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4.1 Introduction

The objective of this thesis is to use DNA as a scaffold in asymmetric catalytic reactions

using transition metal complexes based on phosphine ligands. As described in Chapter 1

transition metal complexes can be connected to DNA via the ligand in a covalent or non-

covalent way. In this chapter the non-covalent anchoring of phosphine ligands to DNA and

the application in the catalysed asymmetric Rh hydrogenation will be described.
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Figure 1: Left: General figure of an intercalating ligand. Right: Ethidium intercalated between two adenine-

thymine base pairs.

Non-covalent introduction of ligands for metal-catalysis into DNA is possible via binding to

the minor or major groove, intercalation or by selection of aptamers.1,2 Planar heteroaromatic

or polycyclic aromatic ring structures can insert between adjacent base pairs (Figure 1). The

first intercalating ring-structure described in literature by Lerman in 1961 was acridine, see

Figure 2a.3 Ten years later the first metal complex was intercalated into DNA by Lippard.4 A

square planar platinum(II) complex was designed containing terpyridine ligands (Figure 2b).

The most commonly used intercalating complexes contain ruthenium and phenanthroline-like

intercalating ligands (Figure 2c).5
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Figure 2: a) The first reported DNA intercalator (acridine).3 b) The first intercalating metal complex.4 c) The

most commonly used intercalating complex with phenanthroline or similar ligands.5
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Recently, Ji et al. reported that copper(II) complexes bearing 2,2’-bipyridine derivatives

modified with nucleobases (Figure 3) preferentially bind to the minor groove of double-

stranded DNA.6 This is one of the few examples where a metal complex is binding to DNA

via the minor groove. Dervan et al. developed another ligand class, consisting of polyamides

constructed from N-methylpyrrole, N-methylimidazole and N-methylhydroxypyrrole amino

acids, which bind within the minor groove of DNA in a sequence-specific manner.7,8 They

were able to use these polyamides as DNA sequence specific minor groove binding ligands

and apply them for DNA recognition.

Figure 3: Minor groove binding complex published recently by Ji et al.6

As described in Chapter 1 aptamers form another class of ligands binding to DNA via non-

covalent interactions. Besides their use in the pharmaceutical area, aptamers are also used for

molecular detection in analytical systems.9 SELEX has also been exploited to generate nucleic

acid-based catalysts for a wide range of chemical reactions. Examples are DNA/RNA

cleavage, DNA ligation/phosphorylation/capping/depurination, porphyrin metalation, amide

bond formation or the Diels–Alder reaction.10,11,12,13
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Figure 4: Schematic representation of artificial metalloenzymes.

Biomacromolecules that are used in artificial metalloenzymes (Figure 4) are typically protein

or DNA and they create the chiral environment required for asymmetric catalytic reactions.

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

seventies. It was proven by Whitesides et al. that the chirality of avidin can be transferred to
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Rh catalysed hydrogenation reactions.14 In the beginning of this century, Ward improved this

system, which now leads to full conversion and ee’s up to 96 % with the use of streptavidin.

Later they employed this system to other transition metal catalytic reaction. Ir,15 Rh15 and

Ru16 transfer hydrogenation, Pd allylic alkylation17 and V sulfoxidation18 are other

asymmetric catalytic reactions in which this artificial metalloenzyme based on the streptavidin

biotin system were used successfully.

Diels-Alder reaction

Figure 5: Schematic representation of the asymmetric Diels–Alder reaction catalysed by a DNA-based catalyst

by Roelfes et al.19

Also the chirality of DNA could be transferred to metal complexes active in asymmetric

catalytic reactions. Roelfes et al. recently obtained high enantiomeric excesses in different Cu

catalysed reactions by the use of N,N-bidentate ligands, which were introduced (non)-

covalently to DNA (Figure 5).19,20,21 With covalently modified oligonucleotides22,23,24 it is

possible to create different chiral environments around the transition metal just by engineering

the sequence of the nucleotides.25

In this chapter, we report the use of functionalised acridine as intercalator to bring the catalyst

in close proximity of DNA.3 The acridine has been functionalised with a bidentate ligand that

was previously used in transition metal catalysed hydrogenation reactions.14 The thus

obtained compound contains three key structural features: a DNA intercalating moiety

(acridine), a spacer and a metal-binding group (phosphine ligand). DNA compatible

conditions for the hydrogenation reaction are required in which the acridine functionalised

phosphine ligand can be used. The metal complex is achiral and DNA is used as sole chiral

source. The main questions to be addressed are 1) if there is a compatibility window, and 2) if

the chirality can be transferred from DNA to the metal complex in such manner that the

assembly functions as a chiral catalyst.
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4.2 Results & Discussion

4.2.1 Synthesis
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Figure 6: Synthesis of Rh complex 5. Reaction conditions: a) SOCl2, CH2Cl2, 90 °C, overnight, quantitative; b)

NEt3, CH2Cl2, r.t., overnight, 53%; c) HBF4·Et2O, MeOH, r.t., 15 min., quantitative; d) [Rh(nbd)2]BF4, CH2Cl2,

1h, 78%.

Acridine was functionalised with a diphosphine ligand, by coupling the Whitesides ligand14 to

9-acridinecarboxylic acid (Figure 6). Bis[2]-(diphenyl-phosphino)-ethyl]amine is acylated

with acridine-9-carbonyl chloride at nitrogen without competing reactions occuring at

phosphorus. The acridine product is protonated with HBF4·Et2O in methanol at the nitrogen

of the acridine for a better water solubility and to improve the interaction of the ligand with

the negatively charged phosphate backbone of the DNA. When other solvents are used, like

diethyl ether, protonation also takes place at the phosphorus atoms. Several routes to

synthesise the methylated acridine ligand were investigated, but none of these resulted in the

desired compound. In addition to the protonated ligand, the alkylated ammonium analogue

was also desired for our studies. Without protection of the phosphine moieties, methylation

took place on the nitrogen as well as the phosphorus atoms. With sulphur protection of the

phosphines, methylation took only place at the nitrogen of the acridine, but the deprotection

of the phosphines failed.

a b c

d
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Table 1: 31P-NMR data of the free Witesides ligands (3 and 6) and the [Rh(nbd)L)]BF4 (5 and 7) complexes.

δ (ppm) Δδ (ppm) JP,P (Hz) JP,Rh (Hz)

Free ligand acridine, 3 –20.8 / –19.8 1.0 - -

Free ligand acetyl, 6 –19.2 / –18.0 1.2 - -
Rh acridine, 5 22.1 / 32.6 10.5 34/34 152/155
Rh acetyl, 7 19.3 / 29.2 9.9 35/34 152/153

In the 31P-NMR of free ligand 3, two phosphorus signals are found separated by one ppm

(Table 1 and Figure 7). The two phosphorus atoms become inequivalent due to the amide

bond; the semi-double-bond character of the C(O)-N bond causes slow rotation of this bond

and renders the phosphorus atoms different.26,27 Upon coordination to [Rh(nbd)2]BF4 the 31P-

NMR spectrum shows two double doublets, which have a chemical shift difference of 10

ppm. The JP1,P2 and JP,Rh are characteristic of a cis phosphine-phosphine-rhodium complexes,

Table 1.28

Figure 7: 31P{1H}-NMR (CD2Cl2) spectra of free ligand 3 (grey) and the Rh-complex 5 (black).

Ligand 6 was anticipated to be a proper control ligand to be used in the catalytic reactions,

since it lacks the intercalator properties of acridine; it was obtained by coupling the

Whitesides ligand to acetyl chloride (Figure 8). Also upon coordination to [Rh(nbd)2]BF4 two

double doublets are observed in the 31P-NMR spectra with the same chemical shift difference

as for the acridine complex, see Table 1 (complex 7).
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Figure 8: Synthesis of Rh complex 7. Reaction conditions: a) NEt3, CH2Cl2, r.t., 3h, 89%; b) [Rh(nbd)2]BF4,

CH2Cl2, 30 min., quantitative.

a b
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4.2.2 Rh-complex 5

The synthesis of the acridine Rh-complex proved to be sensitive to the reaction conditions.

When ligand 3 and the metal precursor [Rh(nbd)2]BF4 were dissolved simultaneously,

complex 5 was formed according to the two double doublets observed in the 31P-NMR, but

also two extra doublets are present, see Figure 9 and Table 2. The 31P-NMR spectrum

obtained after dissolution of the premixed solids (Figure 9a) showed a sharp pattern of two

double doublets for complex 5 (Figure 9c), in addition to two additional doublets around 12

and 37 ppm. When the ligand and the metal precursor were solubilised separately in

dichloromethane and added slowly together in a concentration of 15 mM, the two extra

doublets in the 31P-NMR are smaller compared to the main double doublets, see Figure 9b. At

a lower concentration (10 mM) the two small doublets were not present anymore and pure

complex 5 was formed, Figure 9c.

1
.0

0

2
.0

6

2
.0

9

0
.9

5

ppm
10.015.020.025.030.035.0

1
.0

0

1
.0

1

0
.1

4

0
.2

7

solid + solid dissolve

15 mM

Reaction conditions:

a)

b)

1
.0

0

0
.9

3

Complex 5

c) 10 mM

Figure 9: 31P-NMR spectra of complex 5 prepared under different reaction conditions.

To get more information on the complexes formed under various conditions, the mixture

obtained after dissolution of the premixed solids was also subjected to a 31P103Rh-HMQC

(25 °C, CD2Cl2, see Figure 10) experiment. This rhodium NMR showed that the two main

double doublets at 22 and 32 ppm stem indeed from the same complex (δRh = –134 ppm). In

the spectra depicted in Figure 10 this Rhodium signals showed one signal splitted by the

phosphorus-phosphorus coupling. Interestingly, the two extra doublets in the 31P-NMR belong
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to two different Rh atoms (δRh = –35 and +649 ppm), but it seems that they have the same

intensity.

Table 2: 31P- and 103Rh-NMR chemical shift data complex 5, where phosphine ligand and Rh precursor are

dissolved simultaneously.
31P δ (ppm) 1JP,Rh (Hz) 2JP,P (Hz) 103Rh δ (ppm)

12.2 157 –34.6
22.1 152 34 –134.4
32.4 152 34 –134.4
36.9 170 +648.8

Figure 10: 31P103Rh-HMQC, 25 oC, CD2Cl2 of the “solid-solid” prepared complex 5.

The reaction mixture obtained at 15 mM was subjected to VT-NMR, 31P-NMR spectra were

recorded at temperatures between –80 °C and 25 °C (Figure 11). Cooling the sample to –50

°C gave broad signals of the small doublets around 12 and 37 ppm. One of the double

doublets (at 32 ppm) shift to lower field by 3 ppm and became also broader. Upon cooling the

sample even further to –80 °C the three signals became broader again. The signal around 22

ppm hardly changed during this cooling cycle. After cooling to –80 °C the sample was again

measured at room temperature (25 °C) and the original signals were observed in the spectra.

The sample was not measured at higher temperatures because dichloromethane was used as

solvent for the synthesis and NMR analysis of this complex.
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Figure 11: 31P-NMR spectra measured at different temperatures of the “solid-solid” prepared complex 5.

The broadening observed at lower temperatures suggests that both complexes (monomer and

dimer) are in equilibrium. This equilibrium is temperature dependent and, as we have seen by

the results of the synthesis under different reaction conditions, also concentration dependent.
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Figure 12: Possible structure of the compound belonging to complex with two doublets and two different Rh

atoms.

A possible structure which explains the occurrence of these two doublets can be that of one

molecule with one ligand, two Rh atoms and two norbornadiene (Figure 12), which is in

accord with the additional mass obtained with LCMS (ESI) measurements, m/z of 1062. One

Rh is then coordinated to norbornadiene, one phosphorus atom and the nitrogen of the amide

bond, giving this high chemical shift of 103Rh-NMR (+ 648.8 ppm), due to the nitrogen

coordination.29,30 The second Rh atom is only coordinating to the other phosphorus atom of

the same ligand and to the norbornadiene, where the vacant sites could be filled by solvent or

a chloride anion from the solvent, because a three-coordinate surrounding of Rh is unlikely.

Crystals suitable for X-ray diffraction were obtained by slow diffusion of pentane into a

dichloromethane solution of complex 5 (15 mM). The structure is shown in Figure 13. The

carbon nitrogen bond length of C14–N2 (1.347 Å) is shorter then a normal carbon nitrogen
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amine bond (above 1.45 Å) and comparable with other tertiary CN amide bonds, which

confirms the amide character of this bond.31

One other feature that can be determined from the crystal structure is the distance between

the intercalator and the metal complex. When the acridine is intercalated the distance between

the DNA and the metal centre is important for the chiral induction. The distance between C7

and the Rh atom is 6.905 Å. The ideal distance for induction of chirality of DNA to the metal

centre is not known, but if different linkers are used between the intercalator and the

coordinating atoms, the distance can be adjusted to optimize the catalyst performance. One

similarity between intercalators is their planar aromatic ring structure. Also this acridine is

planar, the dihedral angle between C2/C3 and C11/C12 is 0.5°.

Figure 13: Molecular structure of complex 5 in the solid state.

The crystals that were grown from this solution are from the complex that is responsible for

the main signals in the 31P-NMR spectrum, the two double doublets. The phosphorus atoms

were inequivalent in the 31P-NMR spectrum (Figure 7) and also in the crystal structure the

two P-atoms have different chemical surroundings. There is a small difference between the

two Rh-phosphorus distances (2.298 vs. 2.320 Å) and the angle between the two phosphorus

atoms and the Rh atom is 97.17°. From the crystal structure it can also be concluded that

indeed nitrogen N1 of acridine is protonated with BF4 as counter ion.
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4.2.3 Rh catalysed hydrogenation of MAA
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Figure 14: General conditions of the hydrogenation of methyl acetamidoacrylate (MAA, substrate A).

Complexes 5 and 7 were employed in the Rh catalysed hydrogenation of methyl

acetamidoacrylate (MAA, A, Figure 14). The results are shown in Table 3. The two

complexes perform well in the hydrogenation of MAA in the absence or presence of 3-(N-

morpholino)-pronanesulfonic acid (MOPS) buffer (entry 2, 3, 5 and 7). When Salmon Testes

DNA (stDNA) is added to the catalytic reaction mixture with catalyst 5, hardly any

conversion was obtained (entry 1). Surprisingly, also with the acetyl complex 7 the stDNA

inhibits the hydrogenation (entry 4). The acetyl complex 7 has no intercalating moiety, so the

inhibition with the acridine complex 5 is not (only) due to intercalation of catalyst 5 in the

stDNA.

Table 3: Conversions of the hydrogenation of methylacetamidoacrylate.a

Entry “Rh-cat” DNAb MOPS Additivesc Conversion (%)d

in duplo

1 Acridine, 5 Salmon Testes + - 3 0
2 Acridinev - + - 58 60
3 Acridine, 5 - - - 96 98
4 Acetyl, 7 Salmon Testes + - 1 1
5 Acetyl, 7 - + - >99 >99
6 Acetyl, 7 - - - 94 98
7 Acetyl, 7 - - 0.8 mM NaCl 99 96
8 Acetyl, 7 - - 4.0 mM NaCl 94 93
9 Acetyl, 7 - - 12 mM NaCl 92 85
10 Acridine, 5 - + 2-NH2-Py 28 10
11 Acridine, 5 - - 2’-deoxyadenosine 16 15
12 Acridine, 5 - - 2’-deoxyguanosine 10 6
13 Acridine, 5 - - 2’-deoxycytidine 31 22
14 Acridine, 5 - - 2’-deoxythymidine 94 85
15 Acridine, 5 sc16mer + - 1 1
16 Acetyl, 7 sc16mer + - 5 50

a Reaction conditions: Total reaction volume = 0.5 ml, solvent: H2O or MOPS-buffer = 20 mM pH 6.5, [“Rh”] =

0.3 mM, Rh:substrate = 1:100, [DMF]=10%, 5 bar H2, 20 h, 25 oC, b stDNA = 1.3 mg/ml, [sc16mer, 5’-GACT

GACT AGTC AGTC-3’] = 0.22 mM, c [Nucleoside] = 4.0 mM, [2-amino-pyridine] = 4.0 mM, d No ee, vAlso

dinuclear species present
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In the last step of the isolation of stDNA a saturated sodium chloride solution is used, and

traces of chloride could be a reason for the loss of activity as is observed for reactions in

organic solvents. These chlorides can coordinate in the first coordination sphere of the metal

leaving no vacant site for the catalytic cycle. To see if this is the case, the addition of NaCl

was investigated (entry 6–9). After addition of different amounts it can be concluded that the

chloride anions do not inhibit the Rh catalysed hydrogenation of MAA.

Deoxyribonucleic acids contain several nitrogen atoms which can compete with coordination

of the phosphorus ligands or more importantly the substrate. Control experiments were

performed in which 2-aminopyridine was added as analogue of the two main nitrogen atoms

(primary amines and imines) in the four different nucleosides. Also in these experiments a

decrease of the conversion was observed (entry 10). After adding the four individual

nucleosides separately, it can be concluded that three of the four nucleobases inhibit the

hydrogenation of MAA, see Figure 15. In the presence of thymidine the Rh-complex 5 still

performs very well. This nucleobase is the only one that has no aromatic imine nitrogen. One

explanation for the inhibition by A, G and C could be that these nucleobases are coordinating

to the Rh-complex via the imine nitrogen.32 When all the nucleotide strands are in duplex

form, these aromatic imine nitrogen atoms should be less accessible for coordination to the Rh

complex. In the duplex form they are protected from Rh coordination by the H-bonds between

the bases of the duplex. The stDNA sample consists of different strands, single, double, short

and long ones.

The next experiment is the performance of the hydrogenation of MAA in the presence of a

synthetic oligonucleotide duplex. If this oligonucleotide is self-complementary, only one

strand is needed to have them all in the duplex form. A self-complementary 16-mer , 5’-

GACT GACT AGTC AGTC-3’, was used as synthetic oligonucleotide, (Table 3, entry 15 and

16). With acridine-ligand 5, hardly any conversion was obtained. The hydrogenation with

acetyl-ligand 7 gave some conversion in the presence of the 16-mer, but the results of the

duplo experiments differ a lot. The 50% conversion could unfortunately not be reproduced.

The difference in activity could be explained by the intercalating properties of the acridine.

When compound 7 is added to the 16-mer, this acridine will disturb the helical structure of the

DNA by intercalating. In this way, probably more nucleobases can coordinate to the Rh atom

which will decrease the activity. Alternatively, the active Rh centre is surrounded by DNA

and not accessible anymore for hydrogenation of the substrate. A longer linker can be a

solution, but not too long, because it should still be possible to transfer the chirality of the

DNA to the metal centre.
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Figure 15: Conversion of the hydrogenation of MAA upon addition of the 4 different nucleosides. Reaction

conditions: total reaction volume = 0.5 ml, [nucleoside] = 4.0 mM, MOPS-buffer = 20 mM pH 6.5, [“Rh” 5] =

0.3 mM, Rh:substrate = 1:100, [DMF] = 10%, 5 bar H2, 20h, 25 °C, no ee.

4.2.4 Circular Dichroism

One way to investigate if there is any interaction of the ligand/complex with DNA33,34 is to

measure circular dichroism (CD). 35,36,37 CD spectra were recorded between 250 and 500 nm

of Salmon Testes DNA in the absence (solid line) and presence (dashed line) of Rh complex 5

(Figure 16). In both cases the DNA concentration is kept the same. The presence of the Rh

complex is giving an increased CD signal of the stDNA CD spectrum around 275 nm. This

change in the CD spectrum of stDNA is suggesting that there is interaction of complex 5 with

the DNA. Although the CD signal of the DNA changes upon complexation of 5, there is no

CD signal observed in the area in which the metal complex absorbs (300–400 nm). This

suggests that the chirality of the DNA is not transmitted to the metal-complex.
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Figure 16: Circular dichroism spectra Salmon Testes DNA in the absence (solid) and presence (dashed) of Rh

complex 5.

4.3 Conclusions

An acridine was successfully functionalised with a bidentate phosphine ligand (3). The

complexation to [Rh(nbd)2]BF4 appeared not to be straightforward and the reaction conditions

were optimized to obtain pure complex 5. Complex 5 was analysed with different techniques

and its solid state structure was confirmed by X-ray analysis. Rh complex 5 performed very

well in the hydrogenation of methyl acetamidoacrylate under DNA compatible conditions, but

unfortunately not in the presence of Salmon Testes DNA or a synthetic oligonucleotide. CD

spectroscopy experiments showed a change in the region of the DNA upon addition of

complex 5, but there is no CD signal observed in the area in which the metal complex

absorbs. This suggests that the chirality of the DNA is not transmitted to the metal-complex.

More detailed experiments with the synthetic oligonucleotide are required to fully understand

the properties of DNA-complex interactions and its translation to the hydrogenation, resulting

so far in a decrease in activity.
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4.4 Experimental

General remarks. Unless stated otherwise, reactions were carried out under an atmosphere of

nitrogen or argon using standard Schlenk techniques. THF, diethyl ether and hexanes were

distilled from sodium/benzophenone. Tertiary amines, CH2Cl2 and methanol were distilled

from CaH2 and toluene was distilled from sodium. Deuterated solvents were distilled from the

appropriate drying agents. Unless stated otherwise, all chemicals were obtained from

commercial suppliers and used as received. NMR spectra were recorded on a Varian Mercury

300, a Varian Inova 500 or a Bruker Avance DRX-300 spectrometer. Chemical shifts are

reported in ppm and are given relative to tetramethylsilane (1H, 13C) ), 85% H3PO4 (31P) and

Cl3CF (13F). High Resolution Mass Spectra were recorded at the Department of Mass

Spectrometry at the University of Amsterdam using Fast Atom Bombardment (FAB)

ionization on a JEOL JMS SX/SX102A four-sector mass spectrometer, coupled to a JEOL

MS-MP9021D/UPD system.
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Figure 17: General numbering scheme of the carbon/nitrogen atoms of compound 3 to 5.

Bis(2-(diphenylphosphino)ethyl)ammonium chloride: This compound was prepared

according to a literature procedure.26 Diphenylphosphine (7 ml, 40 mmol) was

added to a suspension of potassium tert-butoxide (7.03 g, 62.5 mmol) in dry

THF (125 ml). The resulting deep red solution was stirred for 5 min. and

bis(2-chloroethyl)amine hydrochloride (3.58 g, 20 mmol) was added. The

mixture was refluxed overnight, poured into hexanes (200 ml), and washed with 10% NaOH

(75 ml) and brine (75 ml). The organic phase was separated and stirred vigorously with an

HCl solution (aq, 2M, 200 ml), giving a white precipitate. Recrystallization of the collected

precipitate from boiling acetonitrile (75 ml) gave the pure product (6.9 g, 14.4 mmol, 72%) as

a white powder.
1H-NMR (CDCl3): δ (ppm) = 2.54–2.59 (m, 4H, PCH2), 2.92 (m, 4H, NCH2), 7.26–7.37

(m, 20H, CHaryl), 10.01 (bs, 2H, NH.HCl) 13C-NMR (CD2Cl2): δ (ppm) = 23.8 (d, 1JCP = 15.8

Hz, PCH2), 44.3 (d, 2JCP = 26.8 Hz, NCH2), 128.8 (d, 3JCP = 6.8 Hz, CHm-aryl), 129.1 (CHp-

aryl), 132.6 (d, 2JCP = 19.3 Hz, CHo-aryl), 136.5 (d, 1JCP = 12.6 Hz, Cqaryl)
31P-NMR (CDCl3): δ

HCl.HN

PPh2

PPh2
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(ppm) = –19.17 HRMS (FAB) m/z: calcd. for C28H30ClNP2 [M–Cl]+: 442.1848; obsd:

442.1852

9-(chlorocarbonyl)acridinium chloride (2): This compound was prepared according to a

literature procedure.38 Acridine-9-carboxylic acid (1.5 g, 6.7 mmol) was

dissolved in freshly distilled thionyl chloride (25 ml) and the solution was

refluxed overnight with CaCl2-tube. The solution was concentrated in

vacuo and hexane (20 ml) was added to precipitate the acid chloride, which

was used without further purification and analysis.

N,N-bis(2-(diphenylphosphino)ethyl)acridine-9-carboxamide (3): Compound 2 (0.132 g,

0.47 mmol), dry dichloromethane (2 ml) and a few drops of distilled

NEt3 were placed in a small Schlenk vessel. This solution was added

via a syringe to another Schlenk vessel containing bis(2-

(diphenylphosphino)ethyl)ammonium chloride (0.208 g, 0.43 mmol),

dry dichloromethane (8 ml) and NEt3 (0.3 ml, 2.37 mmol). After

stirring overnight, the reaction mixture was washed two times with 2

M HCl and the water layers were extracted two times with

dichloromethane. The combined DCM layers were washed with 0.1 M NaOH, separated,

dried with Na2SO4 and evaporated. The product was purified on silicagel plates, using a

chromatotron (DCM:MeOH 1%), yielding a yellow foam (0.147 g, 0.23 mmol, 53 %).
1H-NMR (CDCl3): δ (ppm) = 1.90–1.96 (m, 2H, CH217/17’), 2.66–2.71 (m, 2H,

CH217/17’), 2.98–3.05 (m, 2H, CH216/16’), 3.86–3.93 (m, 2H, CH216/16’), 6.68–6.72 (m,

4H, CH19/19’), 6.96–7.02 (m, 4H, CH20/20’), 7.10–7.16 (m, 2H, CH21/21’), 7.37–7.43 (m,

6H, CH20/20’ + CH21/21’), 7.50–7.60 (m, 6H, CH2 + CH7 + CH19/19’), 7.75–7.80 (m, 2H,

CH3 + CH6), 7.86 (d, J = 8.7 Hz, 2H, CH1 + CH8), 8.23 (d, J = 9.0 Hz, 2H, CH4 + CH5)
13C-NMR (CDCl3): δ (ppm) = 27.29 (d, JC,P = 14.1 Hz, CH217/17’), 28.08 (d, JC,P = 16.4 Hz,

CH217/17’), 43.24 (d, JC,P = 24.7 Hz, CH216/16’), 46.96 (d, JC,P = 26.8 Hz, CH216/16’),

122.42 (Cq11 + 14), 125.45 (CH1 + CH8), 127.38 (CH2 + CH7), 128.75–129.46 (m, CH20 +

CH20’ + CH21 + CH21’), 130.13–130.54 (m, CH4 + CH5), 130.86 (CH3 + CH6), 132.18 (d,

JC,P = 19.0 Hz, CH19/19’), 133.27 (d, JC,P = 18.8 Hz, CH19/19’), 136.50 (d, JC,P = 11.7 Hz,

Cq18/Cq18’), 137.83 (d, JC,P = 11.9 Hz, Cq18/Cq18’), 140.71 (Cq9), 149.04 (Cq13 + Cq13’),

168.12 (Cq(O)15) 31P-NMR (CDCl3): δ = –20.60, –19.62 HRMS (FAB) m/z: calcd. for

C42H36N2OP2 [MH]+: 646.2303; obsd.: 647.2380

N,N-bis(2-(diphenylphosphino)ethyl)acridinium-9-carboxamide tetrafluoroborate (4):

Ligand 3 (66.4 mg, 0.103 mmol) was dissolved in MeOH (5 ml).

HBF4.Et2O (13.4 µl, 0.098 mmol) was added to this light yellow

solution and the solution became bright yellow instantaneously. After

stirring for 15 min. the reaction mixture was evaporated to dryness.

Compound 4 was obtained as a yellow solid and used without further

purification.
1H-NMR (CD2Cl2): δ (ppm) = (acridine protons give sharp

signals, all others broad signals) 2.14, 3.10, 3.44, 4.10 (broad signals
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CH216, 17, 16’, 17’), 6.87, 7.04, 7.31, 7.56, 7.75 (broad signals CH19, 20, 21, 19’, 20’, 21’),

7.88–7.93 (m, 2H, CH2 + CH7), 8.11 (d, J = 8.4 Hz, 2H, CH1 + CH8), 8.22–8.28 (m, 2H,

CH3 + CH6), 8.51 (d, J = 8.7 Hz, 2H, CH4 + CH5), 14.39 (bs, 1H, NH+) 31P-NMR (CDCl3):

δ = –20.357 (bs)

[Rh(nbd)(4)]BF4 (5): The crude product from the synthesis of ligand 4 (0.098 mmol) was

dissolved in CH2Cl2 (5 ml). In another Schlenk vessel

[Rh(nbd)2]BF4 (38.38 mg, 0.103 mmol) was dissolved in

CH2Cl2 (5 ml). The solution of ligand 4 was added

dropwise to the Rh-precursor solution and stirred for 1

hour. The solvents were evaporated and NMR and mass

analysis was performed. Crystals suitable for X-ray

diffraction were obtained by slow diffusion of pentane

into a dichloromethane solution of complex 5.
1H-NMR (CD2Cl2): δ (ppm) = (spectrum showed broad signals and overlapping, no

integration was possible, rough assignment was done with a 1H1H-cosy) 1.53 (CH2 nbd), 2.20

(CH216/16’), 2.86–2.95 (CH216/16’), 3.29 (CH217/17’), 3.90 (CH nbd), 4.23–4.31

(CH217/17’), 4.43 (CH=CH nbd), 4.53 (CH=CH nbd), 7.42–7.81 (CH1 + CH8 + 2 x PPh2),

7.76–7.81 (CH2 + CH7), 8.18–8.23 (CH3 + CH6), 8.44 (d, J = 8.8 Hz, CH4 + CH5), 14.24

(NH) 13C-NMR (CD2Cl2): δ (ppm) = 26.92, 40.40, 45.82, 47.64, 69.53, 83.95, 86.18, 121.27,

122.57, 126.45, 130.04, 130.12, 130.38, 131.26, 131.84, 132.12, 133.29, 133.35 138.90,

140.15, 152.45, 166.51 31P-NMR (CD2Cl2): δ = 22.1 (dd, 2JP,P = 34 Hz, 1JP,Rh = 152 Hz), 32.6

(dd, 2JP,P = 34 Hz, 1JP,Rh = 155 Hz) HRMS (FAB) m/z: calcd. for C49H45N2OP2Rh [MH–

2BF4]
+: 842.2057; obsd.: 842.2071

N,N-bis(2-(diphenylphosphino)ethyl)acetamide (6): Bis(2-(diphenylphosphino)ethyl)acet-

amide (0.505 g, 1.05 mmol) was dissolved in dry CH2Cl2 (20 ml). NEt3

(0.8 ml, 5.75 mmol) and acetyl chloride (0.09 ml, 1.26 mmol) were added

and the reaction mixture was stirred for 3 hours, after which it was

evaporated to dryness. The crude reaction product was dissolved in

CH2Cl2 and washed with HCl (aq, 2 M, 2 x 8 ml) and NaOH (aq, 0.1 M,

8 ml). The combined organic layer was dried over Na2SO4 and evaporated to dryness. Product

6 was obtained as a sticky white solid (0.45 g, 0.94 mmol, 89 %).
1H-NMR (CD2Cl2): δ (ppm) =1.84 (s, 3H, CH3), 2.26–2.38 (m, 4H, 2 x PCH2), 3.27–3.35

(m, 2H, NCH2), 3.41–3.49 (m, 2H, NCH2), 7.36–7.52 (m, 20H, 2 x PPh2)
31P-NMR (CDCl3):

δ = –19.19, –18.02

[Rh(nbd)(6)]BF4 (7): Ligand 6 (25.615 mg, 0.053 mmol) was dissolved in CH2Cl2 (5 ml). In

another Schlenk vessel [Rh(nbd)2]BF4 (19.866 mg, 0.053 mmol) was also dissolved in CH2Cl2

(5 ml). The solution of ligand 6 was added dropwise to the Rh-precursor solution and stirred

for 1 hour. The solvents were evaporated and the complex was used without further

purification.
1H-NMR (CD2Cl2): δ (ppm) = 1.55 (s, 2H, CH2nbd), 1.61 (s, 3H, CH3), 2.25 (bs, 2H,

PCH2), 2.93 (bs, 2H, PCH2), 3.14 (bd, J = 21.4, 2H, NCH2), 3.54 (bd, J = 21.5, 2H, NCH2),
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3.89 (bs, 2H, 2 x CHnbd), 4.43–4.45 (bm, 4H, 2 x CH=CH), 7.50–7.58 (m, 20H, 2 x PPh2)
19F-NMR (CD2Cl2): δ (ppm) = –150.809 31P-NMR (CD2Cl2): δ = 19.3 (dd, 2JP,P = 35 Hz,
1JP,Rh = 152 Hz), 29.2 (dd, 2JP,P = 34 Hz, 1JP,Rh = 153 Hz)

General procedure for the hydrogenation of methyl acetamidoacrylate (MAA).

The hydrogenation experiments were carried out in a stainless autoclave (total volume is 150

ml) charged with an insert suitable for 8 or 14 reaction vessels including Teflon mini stirring

bars for conducting parallel reactions. In a typical hydrogenation run, a glass vial was charged

with the appropriate amounts of the stock-solutions in the order: water, MOPS-buffer, DNA,

additives (nucleobases, NaCl, 2-NH2-pyridine), [Rh(nbd)(L)]BF4, and substrate in 0.5 ml

solvent. Before starting the catalytic reactions, the charged autoclave was purged three times

with 5 bar of H2 and then pressurised to 5 bar H2. The reaction mixtures were stirred at room

temperature for 20 hours. Next, the autoclave was depressurised and each reaction mixture

was extracted with EtOAc (3 × 0.5 ml) and the combined organic layers were concentrated to

approximately 0.5 ml using pressurised air and a warm water bath. The residues were

transferred into micro-GC vials. The conversions and enantiomeric excesses were measured

by chiral GC using the following column and conditions: trace Chiralsil DEX-CB column

(T=70 °C for 1 min., then ∆T = 7.1 °C/min., tR (starting material) = 7.13, tR (S) = 8.03, tR (R)

= 8.23) or focus Supelco -DEX 225 column (T=140 °C for 14 min., then ∆T = 53 °C/min., tR

(starting material) = 5.56, tR (S) = 6.08, tR (R) = 6.61)

General procedure for the circular dichroism experiments.

Circular Dichroism spectra were measured on a Olis DSM 1000 monochromator, with a

temperature control attachment. MOPS:DMF, 2:1 was used as baseline and 100 iterations

were done with the wavelengths 250–500 nm. Two stock-solutions were made with degassed

solvents: [Rh(nbd)(5)]BF4 (2.94 µmol) was dissolved in DMF (5 ml); Salmon Testes DNA

(17.77 mg) was dissolved in MOPS-buffer (15 ml, pH 6.5, 20 mM). The stock-solutions were

added together in the appropriate amounts and mixed/incubated 30 minutes before measuring

the CD spectra in a round cuvet.
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