the results obtained with the lipases from Candida cylindacea 

and Amano PS using EtOAc as the acetate source (table 8). As these enzymes do not 

catalyze the initial trans-esterification reaction between EtOAc and crotyl alcohol, they do not 

lead to the formation of acidic acid required as co-catalyst for the palladium-catalyzed direct 

amination of allylic alcohols. 
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Scheme 10: Complete overview of the pathways involved in the palladium- and lipase-

catalyzed amination of allylic alcohols. 

 

Interestingly, the system designed by Kobayashi performs the allylic substitution in a very 

polar environment (water)45. When we applied these reaction conditions to the synthesis of 

allylic amines, only trace amounts of the products were obtained47. Similarly, our optimized 

reaction conditions are unsuitable for the allylic alkylation of cinnamyl alcohol with ethyl 2-

methyl-3-oxo-3-phenylpropanoate. 

 

Role of the acid   From the experiments described above it can be concluded that the role of 

the lipase comprises the sub-stoichiometric activation of allylic alcohols and thereby the in 

situ generation of the acetic acid. This implies that the process is progressing in a cascade 

fashion. Palladium in combination with the liberated acid is the active catalyst responsible for 

the direct amination of allylic alcohols (scheme 10). A plausible mechanism for this latter 

process is an acid-catalyzed (self-catalyzed) ester formation between the acid and the allylic 
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alcohol. We performed our reaction under ideal conditions for ester formation (hydrophobic 

solvent in combination with MgSO4). This self-catalyzed ester formation is, however, highly 

unlikely in the comparable system designed by Kobayashi et al., as they use water as the 

reaction medium. 

 

Yamamoto et al. investigated the oxidative addition of allylic alcohols to [Pd(0)(PCy3)2]
48. The 

main products observed were palladium allyl complexes and condensation products (diallyl 

ethers) (scheme 11). Note that in none of our experiments, detectable amounts of ethers 

were formed. The amines present in our processes, which are more nucleophilic than the 

allylic alcohols, react faster with the palladium allyl species than the allylic alcohols. Ikariya et 

al. also obtained the C- or N-allylated compounds as the major product when the reaction 

was carried out in the presence of C- or N-nucleophiles49. 

 

Pd(PCy3)2

OH

O
H2O-

Pd
OHCy3P

OH

 
 

Scheme 11: Reaction pathway in diallyl ether formation from allylic alcohol and Pd(PCy3)2. 

 

The above described oxidative addition/reductive elimination mechanism does not apply to 

our system14. Without a catalytic amount of acid, no product is observed (neither allylic 

amines nor self-condensation products). In our system, the acid may protonate the OH 

group, thereby increasing its leaving ability. For this mechanism there are two possible 

routes. The protonation may take place before or after oxidative addition of the allylic alcohol 

to palladium (scheme 12). In pathway A the allylic alcohol reacts with palladium zero 

generating a hydroxy-palladium-allyl complex (5). The second step involves the protonation 

of the hydroxy group on the palladium by the acid. This results in a cationic π-allyl palladium 

stabilized by an acetate anion (6). Reaction of the latter with the amine releases the product, 

a palladium zero complex and acetic acid. The palladium and the acid can re-enter the 

catalytic cycle. In this case, the main role of the acid would be the acceleration of the slow 

process after the π-allyl palladium formation. Tsukamoto et al. proposed a comparable role 

for boronic acids in the palladium-catalyzed allylation of aryl- and vinyl-boronic acids by allylic 

alcohols50. The boronic acid transforms the hydroxide to the less coordinating arylborate 

counter anion. 
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Scheme 12: Role of the acid as protonation agent in the activation of allylic alcohols. 

 

The formation of the π-allyl palladium may also be accelerated by the acid (route B). 

Protonation increases the leaving group ability of the OH group of the allyl alcohol and 

therefore might enhance the oxidative addition to Pd(0)51. Reaction of the protonated allylic 

alcohol (7) with palladium yields the same cationic allyl complex (6). Note that the 

protonation could also take place after alkene coordination to the palladium. During the 

preparation of this manuscript, Ozawa et al. published a detailed study on the catalytic C-O 

bond cleavage of allylic alcohols with diphosphinidene palladium complexes19b. Triflic acid 

plays an important role in the catalytic cycle and the authors suggest that mechanisms 

similar to those shown in scheme 12 may be operative. In addition, they propose that a 

palladium hydride complex is the active catalyst in the waste-free amination of allylic 

alcohols52. In all the above routes, the acid (in its de-protonated form) plays an important role 

as anion for the cationic π-allyl palladium complex. As a result, the nature of the acid 

influences the reactivity of the π-allyl palladium complex, which is in line with the large 

difference between the yields obtained with acidic acid and benzoic acid used as a co-

catalyst. Further studies (more specific kinetic data) are essential to understand the role of 

the catalytic amount of acid in our system. 

 

 

6.3   Conclusions 
 

With the aim of synthesizing allyl amines in a waste-free manner, we explored the integration 

of an enzyme and a transition-metal catalyzed step in a single process. By combining a 

lipase-catalyzed trans-esterification and a palladium-catalyzed amination into a single 

system, it was anticipated that an activator could be re-used in situ. Under optimized reaction 

conditions a broad range of substrates were converted under relatively mild conditions to the 

corresponding allylic amines. With only 1 mol% of activator a considerable waste reduction 

could be achieved compared with established (catalyzed) routes. Reaction temperature, 

solvent, catalyst and especially the drying agent have a decisive influence on the reaction. At 
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first, most results pointed at the successful integration of the enzymatic- and chemo-

catalyzed reactions. In the course of the research we found that the transformations can be 

solely contributed to an acid and palladium co-catalyzed condensation between the allylic 

alcohol and the amine. The role of the lipase was limited to the initial liberation of the acidic 

acid from the acetate source. 
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6.4   Experimental Section 
 

General Remarks   All reactions were carried out using standard Schlenk techniques under 

an atmosphere of purified N2. Mass spectra were recorded on a Hewlett-Packard 

6890N/6973N GC-MS set-up (HP-5ms column (cross-linked phase 5% PhMe-siloxane, 30 m, 

0.25 mm internal diameter, 0.25 µm film thickness), E.I. detection). Gas chromatographic 

analysis were run on an Interscience HR GC Mega 2 apparatus (split/splitless injector, J&W 

Scientific DB-1 column (cross-linked phase Me2siloxane, 30 m, internal diameter 0.32 mm, 

film thickness 3.0 µm), F.I.D. detector), on an Interscience Finnigan TraceGC ultra apparatus 

equipped with a RTX1 column and on a Shimadzu GC-17A apparatus (split/splitless injector, 

BPX35 (SGE) column (35% phenyl polysilphenylenesiloxane, 25 m, internal diameter 0.22 

mm, film thickness 0.25 µm), F.I.D. detector).  

 

Materials   Chemicals were purchased from Aldrich Chemical Co. and Acros Chimica and 

used without further purification, except when stated otherwise. Candida antartica lipase B 

was purchased from Fluka, Novozyme 435 was purchased from Aldrich Chemical Co. 

Solvents were distilled from sodium (toluene), sodium/benzophenone (THF, Et2O), 

sodium/benzophenone/triglyme (hexanes) under N2 prior to use. Amines were distilled from 

CaH2 prior to usage. Molecular sieves and MgSO4 were dried at 140°C for several weeks, 

followed by at least 14 hours under vacuum at 120°C. Acetyl piperidine53 and crotyl 

benzoates54 were prepared according to published methods. [(dppf)Pd(II)(allyl)]Cl and 

[(phenanthroline)Pd(II)(allyl)]Cl55 were prepared by mixing [(allyl)PdCl]2 and the ligand (1:2) 

in DCM/THF (1:1), removal of the solvents and drying in vacuo gave an orange-red and 

yellow solid respectively, which was used without further purification. Allylic acetates were 

prepared in dichloromethane by reacting allylic alcohols with acetyl chloride in the presence 

of triethylamine at 0 °C. Allylic amines were synthesized in THF at 50 °C from the appropriate 

allylic acetates and amines (2.2 equivalents) with [(dppf)Pd(II)(allyl)]Cl as the catalyst.  

 

Standard conditions for the allylic amination experiments   Crotyl alcohol (0.6 mmol), 

piperidine (1.1 equivalents), ethyl acetate (10 mol%), Novozyme 435 (10 mg), palladium 

catalyst (1.66 mol%), hexanes, T = 65°C, 300 mg of drying agent, n-decane (0.4 mmol), total 

volume = 4.0 ml. 

 

General procedure for the allylic amination   A dry Schlenk-vessel, equipped with a 

magnetic stirring bar, was charged with the drying agent (300 mg) and the appropriate 

amounts of the palladium catalyst and lipase. Subsequently, the allylic alcohol, the acetate-

source, n-decane (internal standard for the GC) and the amine were added (when possible 
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as stock solutions). In experiments where more than 10 mol% of acetate was used, equal 

amounts of amine were also added (to serve as a base and thus to allow the reaction to go 

to completion). The total volume was adjusted to 4.0 ml and the reaction was started by 

raising the temperature to 65 °C. The reaction was monitored by sampling at regular 

intervals. The samples were quenched in a dba (dibenzylidene acetone) solution in Et2O, 

filtered over celite and analyzed with GC. Substrates, intermediates and products were 

identified with GC, GC-MS and/or HPLC. Retention times were compared to intermediates 

and products synthesized using established synthetic procedures.  

 

Extraction experiments conducted with the molecular sieves   The molecular sieves 

were stirred for 14 hours at 65 °C with a mixture of hexanes, piperidine and crotyl alcohol in 

the presence of lipase. The mixture was filtrated over celite to remove solid residues and 

subsequently used in the catalysis experiments. These were conducted both in the absence 

and presence of lipase. 
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Summary 

 

 

Transition-metal catalyzed reactions play a vital role in the move towards a more sustainable 

use of matter and energy in the production of chemicals. For a number of reactions, efficient 

catalysts have not yet been discovered and it is therefore not surprising that there is great 

interest in novel catalytic systems and in new routes to generate (libraries of) catalysts. 

Supramolecular techniques and bio-inspired strategies have proven their value and allowed 

the formation of catalysts displaying unprecedented properties. Several novel approaches 

have been studied by us and the results will be briefly summarized below. The first 

methodology involves the formation of poly-nuclear catalysts by means of metal-mediated 

self-assembly. In a second approach, the integration of two catalyzed reactions to create a 

waste-free transformation was studied.  

 

The introduction (Chapter 1) starts with a brief discussion on the relationship of ligand 

structure and catalyst properties. In the second section the types of self-assembled catalysts 

that have appeared in the literature are reviewed. Both the interaction motifs that led to the 

formation of the catalysts via self-assembly, as well as their catalytic performances are 

discussed for a number of representative catalysts. In the last part of the chapter a general 

introduction to cascade catalytic transformations is given. Several systems are discussed 

and the advantages of cascading the reactions in a one-pot process over the traditional route 

which consist of a sequence of consecutive reactions are highlighted. 

 

Chapter 2 describes a novel building block (L1, a bipyridine functionalized with two bidentate 

phosphine binding sites) that can be used to assemble hetero-nuclear catalysts. The building 

block was especially designed to bind catalytically active metals with the bidentate phosphine 

moieties and assembly metals with the bipyridine moiety. We anticipated that the nature of 

the assembly metal influences the overall structure of the assembly and thus the catalytic 

properties. By using co-ligands with a binding site suitable for coordination to the assembly 

metal, the structural diversity of the assembled catalysts can be expanded. A variety of 

coordination modes was observed in the homo-nuclear complexes of L1 (chart 1). Zinc(II) 

coordinates selectively to the bipyridine and the first two equivalents of rhodium(I) coordinate 

selectively to the bidentate phosphine moieties. Palladium(II) and copper(I), on the other 

hand, coordinate in an unselective manner to both types of donor atoms. A number of 

hetero-nuclear complexes were assembled in which the two types of metals coordinate 

selectively to the different binding sites (chart 1). For instance, when palladium(II) and 

copper(I) are combined with a suitable co-ligand, palladium(II) coordinates selectively to the 
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phosphine moieties of L1, while copper(I) coordinates to the diimine binding sites of L1 and 

the co-ligand. 
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Chart 1: A selection of the coordination modes observed for building block L1. 

 

Several self-assembled, palladium-based, hetero-nuclear complexes were evaluated as 

catalysts in the allylic amination. The results indicate that the presence of the assembly metal 

has a positive influence on the activity, whereas the nature of the assembly metal has a 

negligible effect on both the activity and regioselectivity. Similarly, the presence and structure 

of the co-ligand did not influence the catalyst performance. This result can be attributed to 

the specific structure of L1. The catalytically active metal and the assembly metal are 

positioned at a relative long distance, limiting the influence of the assembly metal and, if 

applicable, the structure of the co-ligand on the environment around the catalytic center. 

 

The application of building block L1 in the formation of chiral catalysts via metal-mediated 

self-assembly is described in Chapter 3. The approach is based on the formation of a 

heteroleptic assembly metal complex from L1 and a co-ligand (schematically depicted in 

scheme 1). The chiral moiety on the co-ligand is brought in proximity of the catalytic center, 

which, if successful, results in an enantioselective catalyst. Chiral diimines with a suitable 

binding site for the assembly metal were synthesized and applied as co-ligands. The chiral 
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heteroleptic hetero-nuclear assemblies were applied as catalysts in two asymmetric 

reactions. Both in the rhodium catalyzed hydrogenation and the palladium catalyzed allylic 

alkylation, good activities were observed. One rhodium(I)-zinc(II) assembly induced up to 

27% enantiomeric excess in the hydrogenation of dimethyl itaconate, providing proof of 

principle for the concept. All other assemblies evaluated as catalysts displayed no or only 

very low enantioselectivities. The lack of transfer of chiral information from the co-ligand to 

the catalytic center is attributed to the structure of L1 with a relative long distance between 

the two types of binding sites. 

 

+

chiral co-ligand

2

L1

assembly metal

(Mass)

catalytically active 

metal (Mcat)

binding sites

 for Mass

binding site 

for Mcat
chiral moiety

 
 

Scheme 1: Schematic representation of the formation of chiral catalysts via self-assembly. 

 

In a third approach, described in Chapter 4, the aim was the formation of immobilized 

catalysts via metal-mediated self-assembly (A, chart 2). For this purpose L1 was combined 

with a polystyrene-supported terpyridine co-ligand. Studies on model complexes indicate that 

the immobilized copper(II) terpyridine-bipyridine species are formed in up to 22% yield. A 

terpyridine-copper(II)-L1-palladium(II) species anchored to the resin is active as a catalyst in 

the allylic amination and displayed a regioselectivity similar to that observed for the non-

supported analogue. Detailed studies indicate that the resin-bound heteroleptic terpyridine-

bipyridine copper complex has a low stability and this is also evidenced by the limited 

success with which palladium catalysts could be recycled. This is attributed to ligand 

disproportionation and/or redox reactions under catalytic conditions, leading to leaching of 

both the assembly metal and the catalytic center into the solution phase. Additionally, the 

interaction of L1 with Zn(II) and DAB-dendrimers was explored, with the aim of generating 

dendritic species via self-assembly (B, chart 2). Analysis of the mixtures did not provide 

sufficient evidence for the formation of dendritic hetero-nuclear catalysts. Most likely, the self-

assembly process yields mixtures of homo- and hetero-nuclear complexes. This is also 

supported by catalysis experiments; the generation of DAB-dendrimer did not influence the 

selectivity or activity of the catalysts in the palladium catalyzed allylic amination. 
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Chart 2: Anticipated structures of polymer-supported (A) and dendritic catalysts (B), formed 

with basic building block L1. 

 

A novel mono-phosphine functionalized bipyridine (L2) was synthesized with the aim of 

serving as a building block that would allow the assembly of bidentate phosphines, of which 

the results are presented in Chapter 5. The methodology is based on the selective 

coordination of the assembly metal to the bipyridine moiety, thereby creating a bidentate 

phosphine ligand. In theory, the approach allows tuning of the bite angle of the bidentate 

ligand by the choice of the assembly metal. The coordination chemistry of L2 was studied in 

a variety of mono- and hetero-nuclear complexes. Several metals showed a high preference 

for coordination to the building block in a terdentate manner (chart 3). This in turn can be 

attributed to the specific structure of L2, with the phosphine and bipyridine moieties in close 

proximity of one another. The high preference for terdentate coordination of palladium 

inhibits the formation of palladium-based hetero-nuclear complexes. In a number of hetero-

nuclear (heteroleptic) species, rhodium was found to coordinate in a selective manner to the 

phosphine donor atoms. The data indicate that the metal-mediated self-assembly does not 

yield a bidentate phosphine motif. Instead, larger aggregates are formed in which L2 

coordinates as a monodentate phosphine to rhodium. Hetero-nuclear rhodium assemblies 

displayed no catalytic activity in the hydrogenation of dimethyl itaconate or in the 

hydroformylation of styrene. Hetero-nuclear palladium species displayed high activities in the 

allylic amination. The nature of the assembly metal had a distinctive influence on the activity; 

copper(I) and copper(II) species are considerably less active than their zinc(II) counterparts. 
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Chart 3: A selection of the coordination modes observed for building block L2. 

 

These initial studies towards the assembly of poly-nuclear catalysts signify the importance of 

appropriate building block design. For L1 the binding sites for the assembly metal and the 

catalytic center are positioned too distant from one another. Consequently, the nature of the 

assembly metal and the structure of the co-ligand have a very limited influence on the 

environment around the catalytic center. For L2 on the other hand, the bipyridine and 

phosphine donor are positioned in such a manner that it allows terdentate coordination. 

Moreover, the combination of bipyridine and phosphines may not be appropriate for the types 

of metals studied. The majority of assembly and catalytically active metals studied 

coordinated to both types of binding sites. Building blocks with other donor atoms (e.g. 

oxygen or sulphur) may be more appropriate for the metal-mediated assembly of hetero-

poly-nuclear catalysts than the phosphine-bipyridines studies by us. 

 

The integration of bio- and transition-metal catalyzed transformations in a single one-pot 

procedure is the subject of our studies in Chapter 6. The general process involves the in situ 

activation of a substrate with an enzyme-catalyzed reaction and a subsequent transition-

metal catalyzed reaction with the activated substrate. This approach enables the recycling of 

an activator and can lead to a considerable reduction of the waste stream. The integration of 

a lipase catalyzed trans-esterification with a palladium catalyzed allylic amination was 

explored. Under optimized reaction conditions a range of allyl alcohol substrates are 

converted under relatively mild conditions to the corresponding allylic amines. With only one 

mol% of activator, a considerable waste reduction is achieved in comparison to the 

established (catalyzed) routes. At first, the results indicated that the enzymatic- and chemo-
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catalyzed reactions were integrated in a single one-pot system. In depth studies revealed 

that the reaction between the allylic alcohol and the amine is solely catalyzed by palladium, 

with acetic acid serving as a co-catalyst. Interestingly, the initial lipase catalyzed trans-

esterification reaction leads to the acidic acid, which acts as a co-catalyst in the palladium 

catalyzed allylic amination (scheme 2). Thus, instead of the anticipated integrated system, 

the overall reaction consists of a cascade of catalyzed transformations. 
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Scheme 2: Lipase initiated palladium catalyzed allylic amination of allyl alcohols. 

 

For both the supramolecular and the bio-inspired approaches studied, the complexity of the 

methodologies proved to be an advantage, as well as a challenge. On the one hand it allows 

the formation of systems with unprecedented properties, but the large number of variables 

makes it increasingly difficult to predict the outcome. Consequently, it is not surprising that 

not all approaches have resulted in the anticipated catalysts. Nevertheless, we feel that the 

potential of the methodologies to yield highly efficient catalysts justifies further research. 
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Samenvatting 

 

 

Overgangsmetaal-gekatalyseerde reacties spelen een essentiële rol in een meer duurzaam 

gebruik van grondstoffen en energie in de productie van chemische producten. Voor een 

aantal reacties zijn nog geen (efficiënte katalysatoren voorhanden en derhalve is er grote 

belangstelling voor nieuwe katalytische systemen en tijdsbesparende routes om 

(bibliotheken van) katalysatoren te vormen. De toepassing van supramoleculaire en bio-

geïnspireerde strategieën hebben geresulteerd in katalysatoren met unieke eigenschappen. 

Geïnspireerd door deze ontwikkelingen hebben wij een aantal nieuwe benaderingen 

bestudeerd, waarvan de resultaten hieronder kort zijn samengevat. De eerste methodologie 

omvat de vorming van poly-nucleaire katalysatoren door middel van zelf-assemblage. In een 

tweede aanpak is de integratie van twee gekatalyseerde reacties bestudeerd, met als doel 

om een afvalvrije transformatie tot stand te brengen. 

 

In de inleiding (Hoofdstuk 1) wordt de verhouding tussen ligand structuur en katalysator 

eigenschappen kort behandeld, gevolgd door een bespreking van de zelf-geassembleerde 

katalysatoren die in de literatuur verschenen zijn. Aan de hand van een aantal 

representatieve katalysatoren worden de interacties die de basis vormen voor het 

assemblage proces, evenals de katalytische prestaties besproken. In het laatste deel wordt 

een algemene inleiding gegeven over gekatalyseerde cascade reacties. Verscheidene 

systemen worden behandeld, met speciale nadruk op de voordelen van de één-pot 

procedures ten opzichte van de traditionele routes. 

 

Hoofdstuk 2 beschrijft de toepassing van een nieuwe bouwsteen (L1, een bipyridine 

gefunctionaliseerd met twee bidentaat fosfines) in de assemblage van hetero-nucleaire 

katalysatoren. Het ligand werd speciaal ontworpen om katalytisch actieve metalen te binden 

met de fosfines en een assemblage metaal met de bipyridine. De aard van het assemblage-

metaal zou de structuur van de assemblage moeten beïnvloeden en daarmee de 

katalytische eigenschappen. De diversiteit van de geassembleerde katalysatoren kan 

worden uitgebreid door co-liganden met een bindingsplaats voor het assemblage metaal toe 

te passen. Een verscheidenheid aan coördinatiewijzen werd waargenomen in de 

verschillende homo- en hetero-nucleaire complexen van L1 (schema 1). Zink(II) bijvoorbeeld, 

coördineert selectief aan bipyridine, terwijl rhodium(I) een grote voorkeur heeft om aan 

bidentaat fosfines te coördineren. Palladium(II) en het koper(I) coördineren op een niet 

selectieve wijze aan beide types donoratomen. Een aantal hetero-nucleaire complexen kon 

worden geassembleerd waarin de twee metalen selectief aan de twee soorten 
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bindingsplaatsen coördineren. Palladium(II) bijvoorbeeld, coördineert selectief aan de 

fosfines van L1 wanneer het wordt gecombineerd met koper(I) en een geschikt co-ligand. In 

deze assemblies is het koper(I) gecoördineerd aan de diimines van L1 en het co-ligand. 

 

N N

N

O

N

O

PPh2
Ph2P

Ph2P
PPh2

L1

NN

Cu(I)

N

Cu(I)

O

N

Ph2P

PPh2

O

O

N

Ph2P

PPh2
PPh2

Ph2P

PPh2

N

N

N

O

O

PPh2

PPh2Pd

Pd

Cl

Cl

Cl

Cl

Pd
Cl

Cl

N

O

N

O

Ph2P

PPh2 Ph2P
PPh2

2+

RhRh

N N

O

O

N

Ph2P
Ph2P

NN

NN

N N

Zn

O N

Ph2P

PPh2

N

PPh2

N

PPh2
PPh2

PPh2
O

N

Ph2P
PPh2

ON

Ph2P

Ph2P
O

2+

N

N

N

N N

N

O

N

O

Ph2P

Ph2P Ph2P Ph2P

Cu(II)

2+

N

O N

O

Ph2P
PPh2

Ph2P
PPh2

3+

Pd

Pd

N N
Pd

N N

3+

NN

N

O

N

O

PPh2

PPh2

Ph2P

PPh2
Pd

Pd

Cu(I)

ClCl

NN

N

OO

PPh2

Ph2P
Pd

Zn

Cl

N

Ph2P
PPh2

PdCl

 
 

Schema 1: Selectie van de geobserveerde coördinatiewijzen van bouwsteen L1. 

 

Een aantal hetero-nucleaire complexen werden geëvalueerd als katalysatoren in de 

palladium-gekatalyseerde allylische aminering. De aanwezigheid van het assemblage metaal 

heeft een positieve invloed op de activiteit, terwijl de aard van het assemblage metaal een te 

verwaarlozen effect op de activiteit en de regioselectiviteit heeft. De aanwezigheid en de 

structuur van de co-liganden hebben een vergelijkbare kleine invloed op de katalytische 

prestaties. Dit resultaat kan aan de specifieke structuur van L1 worden toegeschreven. Het 

katalytisch actieve en het assemblage metaal bevinden zich op een relatief grote onderlinge 

afstand. Hierdoor zal de invloed van het assemblage metaal en van de structuur van het co-

ligand op de omgeving van het katalytische centrum beperkt zijn. 

 

De toepassing van bouwsteen L1 in de vorming van chirale katalysatoren wordt beschreven 

in Hoofdstuk 3. De benadering is gebaseerd op de vorming van een heteroleptisch 

assemblage metaal complex van L1 en van een co-ligand (schematisch weergegeven in 

schema 2). De chirale groep van het co-ligand wordt door het assemblage proces in 
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nabijheid gebracht van het katalytische centrum en zal, indien succesvol, resulteren in een 

enantioselective katalysator. Chirale diimines met een geschikte bindplaats voor het 

assemblage metaal werden gesynthetiseerd en toegepast als co-liganden. De chirale 

heteroleptische hetero-nucleaire assemblages werden getest als katalysatoren in twee 

asymmetrische reacties. In zowel de rhodium-gekatalyseerde hydrogenering als in de 

palladium-gekatalyseerde allylische alkylering werden goede activiteiten waargenomen. Een 

bewijs van het principe werd geleverd door de 27% enantiomere overmaat die werd behaald 

met een rhodium(I)-zink(II) katalysator in de hydrogenering van dimethyl itaconate. Alle 

andere bestudeerde assemblages toonden geen of slechts zeer lage enantioselectiviteiten. 

Het gebrek aan overdracht van chirale informatie van de co-liganden naar het katalytische 

centrum kan worden toegeschreven aan de relatief grote afstand tussen de twee type 

bindplaatsen van L1. 
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Schema 2: Vorming van chirale katalysatoren via zelf-assemblage. 

 

In een derde benadering, beschreven in Hoofdstuk 4, streefden wij naar de vorming van 

geïmmobiliseerde katalysatoren via zelf-assemblage (A, schema 3). Voor dit doel 

combineerden wij L1 met een aan polystyreen verankerd terpyridine co-ligand. Koper(II)-

terpyridine-bipyridine model complexen worden geïmmobiliseerd op het polymeer in 22% 

opbrengst. De aan de hars verankerde terpyridine-koper(II)-L1-palladium(II) complexen zijn 

actief als katalysatoren in de allylische aminering. De regioselectiviteit vertoonde grote 

gelijkenis met die van gerelateerde niet geïmmobiliseerde complexen. Uit gedetailleerde 

studies blijkt dat het verankerde heteroleptische koper(II)-terpyridine-bipyridine complex een 

lage stabiliteit heeft. Dit wordt onderschreven door het beperkte succes waarmee de 

katalysatoren konden worden gerecycleerd. Wij schrijven de instabiliteit toe aan ligand 

disproportionering en/of redox reacties onder katalytische omstandigheden, welke resulteren 

in niet verankerde complexen. Wij onderzochten ook de interactie van L1 met Zn(II) in de 

aanwezigheid van DAB-dendrimeren als co-liganden, met het doel dendritische 

katalysatoren te vormen via zelf-assemblage (B, schema 3). De analyse van de mengsels 

leverde geen onomstotelijk bewijs voor de vorming van de hetero-nucleaire katalysatoren en 

het assemblage proces resulteert waarschijnlijk in mengsels van homo- en hetero-nucleaire 
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complexen. Dit wordt ondersteund door katalytische experimenten; de generatie van de 

dendrimeer had een verwaarloosbare invloed op de selectiviteit en de activiteit van palladium 

katalysatoren in de allylische aminering. 
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Schema 3: Polymeer verankerde (A) en dendritische (B) katalysatoren gebaseerd op L1. 

 

Een nieuwe bouwsteen (L2, een mono-fosfine gesubstitueerde bipyridine) werd 

gesynthetiseerd met het doel om bidentaat fosfines te assembleren (Hoofdstuk 5). Deze 

methodologie is gebaseerd op de selectieve coördinatie van het assemblage metaal aan 

bipyridine, waardoor een katalytisch actief metaal aan het gegenereerde bidentaat fosfine 

motief kan coördineren. In theorie is het met deze benadering mogelijk om de bite angle van 

een bidentaat ligand te variëren door de keuze van het assemblage metaal. De 

coördinatiechemie van L2 werd bestudeerd in mono en hetero-nucleaire complexen (schema 

4). De meeste metalen hadden een voorkeur voor terdentate (PNN) coördinatie aan 

bouwsteen L2. Dit kan worden toegeschreven aan de specifieke structuur van L2 met de 

fosfine en bipyridine groepen aan elkaar verbonden via een enkele methylene groep. De 

voorkeur van palladium voor terdentate coördinatie blokkeert de selectieve vorming van 

palladium hetero-nucleaire complexen. In een aantal hetero-nucleaire (heteroleptische) 

complexen coördineert rhodium(I) op een selectieve wijze aan de fosfine donoren. Het zelf-

assemblage proces resulteert echter niet in een bidentaat fosfine motief; L2 coördineert als 

een monodentaat fosfine aan het metaal. Hetero-nucleaire rhodium(I) assemblages bleken 

geen katalytische activiteit te bezitten in de hydrogenering van dimethyl itaconate en de 

hydroformylering van styreen. De hetero-nucleaire palladium assemblages daarentegen, 

bleken actieve katalysatoren in de allylische aminering. De aard van het assemblage metaal 

had een duidelijke invloed op de activiteit; koper(I) en koper(II) complexen zijn aanzienlijk 

minder actief dan de zink(II) tegenhangers.  
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Schema 4: Selectie van de geobserveerde coördinatiewijzen van bouwsteen L2. 

 

De resultaten behaald met deze initiële studies naar het assembleren van poly-nucleaire 

katalysatoren laten het belang zien van het ontwerp van de bouwstenen. Voor L1 is er een 

relatief lange afstand tussen de bindplaatsen van de twee type metalen. Derhalve hebben de 

aard van het assemblage metaal en de structuur van het co-ligand een zeer beperkte invloed 

op de omgeving van het katalytische centrum. Voor L2 geldt het tegendeel; de specifieke 

structuur staat terdentate coördinatie toe. Daarnaast is de combinatie van bipyridine en 

fosfine donoren niet de meest geschikte voor de door ons bestudeerde metalen. De meeste 

assemblage- en katalytisch actieve metalen coördineren aan beide type bindplaatsen. 

Bouwstenen met andere donor atomen (bijvoorbeeld zuurstof of zwavel) leiden mogelijk tot 

betere resultaten. 

 

Een nieuwe methodologie die op de integratie van bio- en overgangsmetaal-gekatalyseerde 

transformaties is gebaseerd, is beschreven in Hoofdstuk 6. Het algemene proces omvangt 

de in situ activering van een substraat door een enzym gekatalyseerde reactie en een 

overgangsmetaal gekatalyseerde reactie met het geactiveerde substraat. Deze benadering 

laat recycling van activator toe en kan daardoor tot een aanzienlijk verminderde afvalstroom 

leiden. Wij onderzochten de integratie van een door lipase-gekatalyseerde transesterificatie 

met een palladium-gekatalyseerde allylische aminering. Onder vrij milde omstandigheden 

kunnen allylische alcohol substraten in de overeenkomstige allylische aminen worden 

omgezet in goede opbrengsten. Met slechts één mol% activator kan, in vergelijking met de 

gevestigde (gekatalyseerde) routes, een aanzienlijke afvalvermindering worden bereikt. 

Initieel leken de resultaten de integratie van de enzymatische- en overgangsmetaal-
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gekatalyseerde reacties in een één-pot systeem te onderbouwen. Meer gedetailleerd 

onderzoek toonde aan dat de reactie tussen de allylische alcoholen en de aminen alleen 

door palladium wordt gekatalyseerd, met zuur als co-katalysator (schema 5). De initieel door 

lipase gekatalyseerde transesterificatie reactie resulteert in het vrije zuur, dat als co-

katalysator in palladium gekatalyseerde allylische aminering dienst doet. In plaats van het 

geanticipeerde geïntegreerde systeem, bleek de reactie dus te bestaan uit een cascade van 

gekatalyseerde transformaties. 
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Schema 5: Lipase geïnitieerde palladium-gekatalyseerde allylische aminering. 

 

Voor de supramoleculaire en de bio-geïnspireerde benaderingen, bleek de complexe aard 

van de methodologieën zowel een voordeel als een uitdaging te zijn. Aan de ene kant staat 

het de vorming van systemen met unieke eigenschappen toe, terwijl anderzijds het grote 

aantal variabelen het moeilijk maakt om de uitkomst van een experiment te voorspellen. 

Daarom is het niet verrassend dat niet alle benaderingen hebben geresulteerd in de 

voorziene katalysatoren. Niettemin zijn wij van mening dat, gezien het potentieel van de 

methodologieën, verder onderzoek naar de in dit proefschrift beschreven benaderingen 

gerechtvaardigd is. 
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