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1.1 DNA (2’-deoxyribonucleic acids)

1.1.1 General

DNA, 2’-deoxyribonucleic acids, are polymers composed of a polar, negatively charged

sugar-phosphate backbone and hydrophobic nucleobases. In natural DNA four different

nucleobases exist: adenine (A), guanine (G), thymine (T) and cytosine (C). The first two are

purine bases and the second two pyrimidine bases, see Figure 1.
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Figure 1: Numbering of the four different nucleobases.

Watson and Crick deduced in 1953 the three-dimensional structure of DNA,1 two nucleic acid

chains are held together by hydrogen bonding between opposite bases on the two different

chains. This hybridisation only occurs in unique pairs, adenine with thymine and guanine with

cytosine, Figure 2. In the chain the nucleobases are connected via phosphate bridges between

their 3’- and 5’-O(H) group of the sugar moiety. The two nucleic acid chains that are held

together by hydrogen bonds run in opposite directions. When the base sequence is written in

letters, it is done in the 5’ to 3’ direction. This base pairing of the nucleic acid chains results in

the typical double helical structure of DNA.
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Figure 2: The chemical structure of DNA; Watson-Crick base pairing, numbering of the sugar moiety and the

3’- and 5’-end of the chains are indicated.
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Under physiological conditions nearly all DNA is in the B-DNA form with a right-handed

helix, which contains two kinds of grooves, the major (12 Å wide) and the minor (6 Å wide)

groove (see Figure 3). When the relative humidity is reduced below about 75% the helix

becomes wider, shorter and the base pairs are tilted. This A-DNA form is also right-handed. A

third type of DNA helix is the Z-DNA, the largest difference of this form with the two others

is the left-handed helix. The Z-DNA occurs when G-C base pairs frequently repeat each

other.2

Figure 3: A, B and Z-DNA double helix. The major and minor groove of the B-DNA are indicated.3

1.1.2 DNA nano-technology

In nature DNA is used as carrier for genetic information, the nucleobases of DNA molecules

carry genetic information of all known living organisms and some viruses. Their sugar and

phosphate groups perform a structural role, creating the helical structure of DNA. The

nucleobases also contribute to the helical structure by stacking and H-bonding interactions.

Nowadays DNA is also used frequently in vitro. Besides the biochemical research done with

DNA, DNA nano-technology has been developed as a new field in the last 25 years.

In the early 1980s, Seeman presented the idea of combining the sticky-end cohesion and

branched DNA junctions to make geometric objects and periodic 2D or 3D lattices of DNA.4

Ten years later he was able to make an experimental construction of a DNA object

topologically equivalent to a cube.5 Since then all kinds of nanoarchitectures with complex

patterns have been developed (Figure 8).6,7 In 2006, Rothemund designed a method for
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folding a long, single-strand DNA from a virus genome with known sequence, into all kinds

of 2D shapes (scaffolded DNA origami, Figure 8).8

A) B) C)
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Figure 4: a) Ligated products from flexible DNA components; a stick cube (adapted from reference 6). DNA

origami shapes (adapted from reference 8): b) disc with three holes and c) star. 1. Dangling curves and loops

represent unfolded sequence. 2. Diagrams showing the bend of helices at crossovers (where helices touch) and

away from crossovers (where helices bent apart). 3. and 4. AFM images. Scale bars in 4. AFM images 100 nm.

1.1.3 Modifications

In addition to the biological purpose and applications in nano-technology, DNA can also be

used in other applications by introducing (small) functional groups to the oligo- or

polynucleotide. This can be done by covalent or non-covalent modification of DNA.

Covalent modification

Covalent modifications are possible at different positions within the oligonucleotide.

Nucleobase-modified oligonucleotides are probably the largest group of DNA derivatives

which have been prepared. Other covalent modifications are done at the 5’- and 3’-end and

also the backbone, the sugar or the phosphate-group can be amended (Figure 6). More

examples of these covalent modifications will be discussed in Chapter 3. Peptide nucleic acids

(PNA) are a mimic of DNA which were first synthesised by Nielsen et al. in 1991.9 The PNA

backbone is based on N-(2-aminoethyl)glycine units, which contain the four purine and

pyrimidine bases, linked through amide bonds as in peptide chains (Figure 5); PNA is

hydrolytically much more stable than DNA.10,11

Most of the covalent modifications will change the structure and behaviour of the

particular DNA. In 2007, Cobb published a review with recent highlights in modified

oligonucleotide (ODN) chemistry.12 In that review the syntheses of modified ODNs with

fundamentally altered sugar moiety or base are reported. In a review which was published one

year later by Marx et al., newly developed labelling approaches, in which the functional label
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is attached to the ODN with the aim to alter the behaviour of the DNA involved as little as

possible, were highlighted.13
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Figure 5: A peptide nucleic acids (PNA) strand with the four nucleobases (G, T, C & A).
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Besides the different intended synthetic modifications to DNA described before, small

molecules can also react with the different functional groups of intact oligo- and

polynucleotides. These most often unwanted reactions can take place under different

circumstances. When this happens in living organisms it can cause mutagenic and

carcinogenic effects. Many synthetic chemicals or natural products are known that show no

reactivity to nucleic acids in vitro, but are transformed in vivo by metabolic processes to give

electrophiles that react covalently to DNA, RNA, and also proteins.14 RNA (ribonucleic acid),
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like DNA is a long unbranched polymer consisting of nucleotides joined by phosphodiester

bonds. The covalent structure of RNA differs from that of DNA in two respects. The sugar

units in RNA (ribose) contain a 2’-OH group, not present in the deoxyribose of DNA. The

other difference is that one of the four major bases in RNA is uracil instead of thymidine.

Uracil lacks the methyl group present in thymidine.2

In aqueous solution at extreme pH or at elaborated temperature, nucleic acids are denatured

easily. The N-glycosidic bonds are relatively labile, the purine nucleosides are cleaved faster

than the pyrimidines, while DNA is less stable than RNA.14 On the other hand, DNA is

resistant to basic hydrolysis, whereas RNA is easily cleaved under these conditions because of

the involvement of its 2’-OH groups.

The nucleoside bases are sufficiently aromatic to resist reduction under mild condition, but

examples are known where uridine or thymidine are hydrogenated into 5,6-

dihydropyrimidines. This was done by Green et al. in 1957 with a rhodium on alumina

catalyst at room temperature and atmospheric pressure.15 Reduction of ribonucleosides (RNA)

directly to 2’-deoxyribonucleosides (DNA) can be accomplished by one of the Barton

procedures involving tributyltin hydride16 (see Chapter 3, synthesis of covalent building

block).

Strong oxidizing agents such as potassium permanganate can destroy nucleoside bases.

The pentoses are also sensitive to free radicals produced by interaction of hydrogen peroxide

with Fe(III) or by photochemical means and this causes strand scission.17

Nucleophiles can attack pyrimidine residues of nucleic acids at C-6 or C-4, while reactions

at C-6 of adenine or C-2 of guanine are more difficult. There are several electrophiles which

can react with nucleic acids. Uracil and the purine nucleic acids can be halogenated directly

by chloride and bromide at their 5- and 8-position respectively. Also nitrogen (NO+) and

carbon electrophiles are molecules which can potentially react with DNA. The simplest

reagents that form bonds from carbon to nitrogen or oxygen of nucleic acids are species like

formaldehyde and dimethyl sulphate. Twelve of the nitrogen and oxygen residues of the four

nucleic acid bases, in addition to the phosphate oxygen, can be alkylated in aqueous solution

at neutral pH.14

Non-covalent modification

Non-covalent introduction of molecules to DNA is possible via outside-edge, minor- or

major-groove binding, intercalation or by selection of aptamers.14 The outside-edge binding

involves ligand binding to the outside of the helix through non-specific, primarily electrostatic
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interactions with the sugar-phosphate backbone. The classical drugs that belong to this

binding type are polyamines (spermine and spermidine, Figure 7)18 and cations like sodium

potassium and magnesium.19,20
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Figure 7: Structures of two outside-edge electrostatic DNA binding ligands, spermine and spermidine.

In the groove-binding mode ligands make direct molecular contacts with functional groups on

the edges of the bases which are pointing into either the minor or major groove. Due to the

larger number of functional groups accessible in the wide major groove compared to the

narrow minor groove of the B-DNA helix, most proteins interact (in vivo) with the major one.

They have sequence-specific interactions with the DNA. There are also some proteins and

many small molecules that interact with DNA in the minor groove. In general, small groove-

binding molecules exhibit a preference for the minor groove mainly because this groove

provides better van der Waals contacts. Minor groove-binding ligands often contain several

aromatic rings (such as pyrrole, furan, phenyl or imidazole) connected by bonds with torsial

freedom. This torsial freedom is necessary for the twist of such ligands to become isohelical

with the DNA minor groove. Examples of minor groove binding ligands are Hoechst 33258,

Berenil, and Netropsin depicted in Figure 8.21
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Intercalating ligands are planar (or nearly planar) electron-deficient aromatic ring systems,

which insert in between two adjacent base pairs, perpendicular to the helical axis, Figure 9.14

Typically they consist of two or more six-membered rings that form a platform of

approximately the same size as a DNA base pair. DNA unwinds slightly to open a space into

which the flat polycyclic aromatic intercalator can be inserted between adjacent base pairs.

The bases must be separated by approximately 3.4 Å (the van der Waals thickness of a phenyl

ring). Theoretically it would be possible to have an intercalator bound in between every base

pair in a DNA helix. However, solution studies have generated another picture. In 1962

Crains was the first who observed a stoichiometry of one intercalating molecule per two base

pairs for simple intercalators.14 A few years later Crothers22 proposed the “neighbour-

exclusion principle” which is now one of the most general rules for binding of intercalators to

DNA. According to this principle, every second (next-neighbour) intercalation site along the

length of the DNA double helix remains unoccupied.23 More complex intercalators occupy 1

in 3 sites.

B
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B

B

B

B

B

B

B

B

B

B

= intercalator

Figure 9: Left: General figure of intercalating ligands. Right: Ethidium intercalated between two adenine-

thymine base pairs.

The first intercalating ring-structure described in literature by Lerman in 1961 was acridine.24

More research followed and all kinds of intercalators with different properties were

investigated, including certain highly potent and effective drugs as well as certain

carcinogenic compounds.25,26 Examples of DNA intercalators are proflavine,24 ethidium

bromide,27 benzo[a]pyrene diol epoxide28 and NSC 727357,29 depicted in Figure 10.
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Aptamers form a completely different class of ligands that bind to DNA via non-covalent

interactions. Aptamers, oligonucleic acids of single strand DNA (ssDNA), sometimes double

strand DNA (dsDNA) or RNA sequences, have a specific three-dimensional shape

characterized by stems, loops, bulges, hairpins, pseudoknots, triplexes or quadruplexes. Based

on these structural features, these aptamers can bind to a wide variety of targets. Examples of

targets used for aptamers selection are ions, small molecules30 such as organic dyes,

nucleotides and their bases, amino acids, co-factors, antibiotics, transition state analogues, as

well as peptides, proteins and whole organisms.31 Because of their wide binding range,

aptamers have been used in therapeutics,32 as biosensors,33 analytical tools,34 antiviral agents35

and as catalysts.36,37 They bind their target by folding around it through hydrogen bonding and

- stacking, see Figure 11.38

ssDNA or RNA
(<100nt)

folding

defined 3D
structures

molecular
recognition

aptamer / target
complex

Figure 11: Schematic representation of the functionality of aptamers.39

SELEX (Systematic Evolution of Ligands by EXponential enrichment) is the in vitro

selection method of these aptamers and was first described in the early 1990s by the groups of

Gold,40 Szostak41 and Joyce (Figure 12).42 The starting point of each SELEX process is a

library of typically 1012–1015 ssDNA or RNA molecules of randomised sequences. The
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SELEX procedure is characterized by the repetition of successive steps consisting of

selection, amplification and conditioning. The first selection step starts with the incubation of

the library and the target molecule for binding (Figure 12, “binding”). Unbound

oligonucleotides are removed by several washing steps of the binding complexes (Figure 12,

“separation”). The target-bound oligonucleotides are eluted (Figure 12, “elution”) and

subsequently amplified by PCR (Figure 12, “multiplying”). A new enriched pool of selected

oligonucleotides is purified to ssDNA (Figure 12, “purification”) or in vitro transcription take

place for preparation of RNA. New target molecules are added to this selected oligonucleotide

pool for the next selection round. In general, 6–20 SELEX rounds are needed for the selection

of highly refined target-specific aptamers. The last SELEX round is finished after the

amplification step, the enriched aptamers pool is cloned and several individual aptamers have

to be characterised.38

SELEX round
Multiplying
PCR dsDNA

Binding

Separation

Elution

Target

1015 molecules

Purification
PAGE ssDNA

Figure 12: In vitro selection of target-specific aptamers using SELEX technology.
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1.2 Catalysis

The term catalysis was invented back in 1836 by Berzelius,43,44 but the phenomenon was

realised 20 years earlier. Davy published in 1817 the first clear example of a chemical

reaction between two gaseous reactants that occur at a metal surface, without the latter being

chemically changed.45 The Nobel Prize for Chemistry was awarded for the first time to

catalysis in 1909. Ostwald received it for his work on catalysis and for his investigations into

the fundamental principles governing chemical equilibria and rates of reactions.46 Nowadays

the definition of a catalysts published by Ostwald in 1895 is still being used and changed only

a little over the time; “A catalyst is a substance which increases the rate at which a chemical

reaction approaches equilibrium without becoming itself permanently involved.”43

Catalysis has been a large area in the chemistry field and can be classically divided into

three parts, homogeneous catalysis, heterogeneous catalysis, and biocatalysis. Nowadays a lot

of catalysis research is also done in the border areas of these three major classes of catalysis;

one can think of supramolecular catalysis, artificial metalloenzymes and immobilisation of

homogeneous catalysts. There are three main classes of homogeneous catalysts; (Lewis) acid

or base compounds, transition metal complexes, and organocatalysts. In this introduction the

focus will be on homogeneous catalysis with transition metal complexes and the development

towards artificial metalloenzymes.

1.2.1 In nature

The catalysts in biological systems are enzymes. They have an immense catalytic power, are

highly specific (in reaction and substrate) and most of the catalytic activities of many

enzymes are regulated.2 Nearly all known enzymes are proteins, but the first suggestions of

catalytically active RNA molecules in the late 1960s indicate that proteins do not have an

absolute monopoly on catalysis in nature.47 With the early speculations of Woese,48 Crick49

and Orgel50 about the role of RNA catalysis in the origin of life, it was clearly recognised that

RNA catalysis may have been crucial at an early stage in biochemical evolution. The first

RNA catalyst was discovered 15 years later by Cech et al.51 and Altman et al.52 These

ribozymes were RNA molecules that catalyse sequence-specific hydrolysis and

transesterification reactions of RNA substrates. In 1989 the Nobel Prize in Chemistry was

awarded to Altman53 and Cech54 “for their discovery of catalytic properties of RNA”.

Enzymes are a class of macromolecules which are highly effective in catalysing diverse

chemical reactions because of their capacity to specifically bind a very wide range of
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molecules. They accelerate reactions by factors of at least a million and most reactions in

biological systems do not occur at perceptible rates without enzymes. An enzyme usually

catalyses a single (or a set of closely related) chemical reaction(s). The enzyme catalysing the

first step in a biosynthetic pathway can be inhibited by the final product, which is called feed-

back inhibition.55

1.2.2 Asymmetric TM catalysis
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Figure 13: Examples of privileged chiral ligands.60

The synthesis of enantiomerically pure compounds is one of the most actively pursued fields

in synthetic chemistry and used for all product types: pharmaceuticals, agrochemicals,

flavours or functional materials. There are three different ways to obtain one enantiomer of a

chiral compound: (transformation of) a compound from Nature’s chiral pool,56 resolution of a

racemic mixture, and enantioselective reactions (with the use of a chiral/asymmetric

catalyst).57,58,10

To develop an efficient asymmetric homogeneous catalyst a metal complex with a chiral

environment is needed. This catalyst should be able to transfer its chirality to the reaction

intermediates, which will result in a chiral product. Traditionally this chiral environment
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relies on chiral ligands coordinated to the transition metal. These ligands are enantiopure

organic compounds and can have different coordinating atoms towards the metal. Phosphorus,

nitrogen, carbon, and oxygen are the most studied ones in homogeneous transition metal

catalysis. Based on this concept, many metal complexes have been found that catalyse various

reactions with impressive enantioselectivity.59

In contrast to enzymes, the best synthetic catalysts demonstrate useful levels of

enantioselectivity for a wide range of substrates. Certain classes of synthetic catalysts or

chiral ligands are even enantioselective over a wide range of different reactions, while

enzymes are designed by nature for only one (set of closely related) reaction(s). These

“privileged chiral ligands and catalysts”, as they are called by Jacobsen et al., have a broad

applicability of mechanistically unrelated catalytic reactions, see Figure 13.60

The classical chiral ligands are coordinated in the first coordination sphere of the transition

metal complex, directly to the metal. An alternative approach involves the use of chiral

species outside the first coordination sphere, such as solvents, “modifying agents, or

counterions. These chiral molecules are non-covalently bound to the complex in the second

coordination sphere via H-bonds or ionic interactions. A few years ago Toste et al.58 reported

high enantioselectivities for two cationic gold(I) catalysed reactions, where the chirality was

transferred from a chiral counterion, see Figure 14. Chiral binaphthol-derived phosphate

anions were used as this counterion coordinated in the second coordination sphere of the gold

atom. Non-chiral ligands like triphenylphosphine and bis(diphenylphosphinomethane) were

used in the first coordination sphere in the gold catalysed hydroamination and

hydroalkoxylation reaction.58
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R = 2,4,6-i-Pr3-C6H2

Figure 14: Enantioselective hydroamination (top) and hydroalkoxylation (bottom) of Toste et al.58

Recently this method was also applied in homogeneous transition metal catalysed

hydrogenation. Chiral borate anions were used as second coordination sphere ligands in

combination with racemic BINAP ligands as first coordination sphere ligand to the rhodium
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metal. In the hydrogenation of dimethyl itaconate enantioselectivities up to 57% ee were

obtained.61

Nowadays many catalytic reactions have been developed with the use of transition metal

complexes and phosphorus ligands. In this chapter the asymmetric Rh catalysed

hydrogenation and Pd catalysed allylic substitution reactions will be highlighted.

Subsequently their performance in water will be discussed.

Hydrogenation

In the late 1960s Knowles62 and Horner63 independently developed an asymmetric

hydrogenation catalyst, after the discovery of the first homogeneous hydrogenation catalyst

by Wilkinson64 in 1966. By replacement of the triphenylphosphine of the Wilkinson’s

catalyst, [RhCl(PPh3)3], with enantio-enriched (69%) P-chiral monophosphines (PPhPrMe),

Knowles and Horner described the first enantioselective hydrogenation. Although the

enantioselectivity was still very low (Figure 15) it demonstrated a proof of principle.65

OH

O

OH

O

CH3

*
RhCl3L3

60 \C, H2

L = (–)-methylpropylphenylphosphine =
(69% optical purity)

15% optical purity

P

Figure 15: The first asymmetric hydrogenation by Knowles of -phenylacrylic acid.

Further studies by Knowles with an improved P-chiral phosphine ligand (CAMP, Figure 16)

resulted in high enantioselectivities in the catalytic asymmetric hydrogenation of -

acylaminoacrylic acids. This procedure provided an efficient direct route to optically active -

amino acids.66 One year earlier, in 1971, Kagan was the first who used chiral diphosphine

ligands (DIOP, Figure 16) in the hydrogenation of enamide-substrates and obtained also high

enantioselectivities.67 This work immediately led to the rapid development of other chiral

bisphosphorus ligands and Knowles made his significant discovery with DIPAMP (Figure

16), a C2-symmetric chelating bisphosphine ligand.68 DIPAMP was quickly employed in the

industrial production of L-DOPA (Figure 16), which was also the first commercial process
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involving asymmetric hydrogenation;69
L-DOPA is a drug used for treatment of Parkinson’s

disease. One step of the synthesis70 involves the hydrogenation of a substituted cinnamic acid

by a cationic Rh(DIPAMP) catalyst.65,71
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Figure 16: Some chiral (bis)phosphine ligands used in the early development of the asymmetric hydrogenation

reactions; anti-Parkinson drug L-DOPA.

The Nobel Prize in Chemistry 2001 was awarded to Knowles72 and Noyori73 for their work on

enantioselective catalytic hydrogenation reactions and they shared it with Sharpless74 who

received it for his work on enantioselective catalytic oxidation reactions. Noyori developed an

axially chiral diphosphine ligand (BINAP,75 Figure 13), which proved its excellence in

asymmetric Ru hydrogenation reactions of a variety of alkenes and carbonyl bonds.76 The

scope of asymmetric hydrogenation reactions was further significantly expanded by Burk in

the 1990s.77,78 Excellent enantiomeric excesses were obtained in the hydrogenation of various

functionalised olefins with the efficient chiral bisphosphorus ligands such as DuPhos and

BPE.79
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P P

(R,R)-Me-DuPhos
Burk

Figure 17: Chiral bisphosphorus ligands developed by Burk and the monodentate ligands developed

independently by three different groups in 2000.

For a long time it was thought that bidentate phosphorus ligands form more selective catalysts

than monodentate ones, due to the fact that chelation lowers the rotational freedom around the

metal-phosphorus bond. Nevertheless, in 2000 three groups independently reported the use of

monodentate phosphorus ligands giving high enantioselectivities in the Rh catalysed

hydrogenation of certain alkenes.80 The first monodentate phosphites were used by Reetz,81
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phosphonites by Orpen and Pringle82 and phosphoramidites by Feringa and De Vries.83 In

2003 the groups of Reetz84 and of Minnaard and Feringa85 reported independently that the

selectivity in asymmetric hydrogenation reactions can be improved by the use of mixtures of

monodentate ligands. This new principle in the area of combinatorial asymmetric transition-

metal catalysis expands the current approaches when searching for the optimal

enantioselective and active catalyst.

Pd catalysed allylic substitution

The first enantioselective palladium catalysed allylic substitution reaction (Figure 18) was

reported in 1977 by Trost et al.,86 twelve years after the first allylic substitution was reported

as a stochiometric reaction by Tsuji et al.87 This method has been applied in the synthesis of

many complex organic molecules, due to its very mild reagents and compatibility with many

functional groups.43,88 Other advantages over widely utilized catalytic reactions, like

hydrogenation or epoxidation, are the diversity of bond types that can be formed (C-C, C-O,

C-N, C-P) and the number of mechanisms for enantiodiscrimination.

“Pd-cat”

Nu -

X = leaving group, e.g. OAc
Nu - = nucleophile

R R' R R' R R'

Nu

R'R

Nu

* *

Pd
L'L

X

Figure 18: General reaction of the palladium catalysed allylic substitution reaction.

Hydrogenation or epoxidation reactions normally involve only one enantiodiscrimination

mechanistic step; differentiating enantiotopic faces of a prochiral olefin or carbonyl group.

However, in the palladium catalysed allylic substitution reaction the enantiodiscrimination is

more complicated. There are two important steps in the catalytic cycle. First, the allylic

substrate is activated by a Pd0 complex after which a stable (3-allyl)PdII cationic intermediate

is formed by losing the anion (usually acetate of carbonate) from the substrate. The second

major step involves the attack of the nucleophile on this cation to form the olefin product,

which is released in a subsequent step.89 Figure 19 summarizes the potential sources of

enantiodiscrimination in transition metal-catalysed allylic substitution; 1) metal-substrate

complexation, 2) oxidative addition, 3) enantioface discrimination of the -allyl complex, 4)
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nucleophilic attack at enantiotopic termini, and 5) enantioface discrimination in the

nucleophile.88,90

The regioselectivity is mainly affected by the nature of the substituents present in the allyl-

substrate and the nature of the ligand in the allyl-palladium complex.91 Most of the successful

ligands reported to date for this reaction have been designed using two main strategies: a)

increasing the bite angle92,93 of the ligand94 and b) use of heterodonor ligands.95

X

X X

Nu-

Nu-

O

Enantiotopic Faces
of an Olefin

Enantiotopic
Leaving Groups

Enantiotopic Faces
of the Allyl

Enantiotopic Termini
of the Allyl

or

Enantiotopic Faces
of the Nucleophile

2)1) 3)

4) 5)

Figure 19: Sources of enantiodiscrimination in transition metal-catalysed allylic alkylations.90

In 1992 Trost et al. reported a new class of ligands based on 2-(diphenylphosphino)benzoic

acid (Figure 20) for asymmetric allylic alkylation.94 By making rational, stepwise changes in

the ligand structure, the structural requirements for good asymmetric induction were probed.

They switched from esters to amides in the ligand, in which the ligand rigidity was enhanced

and an increase of the enantiomeric excess was observed. Also by increasing the dihedral

angle between the vicinal diol or diamine, the enantiomeric excess was enhanced. This was

explained by the fact that bond breaking and making occur distal to palladium and the chiral

ligand, for a high chiral recognition the chiral environment should embrace the substrate by

opening the bite angle.96

Already in 1984 Faller convincingly demonstrated electronic differentiation in

stoichiometric nucleophilic additions to allyl-molybdenum complexes by the use of two

electronically different coordinating groups to the metal centre.97 However, until 1993 C2-

symmetric ligands with two electronically similar coordinating atoms were dominating the
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field of asymmetric catalysis. But the use of heterodonor ligands can result in an electronic

discrimination of the two allylic terminal carbon atoms due to the different trans influences98

of the donor atoms. Helmchen,99 Pfaltz100 and Williams101 independently published the

synthesis of phosphinooxazolines (Figure 20) and their excellent enantioselectivities in the

Pd-catalysed allylic alkylations of symmetrically substituted allyl substrates. Since then the

phosphinooxazolines have appeared as remarkably versatile ligands for enantiocontrol in a

variety of metal-catalysed processes.102

X = O or NH

X

O

X

O

Ph2P PPh2X

O

X

O

Ph2P PPh2

R R

N

O

R

PPh2

Figure 20: General structures of the ligands used by Trost et al. (left) and the phosphinooxazoline structure

developed by Helmchen, Pfaltz and Williams (right).

A third not so common strategy used to design ligands is to make use of secondary

interactions between ligand and prochiral substrate. In 1982, Hayashi et al. designed chiral

phosphine ligands containing an amino acid group remote from the phosphine-group. These

ligands were effective in the palladium-catalysed reaction of allyl acetate with sodium enolate

of 2-acetylcyclohexanone, with significant enantiomeric enrichment. The observed

enantioselectivity was attributed to the interaction between the chiral amino acid of the ligand

and the sodium enolate.103 Later Hayashi et al. have proposed that a secondary interaction

between the chiral ligand and the nucleophile accelerates the allylic substitution by dragging

the nucleophile towards the -allyl; interestingly, in general catalysts with higher

stereoselectivity also show higher catalytic activity.104

1.2.3 Asymmetric TM catalysis in water

Today, most of the transition metal (TM) catalysis is still done in organic solvents, but an

increasing number of catalytic systems are developed for application in an aqueous

environment. Besides the environmental benefits of water as solvent it is also cheaper and

safer than organic solvents.105 A milestone in the development of TM complex catalysed

reactions in water was the industrial use of sulfonated triphenylphosphine ligands (TPPTS,

Figure 21) in the hydroformylation reactions developed by Rhône-Poulenc/Ruhrchemie in

1984.106 They demonstrated the technical feasibility of water as a component in a two-phase



General Introduction

27

system, the water-soluble catalyst could easily be separated from the organic soluble

substrates/products and reused.

P

SO3Na

SO3Na

NaO3S
PHO OH

OH

THMP m-TPPTS

Figure 21: Trihydroxymethylphosphine (THMP) and tris-(3-sulfonatophenyl)phosphine (m-TPPTS); two

hydrophilic ligands used in hydrogenation and hydroformylation reactions.

Hydridopentacyanocobaltate [HCo(CN)5]
3-, was the first water-soluble hydrogenation

complex active in aqueous media.107 However, most of the (TM) complexes designed today

for catalysis in aqueous media contain hydrophilic ligands. Ligands that are demonstrated to

be successful are made water-soluble by attaching solubilising groups. Most commonly used

groups are ionic substituents like sulfonate, carboxylate, or ammonium, but also non-ionic

hydrophilic substituents like polyols, carbohydrates and polyethers have been used.108 The

first example of non-ionic hydrophilic phosphine ligands applied in hydrogenation reactions

was published by Chatt et al. in 1973.109 Rh complexes with trihydroxymethylphosphine

(THMP, Figure 21) were applied in the hydrogenation of 1-octene. In the late 1970s the first

examples of the use of sulfonated phosphines in hydrogenation reactions were independently

reported by Joó,110 Manassen111 and Wilkinson.112 This was the start of the development of

many more catalytic systems in the field of homogeneous and biphasic aqueous

hydrogenation with achiral and chiral catalysts.113,114,108

The use of water soluble ligands in palladium catalysed allylic substitution reactions came

twenty years later, when Sinou reported the use of Pd(0)/TPPTS in the allylic substitution of

cinnamyl ethyl carbonate and acetate with different nucleophiles.115,116 This Pd/TPPTS system

was found to be effective for the removal of allyl carbonate from protected alcohols and

amines with the use of primary amines as nucleophilic reagent, Figure 22.117 Kobayashi

reported some years later the allylic substitution of allylic alcohols without activation of the

OH group catalysed by Pd(PPh3)4 in water.118 A disadvantage of this reaction is the need for a

(organic) acid which limits the choice of nucleophiles. When [Pd(3-allyl)Cl]2 and TPPTS

were used as the precatalyst, no acid promoter was needed.119
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R-X O

O

NN
H

Pd/TPPTS R-OH
R-NHR’ + CO2

R-NH2

X = O, NH, NR’

Figure 22: Deprotection of alcohols or amines from allyl carbonate protecting groups with Pd/TPPTS and

diethyl as nucleophile.

1.3 Artificial metalloenzymes / DNAzymes

As described before, the chiral auxiliary does not necessarily have to be in the first

coordination sphere of the transition metal complex as chiral ligands, but can also be in the

second coordination sphere. Artificial metalloenzymes or DNAzymes are the key examples

where the chirality is in the second coordination sphere of the metal (Figure 23).120,121 Active,

achiral catalytic complexes are encapsulated in chiral biomacromolecules, respectively

proteins122 or DNA.123,124 In this way the best features of transition metal catalysis and

biocatalysis are combined.

Prochiral
substrate

Chiral
product

CHIRAL
Bio-macromolecule

M
PP

Figure 23: Schematic representation of artificial metalloenzymes or DNAzymes.

1.3.1 Proteins

The use of the chirality of proteins in transition metal catalysis was first reported in the late

1970s by Wilson and Whitesides, Figure 24. An achiral biotin-fucntionalised rhodium-

diphosphine moiety was embedded inside the protein avidin. They showed that the chirality of

avidin can be transferred to the Rh complexes that catalysed hydrogenation of -

acetamidoacrylic acid, obtaining the product N-acetylalanine in 42% ee with quantitative

conversion.125
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Figure 24: (Strept)avidin as biomacromolecule in the artificial metalloenzyme. Bottom auxiliary first used by

Whitesides in the hydrogenation of -acetamicoacrylic acid.

In 1999 Chan et al. used biotinylated 3,4-bis(diphenylphosphino)pyrrolidine as binding

moiety into avidin for the enantioselective hydrogenation of itaconic acid. With the use of

bis(1,5-cyclooctadiene)rhodium tetrafluoroborate as Rh precursor absolute configurations

were obtained from 48% (R) to 26% (S).126 More recently, Ward et al. improved this system

by using streptavidin, which gave full conversion and enantiomeric excesses up to 96%.127 As

compared to avidin, streptavidin possesses a similar affinity for biotin, but the protein

contains a deeper binding pocket. Together with protein chemogenetic optimisation128,129 and

variation of the spacer between the biotin and the diphosphine ligand130 (introducing

enantiopure amino acid spacers)131 this system could be completely optimised. The artificial

metalloenzymes displayed in some cases a higher activity in the hydrogenation of

acetamidoacrylic acid than the corresponding reaction outside the protein.132 Several other

asymmetric catalytic reactions based on the streptavidin biotin artificial metalloenzyme were

employed by Ward et al.; Ir, Rh, and Ru133 catalysed transfer hydrogenation,134 Pd catalysed

allylic alkylation135 and V136 and Mn catalysed sulfoxidation.137

Recently several reviews were reported by Roelfes et al.121 and Ward et al. 120,122,138 also

showing other approaches for non-covalent introduction of catalytic systems into proteins.

Harada et al. published the asymmetric hydrogenation of amino acid precursors catalysed by

the complex of a transition metal with immunoglobulin. A Rh complex was covalently

attached to the antigens Keyhole Limpet Hemocyanin (KLH) and Bovine Serum Albumin

(BSA) which were combined with four monoclonal antibodies which resulted in one hit with

98% ee in these hydrogenation reactions.139
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As with DNA, proteins can also be functionalised covalently with ligands to broaden the

reaction scope of the enzyme. Kaiser et al. were the first to demonstrate that new catalytic

functions can be introduced into the protein by covalent modifications of an amino acid

residue. A protease was successfully converted to a highly effective oxidoreductase by the

introduction of a flavine cofactor.140 Inspired by the work of Kaiser, several research groups

have developed methods for the covalent modification of proteins that enable the introduction

of transition metal complexes, thus yielding (enantioselective) hybrid catalyst systems. In the

case of proteins, often a cysteine residue is used as the anchoring site.122,141

Ph2P

O

OH
n

N

N

N

O

O

O

H

O

N

PPh2

PPh2

NO

R

Ph2P

Ph2P

R = CO2H, CH2C(O)H
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R

R = OH, H
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PPh2

R = OH, H

n = 3, 5

Figure 25: Ligands used in the covalent functionalisation of proteins in the group of Kamer.142,143,144

In our group several proteins were covalently functionalised with phosphine and nitrogen

ligands, Figure 25. Three couplings methods were developed for the covalent modification of

the cysteine amino acids in different proteins (Figure 26): A) imidazolide formation of

phosphine-carboxylic acids,142 B) modification of a protein with hydrazide-maleimide and

coupling of phosphine aldehyde to hydrazide,143 and C) direct coupling of a maleimide

functionalised transition metal complex.144

The proteins that were modified are photoactive yellow protein (PYP), the wild-type (WT)

and the mutant (arginine 52 substituted by glycine, PYP R52G), adipocyte lipid binding

protein (ALBP), sterol carrier protein-2-like (SCP-2L, mutated at V83C) an activator of

photopigment, and puc expression A (AppA, mutated at Y21C or Q63C)). Successful metal

complexations were performed with the precursors [Rh(acac)(CO)2], [Rh(COD)(MeCN)2]BF4

and [Pd(allyl)Cl]2. The palladium and cationic rhodium complexes were active in the

asymmetric allylic amination and the hydrogenation of dimethyl itaconate, respectively. The
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first catalytic attempts of the rhodium-acac and the ruthenium complex in hydroformylation

and transfer hydrogenation reactions, respectively, were unsuccessful.142,143,144
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Figure 26: Three different strategies for the covalent modification of proteins used in the group of Kamer et al.

1.3.2 DNA based catalysis

As for artificial metalloenzymes the chirality is induced by proteins, chirality can also be

induced by DNA, called artificial DNAzymes. There are two strategies for anchoring the

transition metal complex to DNA, either a covalent or a supramolecular (non-covalent)

approach. The new concept of supramolecular anchoring of the transition metal catalyst to

DNA was introduced by Roelfes et al. in 2005, Figure 27.145 The catalytic system was

developed with three key structural features: a DNA-intercalating moiety for interaction with

the chiral DNA, a spacer component and a metal-binding group (achiral). Ligands developed

in this first report were later called the first generation ligands, Figure 28. High enantiomeric

excess was obtained in the Cu catalysed Diels–Alder reaction with the use of this first

generation N,N-bidentate ligands.
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Bidentate intercalator complex

Figure 27: Schematic representation of DNA-based asymmetric catalysis using the supramolecular anchoring

strategy.

One year later, a second generation of ligands was used in the asymmetric Diels–Alder

reaction of cyclopentadiene with azachalcone catalysed by the DNA-based catalyst, Figure

28.146 A spacer is no longer required in these second generation ligands, in which the metal

binding site and the DNA “anchor” are integrated into one moiety. The Diels-Alder reaction

was extended to ,-unsaturated 2-acetyl imidazoles as dienophiles, obtaining excellent

diastereo- and enantioselectivity in the product. The imidazole auxiliary was easily displaced

and further functionalised after the catalytic reaction.147
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Figure 28: First and second generation ligands used in DNA-based asymmetric catalysis developed by Roelfes

et al.

The scope of the supramolecular anchoring of Cu-dmbipy catalyst to chiral biomacromolecule

DNA, was further enlarged with other C-C bond forming reactions (Figure 29). Besides the

Diels–Alder reaction, also the Micheal addition148 and Friedel–Crafts alkylation reaction149
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resulted in excellent enantiomeric excesses compared to the asymmetric reaction in water

without the DNA system. Different DNA sources were tested in the Diels–Alder reaction,

Salmon Testes DNA (stDNA) and various synthetic oligonucleotides. It was shown that the

role of DNA is not limited to that of a chiral scaffold, but also gives rise to rate acceleration of

up to two orders of magnitude compared to the Diels–Alder reaction in the absence of DNA.

The enantioselectivity and the rate enhancement proved to be also dependent on the DNA-

sequence of the synthetic oligonucleotides.150 This active role of DNA was only observed

with the second generation ligands.
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Figure 29: Scope of stDNA/Cu-dmbipy catalysed C-C bond forming reactions developed by Roelfes et al. using

Cu(NO3)2 as Cu catalyst precursor.

The first generation ligands showed a slight decrease in the reaction rate in the presence of

DNA and they have different requirements regarding the DNA sequence. With the first

generation ligands both enantiomers of the Diels–Alder product are accessible, whereas with

the second generation one enantiomer is always favoured. Clearly these results show that the

catalysed reactions can take place in very different microenvironments using different ligands,

which results in different reaction rates and enantioselectivities.151
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The stDNA/Cu-dmbipy system of Roelfes et al. is tolerant to different organic solvents, as

long as they are miscible with water. Up to 33% organic solvents can be used while the

catalyst retains its selectivity. This is in contrast to the rate of the Diels-Alder reaction, which

is negatively influenced by organic solvents, but for the Michael addition and Friedel–Crafts

alkylation the reaction is significant faster with the use of organic solvents.152

The chirality of DNA could also be transferred to the copper(II) catalyst for the hydrolytic

kinetic resolution of epoxides. The hydrolytic kinetic resolution of 2-pyridyloxiranes resulted

in S values up to 2.7 and the remaining epoxide was recovered with up to 63% ee.153 A second

enantioselective transformation using the stDNA/Cu-dmbipy system is the electrophilic

fluorination of indanone-based -ketoester published recently by Toru et al.154

In 2007 Vogel et al. reported the application of the covalent anchoring of transition metal

complexes to DNA. Catalytic polyaza crown ether based on Cu(II) binding sites were

covalently incorporated into single stranded DNA (ssDNA). This system was tested in the

Cu(II) catalysed Diels–Alder reaction for a comparison with the non-covalent system reported

by Roelfes et al. (see above). The incorporated crown ether systems with Cu(II) were active in

the Diels–Alder reaction, but only one gave a very small asymmetric induction (10% ee).155
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Figure 30: Schematic representation of the covalently anchored DNA-based catalyst and the general catalytic

Diels-Alder reaction developed by Roelfes et al.

Covalent anchoring was also applied in the group of Roelfes. A Cu-(2,2’-bipyridine) complex

was linked covalently to a modified oligonucleotide containing a terminal amino linker at the

3’ or 5’-end (Figure 30). Combination of the bipy-linked oligonucleotide with another

oligonucleotide and a template strand that is complementary to both smaller oligonucleotides,
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resulted in double stranded DNA with the bipyridine ligand in between the two smaller

oligonucleotides. Bringing the catalytic system closer to the DNA compared to Vogel and

using double stranded DNA, resulted in enantiomeric excesses up to 93% for the Diels-Alder

reaction of aza-chalcone with cyclopentadiene.156
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Figure 31: Schematic representation of DNA-based Ir-catalysed allylic amination (left) and catalyst designs

developed by Jäschke.157

The first application of DNA hybrid catalysis to organometallic chemistry was reported by

Jäschke et al. in 2009. A diene ligands was anchored covalently to oligonucleotides and

hybridization with the complementary strand and coordination with iridium resulted in highly

active and stable complexes in aqueous medium (Figure 31). The system was applied in the

allylic amination of 1-phenylallyl acetate with morpholine, resulting in turnover numbers of

up to 4600. Kinetic resolution was obtained when 0.5 equivalents morpholine was used in the

allylic amination of 1,3-diphenylallyl acetate, measuring the enantiomeric excesses of the

starting allyl and the product at 50% conversion. The obtained ee values and stereoselectivity

factors remained low (up to 27% and 1.8 respectively), but chirality transfer from the nucleic

acid to the iridium complex could clearly be observed.157
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In this thesis we will focus on phosphine ligands, which were first covalently introduced to

DNA by Liu et al. in 2002. They developed a method for introducing a triphenylphosphine

moiety at the 3’ and 5’-end after DNA synthesis. In this synthetic scheme the ligand was

introduced after the oxidation step in the DNA synthesis. This DNA-linked phosphine was

used in different DNA-templated functional groups transformations.158,159 In 2007, Jäschke et

al. developed a post-synthetic modification strategy for site-specific incorporation of different

phosphine ligands into DNA sequences. Aminoalkyl-modified oligonucleotides were

successfully coupled with carboxylic acid modified phosphine ligands using carbodiimide

coupling reagents in the presence of N-hydroxysuccinimide.160
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Figure 32: Synthesis of 5-diphenylphosphine-2’-deoxyuridine ligands developed by our group, which were

applied in the palladium catalysed asymmetric allylic substitution.

Our group recently reported the covalent anchoring of a phosphine ligand directly to the

nucleobases. Diphenylphosphine was coupled with a catalytic amount of palladium acetate to

5-iodouridine yielding the desired functionalised nucleoside (dpp-dU, Figure 32). This

mononucleoside was used as ligand for the palladium-catalysed asymmetric substitution

reaction. Good enantiomeric excess is obtained (up to 82% for the S enantiomer) with the

monodentate ligand dpp-dU. A remarkable result is the solvent effect on the reaction. While

the reaction in tetrahydrofuran (THF) gave 80% of the S enantiomer, the R enantiomer was

obtained in ~15% ee when a mixture of acetonitrile and THF or dimethylformamide (DMF)

was used. When using the acetyl protected ligand, Ac-dpp-dU, the stereoselectivity is highly

reduced. In THF the S enantiomer was obtained in 8% ee and in dichloromethane (DCM) the
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R enantiomer in 23%. Secondary interactions (such hydrogen bonding) are believed to rule

the transfer of chirality from the distant sugar to the phosphine as both the solvent and the

substituent of the ribose modify the stereoselectivity of the reaction.

Phosphine functionalised trimers were also synthesised by first synthesising the trimer on

solid support with the 5-iodouridine in the middle. Secondly, coupling of diphenylphosphine

took place after which deprotection of the solid support was performed. Higher palladium

loadings (up to stoichiometric amount) were required, depending on the solid support used.

These trimers functionalised with phosphine were evaluated in the palladium catalysed allylic

substitution reaction in an aqueous medium. The highest conversions were obtained in the

presence of tetrahydrofuran, but the catalyst gave also some conversion in pure water. This

allows for the use of longer DNA sequences for DNA based transition metal catalysis.161
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1.4 Aim and outline of this thesis

This thesis describes the development of strategies for the introduction of phosphine ligands

into DNA. Covalent and non-covalent anchoring processes have been explored. Where

possible the developed systems were applied in asymmetric transition metal catalysed

reactions. These catalytic reactions have been optimised under DNA compatible conditions.

In Chapter 2 the functionalisation of mononucleotides with mono- and bidentate phosphine

ligands is reported. These ligands were evaluated in different asymmetric catalytic reactions

to investigate if there was any chiral induction resulting from the single nucleotides. Also,

combinations were made between monodentate phosphine functionalised adenosine and

thymidine, Figure 33. The sugar moiety is the chiral auxiliary, but quite far away from the

transition metal centre. As mentioned in the introduction, it is known that secondary

interactions between the ligand and the substrate can affect the chiral induction. This chapter

also presents important control experiments for the application of longer, phosphine-modified,

oligonucleotides.
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Figure 33: Schematic representation of ligand design described in Chapter 2.

The covalent approach is described in Chapter 3. A post-synthetic method was developed for

the functionalisation of a 9- and 15-mer with phosphine ligands. Adenosine was used as DNA

building block and functionalised with a phosphine auxiliary. Recently our group published

the method for the functionalisation of thymidine with phosphine ligands as DNA building

block.162 We have chosen for a strategy in which the phosphine ligand is coupled in the final

step of the synthesis scheme, because of the incompatibility of phosphines with the automated

DNA synthesis; in addition it gives us the possibility to introduce various mono- and

bidentate ligands into the same strand, Figure 34.
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Figure 34: Schematic representation of the order of synthesis and functionalisation described in Chapter 3.

In Chapter 4 and Chapter 5 a non-covalent introduction of phosphine ligands to DNA is

described. Acridine was functionalised with a bidentate phosphine ligand. The obtained ligand

contains three key structural features: a DNA intercalating moiety (acridine), a spacer and a

metal-binding group (bidentate phosphine). This newly designed ligand was applied in

rhodium catalysed hydrogenation reactions (Chapter 4) and palladium catalysed allylic

asymmetric amination and alkylation reactions (Chapter 5). DNA compatible conditions were

developed for these asymmetric catalytic reactions. The metal complexes are achiral and

DNA is used as the sole chiral source, Figure 35. The main questions to be addressed are if

there is a compatibility window and if the chirality can be transferred from the DNA to the

metal complex in such manner that the assembly functions as a chiral catalyst.

• Rh hydrogenation
• Pd allylic amination
• Pd allylic alkylation

L

L
M L

L
M

N

O N

Ph2P

PPh2

M

=

Prochiral
substrate

Chiral
product

Figure 35: Schematic representation of ligand design and non-covalent anchoring to DNA described in Chapter

4 (Rh hydrogenation) and Chapter 5 (Pd allylic amination and alkylation).



Chapter 1

40

1.5 References

1 Watson, J. D.; Crick, F. H. C., Nature, 1953, 171, 737–738
2 Stryer, S., Biochemistry, 1999, 4th ed., W.H. Freeman and Company, New York
3 http://www.mun.ca/biology/scarr/A_B_Z_DNA.html
4 Seeman, N. C., J. Theor. Biol., 1982, 99, 237–247
5 Chen, J.; Seeman, N. C., Nature, 1991, 350, 631–633
6 Seeman, N. C., Biochemistry, 2003, 42, 7259–7269
7 Lin, C.; Liu, Y.; Rinker, S.; Yan, H., ChemPhysChem, 2006, 7, 1641–1647
8 Rothemund, P. W. K., Nature, 2006, 440, 297–302
9 Nielsen, P. E.; Egholm, M.; Berg, R. H.; Buchard, O., Science, 1991, 254, 1497–1500
10 Nuzzolo, M., Ph.D Thesis, 2010, University of St Andrews
11 Shen, H. B.; Wang, F.; Yang, Y. T., Chin. Chem. Lett., 2005, 16, 1663–1666
12 Cobb, A. J. A., Org. Biomol. Chem., 2007, 5, 3260–3275
13 Weisbord, S. H.; Marx, A., Chem. Commun., 2008, 5675–5685
14 Blackburn, G. M.; Gait, M. J., Loakes, D.; Willimas, D. M., (editors) Nucleic Acids in Chemistry and Biology,

2006, 3rd ed., Oxford University Press, New York
15 Green, M.; Cohen, S. S., J. Biol. Chem., 1957, 225, 397–407
16 Barton, D. H. R.; Subramanian, J. Chem. Soc. Perkin Trans. 1, 1977, 1718–1723
17 Trauger, J.W.; Dervan, P.B., Methods Enzymol., 2001, 340, 450–466
18 Bachrach, U., Curr. Protein Pept. Sci., 2005, 6, 559–566
19 Jayaram, B.; Beveridge, D. L., Annu. Rev. Biophys. Biomol. Struct., 1996, 25, 367–394
20 Record, M. T., Jr.; Zhang, W.; Anderson, C. F., Adv. Protein Chem., 1998, 51, 281–353
21 Zimmer, C.; Wähnert, U., Prog. Biophys. Mol. Biol., 1986, 47, 31–112
22 Crothers, D. M., Biopolymers, 1968, 6, 575–584
23 Rao, S. N.; Kollman, P. A., PNAS, 1987, 84, 5735–5739
24 Lerman, L. S., J. Mol. Biol., 1961, 3, 18–30
25 Hendry, L. B.; Mahesh, V. B.; Bransome, E. D. Jr.; Ewing, D. E., Mutation Research, 2007, 623, 53–71
26 Pindur, U.; Jansen, M.; Lemster, T., Curr. Med. Chem., 2005, 12, 2805–2847
27 LePecq, J.-B.; Paoletti, C., J. Mol. Biol., 1967, 27, 87–106
28 Antony, S.; Agama, K. K.; Miao, Z.-H.; Hollingshead, M.; Holbeck, S. L.; Wright, M. H.; Varticovski, L.;

Nagarajan, M.; Morrel, A.; Cushman, M.; Pommier, Y., Mol. Pharmacol., 2006, 70, 1109–1120
29 Ling, H.; Sayer, J. M.; Plosky, B. S.; Yagi, H.; Boudsocq, F.; Woodgate, R.; Jerina, D. M.; Yang, W., PNAS,

2004, 101, 2265–2269
30 Famulok, M., Curr. Opin. Struct. Biol., 1999, 9, 324–329
31 Pestourie, C.; Tavitian, B.; Duconge, F., Biochimie, 2005, 87, 921–930
32 Brody, E. N.; Gold, L., Rev. Mol. Biotechnol., 2000, 74, 5–13
33 Song, S.; Wang, L.; Li, J.; Zhao, J.; Fan, C., TRAC, Trends Anal. Chem., 2008, 27, 108–117
34 Tombelli, S.; Minunni, M.; Mascini, M., Biosens. Bioelectron., 2005, 20, 2424–2434
35 Gopinath, S. C. B., Arch. Virol., 2007, 152, 2137–2157
36 Tarasow, T. M.; Tarasow, S. L.; Eaton, S. L., Nature, 1997, 389, 54–57
37 Seelig, B.; Jäschke, A., Chem. Biol., 1999, 6, 167–176
38 Stoltenburg, R.; Reinemann, C.; Strehlitz, B., Biomol. Eng., 2007, 24, 381–403
39 Mann, D.; Reinemann, C.; Stoltenburg, R.; Strehlitz, B., Biochem. Biophys. Res. Commun., 2005, 338, 1928–

1934
40 Gold, L.; Polisky, B.; Uhlenbeck, O.; Yarus, M., Ann. Rev. Biochem., 1995, 64, 763–797
41 Wilson, D. S.; Szostak, J. W., Ann. Rev. Biochem., 1999, 68, 611-647
42 Joyce, G. F., Ann. Rev. Biochem., 2005, 73, 791–836
43 Leeuwen, van, P. W. N. M., Homogeneous Catalysis, Understanding the Art, 2004, Kluwer Academic

Publishers, Dordrecht



General Introduction

41

44 Santen, van, R. A.; Leeuwen, van, P. W. N. M.; Moulijn, J. A., Averill, B. A. (editors), Catalysis: An

Intergrated Approach, 1999, 2nd ed., Elsevier, Amsterdam
45 Roberts, M. W., Catal. Lett., 2000, 67, 1–4
46 Ostwald, W., Chem. Ztg., 1910, 34, 397–399
47 Orgel, L. E., J. Theor. Biol., 1986, 123, 127–149
48 Woese, C. R., The Genetic Code: The Molecular Basis for Genetic Expression, 1967, New York: Harper and

Row
49 Crick, F. H. C., J. Mol. Biol., 1968, 38, 367–379
50 Orgel, L. E., J. Mol. Biol., 1968, 38, 381–393
51 Kruger, K.; Grabowski, P. J.; Zaug, A. J.; Sands, J.; Gottschling, D. E.; Cech, T. R., Cell, 1982, 31, 147–157
52 Geurrier-Takada, C.; Gardiner, K.; Marsh, T.; Pace, N.; Altman, S., Cell, 1983, 35, 849–857
53 Altman, S., Angew. Chem. Int. Ed., 1990, 7, 749–758
54 Cech, T. R., Biosci. Rep., 1990, 10, 239–261
55 Stadtman, E. R.; Cohen, G. N.; LeBras, G.; Robichon-Szulmajster, de, H., J. Biol. Chem., 1961, 236, 2033–

2038
56 Blaser, H.-U., Chem. Rev., 1992, 92, 935–952
57 Thomas, C. M.; Ward, T. R., Chem. Soc. Rev., 2005, 34, 337–346
58 Hamilton, G. L.; Kang, E. J.; Mba, M.; Toste, F. D., Science, 2007, 317, 496–499
59 Pfaltz, A.; Drury, III, W.J., PNAS, 2004, 101, 5723–5726
60 Yoon, T. P.; Jacobsen, E. N., Science, 2003, 299, 1691–1693
61 Chen, D.; Sundararaju, B.; Krause, R.; Klankermayer, J.; Dixneuf, P. H., Leitner, W., ChemCatChem, 2010, 2,

55–57
62 Knowles, W. S.; Sabacky, M. J., J. Chem. Soc. Chem. Commun., 1968, 1445–1446
63 Horner, L.; Siegel, H.; Buthe, H., Angew. Chem. Int. Ed., 1968, 7, 942–942
64 Osborn, J. A.; Jardine, F. H.; Young, J. F.; Wilkinson, G., J. Chem. Soc. A, 1966, 1711–1711
65 Tang, W.; Zhang, X., Chem. Rev., 2003, 103, 3029–3069
66 Knowles, W. S.; Sabacky, M. J.; Vineyard, B. D., J. Chem. Soc., Chem. Commun., 1972, 10–11
67 Dang, T. P.; Kagan, H. B., J. Chem. Soc., Chem. Commun., 1971, 481–481
68 Vineyard, B. D.; Knowles, W. S.; Sabacky, M. J.; Bachman, G. L.; Weinkauff, D. J., J. Am. Chem. Soc., 1977,

99, 5946–5952
69 Knowles, W. S., Acc. Chem. Res., 1983, 16, 106–112
70 Knowles, W. S., J. Chem. Educ., 1986, 63, 222–225
71 Goudriaan, P. E., Ph.D Thesis, 2007, University of Amsterdam
72 Knowles, W. S., Angew. Chem. Int. Ed., 2002, 41, 1988–2007
73 Noyori, R., Angew. Chem. Int. Ed., 2002, 41, 2008–2022
74 Sharpless, K. B., Angew. Chem. Int. Ed., 2002, 41, 2024-2032
75 Miyashita, A.; Yasuda, A.; Takaya, H.; Toriumi, K.; Ito, T.; Souchi, T.; Noyori, R., J. Am. Chem. Soc., 1980,

102, 7932–7934
76 Noyori, R., Tetrahedron, 1994, 50, 4259–4292
77 Burk, M. J.; Feaster, J. E.; Harlow, R. L., Tetrahedron Asymmetry, 1991, 2, 569–592
78 Burk, M. J., J. Am. Chem. Soc., 1991, 113, 8518–8519
79 Burk, M. J., Acc. Chem. Res., 2000, 33, 363–372
80 Komarov, I. V.; Börner, A., Angew. Chem. Int. Ed., 2001, 40, 1197–1200
81 Reetz, M. T.; Mehler, G., Angew. Chem. Int. Ed., 2000, 39, 3889–3890
82 Claver, C.; Fernandez, E.; Gillon, A.; Heslop, K.; Hyett, D. J.; Martorell, A.; Orpen, A. G.; Pringle, P. G.,

Chem. Commun., 2000, 961–962
83 Berg, van den, M.; Minnaard, A. J.; Schudde, E. P.; Esch, van, J.; Vries, de, A. H. M.; Vries, de, J. G.;

Feringa, B. L., J. Am. Chem. Soc., 2000, 122, 11539–11540
84 Reetz, M. T.; Sell, T.; Meiswinkel, A.; Mehler, G., Angew. Chem. Int. Ed., 2003, 42, 790–793



Chapter 1

42

85 Peña, D.; Minnaard, A. J.; Boogers, J. A. F.; Vries, de, A. H. M.; Vries, de, J. G.; Feringa, B. L., Org. Biomol.

Chem., 2003, 1, 1087–1089
86 Trost, B. M.; Strege, P. E., J. Am. Chem. Soc., 1977, 99, 1649–1651
87 Tsuji, J.; Takahashi, H.; Morikawa, M., Tetrahedron Lett., 1965, 49, 4387–4388
88 Trost, B. M.; Crawley, M. L., Chem Rev., 2003, 103, 2921–2943
89 Ramdeehul, S.; Dierkes, P.; Aguado, R.; Kamer, P. C. J.; Leeuwen, van, P. W. N. M.; Osborn, J. A., Angew.

Chem. Int. Ed., 1998, 37, 3118–3121
90 Trost, B. M.; Vranken, van, D. L., Chem. Rev., 1996, 96, 395–422
91 Norsikian, S.; Chang, C.-W., Curr. Org. Synth., 2009, 6, 264–289
92 Casey, C. P.; Whiteker, G. T., Isr. J. Chem., 1990, 20, 299–304
93 Dierkes, P.; Leeuwen, van, P. W. N. M., J. Chem. Soc., Dalton Trans., 1999, 1519–1529
94 Trost, B. M.; Vranken, van, D. L.; Bingel, C., J. Am. Chem. Soc., 1992, 114, 9327–9343
95 Diégues, M.; Pàmies, O., Acc. Chem. Res., 2010, 43, 312–322
96 Trost, B. M., Chem. Pharm. Bull., 2002, 50, 1–14
97 Faller, J. W.; Chao, K. H.; Murray, H. H., Organometallics, 1984, 3, 1231–1240
98 Miessler, G. L.; Tarr, D. A., Inorganic Chemistry, 2000, 2nd ed., Prentice Hall, New Jersey
99 Sprinz, J.; Helmchen, G., Tetrahedron Lett., 1993, 34, 1769–1772
100 Matt, von, P.; Pfaltz, A., Angew. Chem., Int. Ed. Engl., 1993, 32, 566–568
101 Dawson, G. J.; Frost, C. G.; Williams, J. M. J.; Coote, S. J., Tetrahedron Lett., 1993, 34, 3149–3150
102 Helmchen, G.; Pfaltz, A., Acc. Chem. Res., 2000, 33, 336–345
103 Hayashi, T.; Kanehira, K.; Tsuchiya, H.; Kumada, M., J. Chem. Soc., Chem. Commun., 1982, 1162–1164
104 Hayashi, T.; Yamamoto, A.; Ito, Y.; Nishioka, E.; Miura, H.; Yanagi, K., J. Am. Chem. Soc., 1989, 111,

6301–6311
105 Lindström, U. M., Chem. Rev., 2002, 102, 2751–2772
106 Cornils, B.; Kuntz, E. G., J. Organomet. Chem., 1995, 502, 177–186
107 Kwiatek, J., Catal. Rev., 1968, 1, 37–72
108 Shaughnessy, K. H., Chem. Rev., 2009, 109, 643–710
109 Chatt, J.; Leigh, G. J.; Slade, R. M., J. Chem. Soc., Dalton Trans., 1973, 2021–2028
110 Joó, F.; Tóth, Z.; Beck, M. T., Inorganica Chimica Acta, 1977, 25, L61–L62
111 Dror, Y.; Manassen, J., J. Mol. Catal., 1977, 2, 219–222
112 Borowski, A. F.; Cole-Hamilton, D. J.; Wilkinson, G., Nouv. J. Chim., 1978, 2, 137–144
113 Nomura, K., J. Mol. Catal. A: Chem., 1998, 130, 1–28
114 Dwars, T.; Oehme, G., Adv. Synth. Catal., 2002, 344, 239–260
115 Safi, M.; Sinou, D., Tetrahedron Lett., 1991, 32, 2025–2028
116 Blart, E.; Genêt, J. P.; Safi, M.; Savignac, M.; Sinou, D., Tetrahedron, 1994, 50, 505–514
117 Genêt, J. P.; Blart, E.; Savignac, M.; Lemeune, S.; Paris, J.-M, Tetrahedron Lett., 1993, 34, 4189–4192
118 Manabe, K; Kobayashi, S., Org. Lett., 2003, 5, 3241–3244
119 Kinoshita, H.; Shinokubo, H.; Oshima, K., Org. Lett., 2004, 6, 4085–4088
120 Prodea, A.; Ward, T. R., Synlett, 2009, 3225–3236
121 Rosati, F.; Roelfes, G., ChemCatChem, 2010, 2, 916–927
122 Steinreiber, J.; Ward, T. R., Coord. Chem. Rev., 2008, 252, 751–766
123 Boersma, A. J.; Megens, R. P.; Feringa, B. L.; Roelfes, G., Chem. Soc. Rev., 2010, 39, 2083–2092
124 Roelfes, G., Mol. BioSyst., 2007, 3, 126–135
125 Wilson, M. E.; Whitesides, G. M., J. Am. Chem. Soc., 1978, 100, 306–307
126 Lin, C.-C.; Lin, C.-W.; Chan, A. S. C., Tetrahedron: Asymmetry, 1999, 10, 1887–1893
127 Collot, J.; Gradinaru, J.; Humbert, N.; Skander, M.; Zocchi, A.; Ward, T. R., J. Am. Chem. Soc., 2003, 125,

9030–9031
128 Skander, M.; Humbert, N.; Collot, J.; Gradinaru, J.; Klein, G.; Loosli, A.; Sauser, J.; Zocchi, A.; Gilardoni,

F.; Ward, T. R., J. Am. Chem. Soc., 2004, 126, 14411–14418



General Introduction

43

129 Klein, G.; Humbert, N.; Gradinaru, J.; Ivanova, A.; Gilardoni, F.; Rusbandi, U. E.; Ward, T. R., Angew.

Chem. Int. Ed., 2005, 44, 7764–7767
130 Skander, M.; Malan, C.; Ivanova, A.; Ward, T. R., Chem. Commun., 2005, 4815–4817
131 Rusbandi, U. E.; Lo, C.; Skander, M.; Ivanova, A.; Creus, M.; Humbert, N.; Ward, T. R., Adv. Synth. Catal.,

2007, 349, 1923–1930
132 Collot, J.; Humbert, N.; Skander, M.; Klein, G.; Ward, T. R., J. Organomet. Chem., 2004, 689, 4868–4871
133 Letondor, C.; Humbert, N.; Ward, T. R., PNAS, 2005, 102, 4683–4687
134 Letondor, C.; Pordea, A.; Humbert, N.; Ivanova, A.; Mazurek, S.; Novic, M.; Ward, T. R., J. Am. Chem. Soc.,

2006, 128, 8320–8328
135 Pierron, J.; Malan, C.; Creaus, M.; Gradinaru, J.; Hafner, I.; Ivanova, A.; Sardo, A.; Ward, T. R., Angew.

Chem. Int. Ed., 2008, 47, 701–705
136 Pordea, A.; Creus, M.; Panek, J.; Duboc, C.; Mathis, D.; Novic, M.; Ward, T. R., J. Am. Chem. Soc., 2008,

130, 8085–8088
137 Pordea, A.; Mathis, D.; Ward, T. R., J. Organomet. Chem., 2009, 694, 930–936
138 Ward, T. R., Chem. Eur. J., 2005, 11, 3798–3804
139 Yamaguchi, H.; Hirano, T.; Kiminami, H.; Taura, D.; Harada, A., Org. Biomol. Chem., 2006, 4, 3571–3573
140 Levine, H. L.; Kaiser, E. T., J. Am. Chem. Soc., 1978, 100, 7670–7677
141 Heeten, den, R., Ph.D Thesis, 2009, University of Amsterdam
142 Laan, W.; Muñoz, B. K.; Heeten, den, R.; Kamer, P. C. J., ChemBioChem, 2010, 11, 1236–1239
143 Deuss, P. J.; Popa, G.; Botting, C. H.; Laan, W.; Kamer, P. C. J., Angew. Chem. Int. Ed., 2010, 49, 5315–

5317
144 Heeten, den, R.; Muñoz, B. K.; Popa, G.; Laan, W.; Kamer, P. C. J., Dalton Trans., 2010, 39, 8477–8483
145 Roelfes, G.; Feringa, B. L., Angew. Chem. Int. Ed., 2005, 44, 3230–3232
146 Roelfes, G.; Boersma, A. J.; Feringa, B. L., Chem. Commun., 2006, 635–637
147 Boersma, A. J.; Feringa, B. L.; Roelfes, G., Org. Lett., 2007, 9, 3647–3650
148 Coquière, D.; Feringa, B. L.; Roelfes, G., Angew. Chem. Int. Ed., 2007, 46, 9308–9311
149 Boersma, A. J.; Feringa, B. L.; Roelfes, G., Angew. Chem. Int. Ed., 2009, 48, 3346–3348
150 Boersma, A. J.; Klijn, J. E.; Feringa, B. L.; Roelfes, G., J. Am. Chem. Soc., 2008, 130, 11783–11790
151 Rosati, F.; Boersma, A. J.; Klijn, J. E.; Meetsma, A.; Feringa, B. L.; Roelfes, G., Chem. Eur. J., 2009, 15,

9596–9605
152 Megens, R. P.; Roelfes, G., Org. Biomol. Chem., 2010, 8, 1387–1393
153 Dijk, E. W.; Feringa, B. L.; Roelfes, G., Tetrahedron: Asymmetry, 2008, 19, 2374–2377
154 Shibata, N.; Yasui, H.; Nakamura, S.; Toru, T., Synlett, 2007, 1153–1158
155 Jakobsen, U.; Rohr, K.; Vogel, S., Nucleosides Nucleotides Nucleic Acids, 2007, 26, 1419–1422
156 Sancho Oltra, N.; Roelfes, G., Chem. Commun., 2008, 6039–6041
157 Fournier, P.; Fiammengo, R.; Jäschke, A., Angew. Chem. Int. Ed., 2009, 48, 4426–4429
158 Gartner, Z. J.; Kanan, M. W.; Liu, D. R., J. Am. Chem. Soc., 2002, 124, 10304–10306
159 Sakurai, K.; Snyder, T. M.; Liu, D. R., J. Am. Chem. Soc., 2005, 127, 1660–1661
160 Caprioara, M.; Fiammengo, R.; Engeser, M.; Jäschke, A., Chem. Eur. J., 2007, 13, 2089–2095
161 Ropartz, L.; Meeuwenoord, N. J.; Marel, van der, G. A.; Leeuwen, van, P. W. N. M.; Slawin, A. M. Z.;

Kamer, P. C. J., Chem. Commun., 2007, 1556–1558
162 Nuzzolo, M.; Grabulosa, A.; Slawin, A. M. Z.; Meeuwenoord, N. J.; Marel, van der, G. A.; Kamer, P. C. J.,

Eur. J. Org. Chem., 2010, 3229–3236




