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2.1 Introduction

The objective of this research project is the development of efficient and clean catalysis by

combining transition metals with phosphine ligands and bio-molecules. The aim of this

research is the use of DNA as chiral scaffold in asymmetric catalytic reactions based on non-

chiral phosphine ligands. Achiral phosphine ligands will be introduced into DNA in different

ways and the transfer of chirality of the backbone to asymmetric catalytic reactions will be

investigated. Besides the chiral helical structure of the DNA, the sugar moiety is an additional

source of chirality.

Breit et al. reported the first supramolecular bidentate-phosphine ligand, based on self-

assembly through hydrogen bonding that was used for transition metal catalysis. Later this

was extended to the use of an analogue of an AT base-pair, which enlarged the easy

preparation of libraries.1,2 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.3

The sugar moiety as the chiral auxiliary is quite far away from the transition metal centre.

In the context of the overall aim of the thesis, it is important to see if chirality transfer can still

occur and will result in formation of enantio-enriched products. This chapter therefore

presents important control experiments for the application of longer phosphine modified

oligonucleotides. In this chapter the functionalisation of mononucleotides, as a small model to

DNA, with mono- and bidentate phosphine ligands is reported. These ligands were tested in

different asymmetric catalytic reactions to investigate if there is any chiral induction resulting

from the single nucleotides. Also, combinations of monodentate phosphine functionalised

adenosine and thymidine were used (see Figure 1).
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Figure 1: Schematic representation of ligand design described in this chapter.

2.2 Results & Discussion

2.2.1 Synthesis

Spartan calculations were done to see which diphenylphosphino-benzoic acid would be the

best choice for coupling to the adenosine at the 8-position. An adenine-thymine pair was

“frozen” by the H-bonds and the C3-amide-phosphine-linkage was build on the 8- and 5-

position of adenine and thymine, respectively (see Figure 2). The distance between the two

phosphorus ligands was locked at 3.8 Å and all the combinations of ortho-, meta- and para-

diphenylphosphino-benzoic acid on the adenine (AO, AM and AP) and thymine (TO, TM and

TP) were minimised in energy by MMFF calculations. The combinations giving the lowest

energy were in all cases those containing meta-diphenylphosphino-benzoic acid adenine (AM)

and one of the three thymidine ligands TO, TM and TP. This lowest energy would give the

most stable complex and thus we decided to couple meta-diphenylphosphinobenzoic acid to

adenosine.

N

NN

N

N

N N

O

O

H

H H

O

OH

HO

O

OHHO

HN

O

H
N

O

Ph2P

Ph2
P

3.8 Å

= “frozen”

“Ortho”= AO

“Meta ” = AM

“Para”= AP

“Ortho”= TO

“Meta”= TM

“Para”= TP

Figure 2: Model for Spartan calculations in which the two H-bonds of an adenine thymine base pair were frozen

and P-P distance locked at 3.8 Å.
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The adenosine was functionalised with a monodentate and a bidentate phosphine ligand. The

Whitesides carboxylic acid (4) was chosen as bidentate ligand. The starting phosphine ligand

1 was acylated with methyl-4-chloro-4-oxobutyrate (2) to give methyl ester 3, which was

subsequently hydrolyzed with lithium hydroxide to obtain carboxylic acid 4 in high yield

according to a literature procedure, see Figure 3.4
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Figure 3: Synthesis of phosphine moiety 4. Reaction conditions: a) NEt3, CH2Cl2, r.t., overnight, 95 %; b)

LiOH.H2O, H2O:THF 1:2, r.t., 1h, 99 %.

To functionalise adenosine with the appropriate phosphine ligand, a primary amine was

introduced at the 8-position of adenosine, starting from 8-bromoadenosine 5. Treatment of

propargylamine with trifluoroacetic anhydride afforded propargyl trifluoroacetamide, which

was reacted with 8-bromoadenosine (Figure 4). This Sonogashira reaction was performed

according to the heterogeneous protocol of Garg et al. using a resin-bound tertiary amine

(Amberlite IRA-67).5 Alkyne 6 was reduced to alkane 7 with molecular hydrogen and Pd on

carbon to obtain a more flexible linker.6 We found that this reduction was highly dependent

on the quality of the Pd on carbon. With active Pd on carbon full conversion was obtained

after a reaction overnight at one bar hydrogen pressure.

The trifluoroacetamide group was removed from the amine with ammonium hydroxide to

obtain the primary amine functionalised adenosine 8 with a three carbon linker. Compound 8

was then ready for phosphine modification; meta-(diphenylphosphino)benzoic and bidentate

ligand 4 were coupled to this nucleotide.

1
2

3 4
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Figure 4: Synthesis of ligand 9 and 10. Reaction conditions: a) HCCCH2NHC(O)CF3, Pd(PPh3)4, CuI,

Amberlite IRA-67, DMF, 50 °C, overnight, 65 %; b) 10 % Pd/C, H2, EtOH, r.t., overnight, 84 %; c) NH4OH,

MeOH, r.t., overnight, 73 %; d) 3-(diphenylphosphino)benzoic acid, NHS, EDC, NaHCO3 (aq), DMF, R.T,

overnight, 49 %; e) 4, NHS, EDC, NaHCO3, DMF, r.t., overnight, 32 %.

The coupling of the phosphine carboxylic acid moieties was performed using the conditions

that are used for the amide formation published by Jäschke et al.7 The phosphine ligands were

activated in situ by N-hydroxysuccinimide (NHS) and N-ethyl-N’-(3-dimetylamino-

propyl)carbodiimide (EDC) to generate active esters, which were added to a solution of 8,

Figure 4. The isolated yields after purification by column chromatography were 49% for

monodentate ligand 9 and 32% for bidentate ligand 10. The reactions were performed on

small scale and no other couplings reagents and reactions conditions were tested to further

optimize these yields. The moderate yields could be explained by the water-solubility of the

ligands due to the third OH group on the sugar. After isolation and purification ligand 9 was

not (or poorly) soluble in dichloromethane. Nevertheless, monodentate phosphine ligand 9

and bidentate phosphine ligand 10 were obtained in sufficient quantities for preliminary

evaluation in catalysis.

5
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Figure 5: Synthesis of ligand 13. Reaction conditions: a) TBDMSCl, 1H-imidazole, DMAP, DCM, r.t.,

overnight, 30 %; b) NH4OH, MeOH, r.t., overnight, quantitative; c) 4, NHS, EDC, NaHCO3 (aq), DMF, r.t.,

overnight, 32 %.

The catalytic reactions were performed in organic solvents (vide infra). To investigate if there

is an influence of the three OH-groups of the ribose on the catalytic reaction, bidentate ligand

13 was also synthesized with silyl-protected OH-groups. Before deprotection of the primary

amine, compound 7 was first treated with tert-butyldimethylsilyl chloride (TBDMSCl),

Figure 5.8 Primary amine 12 was coupled with NHS/EDC activated 4, after which the

bidentate phosphine adenosine 13 could be isolated.

The final ligands 9, 10 and 13 were fully characterised with 1H-, 13C- and 31P-NMR

experiments. For proton and carbon assignments, different cosy NMR experiments were

performed. Three phosphine ligands based on the thymidine are depicted in Figure 6. These

were synthesised in the same way as ligand 9.9 These three ligands were used in different

asymmetric catalytic reactions in combinations with adenosine ligand 9. Rh-complexes with

combinations of ligand 9 with the three thymidine ligands 14, 15 and 16 were analysed by

31P-NMR.

7 11 12

13
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Figure 6: Thymidine compounds functionalised with monodentate phosphine ligands.

31P-NMR

31P-NMR spectra were recorded in d8-THF of all the free monodentate ligands and their

rhodium complexes (Table 1). The 31P-NMR chemical shift of the adenosine ligand 9 was a

sharp signal at –5.46 ppm. When the rhodium precursor [Rh(nbd)2]BF4 was added, a solid

material precipitated. The 31P-NMR spectrum of the suspension showed two broad signals at

–4.69 ppm (bs) and 29.6 ppm (bd, J = 156 Hz), which correspond to the free ligands and the

rhodium complex, respectively.

Table 1: 31P-NMR studies of the monodentate-phosphine ligands 9, 14, 15 and 16.

L Free ligand (ppm) “Rh-L2”-complex (ppm)
Hetero-combinations

L: T & A

9 (A) – 5.46
– 4.69 (bs)

29.60 (bd, J = 156 Hz)
-

14 (To) – 9.50
– 9.57

33.36 (1:0.24)
26.74

33.36 (1:1.1)

15 (Tm)
– 5.42

25.74 (1:0.1)
25.93

29.60 (d, J = 158 Hz)
– 5.0 (bs)

29.60 (bd, J = 159 Hz)

16 (Tp)
– 5.64

23.73 (1:0.57)
24.47

29.04 (d, J = 158 Hz)
24.07

Ortho-thymidine ligand 14 gave a singlet at –9.50 ppm as free ligand. The 31P-NMR spectrum

of the rhodium complex with this ligand showed still free ligand and a new signal at 33.36

ppm. As there is no rhodium coupling observed, the new signal at 33.36 ppm is most likely

from the oxidised phosphine.

The meta-thymidine ligand 15 gave two singlets in the 31P-NMR spectrum of the free

ligand, see Table 1. The signal at –5.42 ppm, of the phosphine, and 25.74 ppm, of the

oxidised phosphine, appeared in a ratio of 1 to 0.1. The rhodium complex of this ligand

showed a doublet at 29.6 ppm with a coupling constant of 158 Hz, which is typical of a cis Rh

14 15 16
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diphosphine complex.10 A small signal could be observed of the phosphine oxide at 25.9 ppm,

but no free phosphine was seen at –5 ppm.

Also the 31P-NMR of the free ligand para-thymidine 16 showed two singlets, one of the

phosphine and the other of the phosphine oxide (~35%). When the rhodium precursor was

added, the free phosphine was no longer observed. One doublet at 29.04 ppm of the rhodium

complex and one singlet of the phosphine oxide was observed.

Also combinations of monodentate phosphine functionalised adenosine and thymidine

were added to the rhodium precursor [Rh(nbd)2]BF4. First the two ligands were mixed in a

one to one ratio after which the rhodium precursor was added (Rh:L, 1:2). For the

combination with the meta-thymidine ligand 15 and the adenosine 9 two broad signals were

obtained, one at –5 ppm (free ligand) and one doublet at 29.6 ppm for the rhodium complex.

It could not be concluded from this spectrum if a homo or hetero complex was formed due to

the broad nature of the signals and the similar chemical shifts of the homo-complexes.

When the rhodium precursor was added to a mixture of ligand 9 and 16 (para-thymidine

phosphine), only one sharp signal was observed at 24.07 ppm, which was assigned to the

phosphine oxide of the thymidine. Both homo-complexes where easily distinguished in 31P-

NMR spectrum. Since no signals were found with those absorptions, probably hetero-

complexes were formed. However, instead of the expected double doublets, no signal could

be observed with this NMR experiment in the region of phosphine coordinated to rhodium.

No complex formation was observed with the combination of the ortho-thymidine ligand

14, as only two singlets are visible in the 31P NMR at 26.74 and 33.36 ppm, which are

probably from the phosphine oxides.

2.2.2 Rh catalysed hydrogenation of methylacetamido acrylate

A

N
H

O

O

O

The first catalytic reaction we studied with the adenosine functionalised ligands was the

hydrogenation of methyl acetamidoacrylate (A), see Table 2. The reaction was performed

with different ligand combinations. The complexes were made in situ by mixing a solution of

the ligand with a solution of the Rh-precursor, [Rh(cod)2]BF4, prior to the addition of the

substrate. The first solvent of choice was dichloromethane, but ligand 9 was not soluble in this

solvent. All catalytic experiments were performed in tetrahydrofuran, in which all the ligands

were soluble.
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Table 2: Rh-catalysed hydrogenation of methylacetamido acrylate A.a

Entry Ligand Substrate Conversion (%)b

1 9 + 9 A 100
2 9 + 14 A 68c

3 9 + 15 A 100
4 9 + 16 A 100
5 10 A 80c

6 13 A 100
7 - A 100

aReaction conditions: [Rh(cod)2]BF4, [Rh] = 1.0 mM, ligand/Rh = 1.1 per ligand addition (I + I means 2.2 eq.

ligand I per Rh), susbtrate/Rh = 100, solvent = THF, 10 bar H2, 40 °C, t = 20 h, reaction volume = 0.5 ml.
bAverage value of duplicate experiments, no ee. c For the duplicate experiments conversions of 50/87 and 60/100

were obtained, respectively.

The hydrogenation of methyl acetamidoacrylate A (Table 2) gave full conversion after 20

hours with the use of the monodentate phosphine adenosine ligand 9 (2 equivalents with

respect to the Rh, “homo-combination”, Table 2, entry 1). Watson and Crick base pairing is

used in the hetero-combinations adenosine 9 combined with ortho-, meta- and para-

monophosphine modified thymidine (respectively compound 14, 15, and 16). The

combination of adenosine ligand 9 with the meta- and para-thymidine ligands 15 and 16 gave

full conversion (entry 3 and 4). The combination with the ortho-thymidine ligand 14 did not

reach full conversion, entry 2. A reason for the lower activity could be that with this

combination there is more steric hindrance around the metal centre. None of the performed

hydrogenations of methyl acetamidoacrylate resulted in any significant enantiomeric

excesses.

The hydrogenation of A was also performed with the bidentate ligands 10 and 13. The use

of 10 with the three free OH-groups did not result in full conversion (Table 2, entry 5). Silyl-

protected ligand 13 did give full conversion after 20 hours (Table 2, entry 6). No enantiomeric

excess was obtained with these two ligands. As expected, the chirality of the ribose is too far

away from the metal, resulting in formation of the product as a racemic mixture.
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2.2.3 Rh catalysed hydrogenation of dimethyl itaconate

B

O

O

O

O

Table 3: Rh-catalysed hydrogenation of dimethyl itaconate B.a

Entry Ligand Substrate Conversion (%)b

1 9 + 9 B 21
2 9 + 14 B 11
3 9 + 15 B 21
4 9 + 16 B 16
5 10 B 61c

6 13 B 99
7 - B 100

aReaction conditions: [Rh(cod)2]BF4, [Rh] = 1.0 mM, ligand/Rh = 1.1 per ligand addition (I + I means 2.2 eq.

ligand I per Rh), susbtrate/Rh = 100, solvent = THF, 10 bar H2, 40 °C, t = 20 h, reaction volume = 0.5 ml.
bAverage value of duplicate experiments, no ee. c For the duplicate experiments conversions of 23% and 100%

conversions were obtained.

The second reaction that was studied was the asymmetric hydrogenation of dimethyl itaconate

B. As can be seen in Table 3 the hydrogenation of dimethyl itaconate B gave lower

conversions with the monodentate ligands compared to substrate A. Also with this substrate

full conversion was obtained when only the free Rh precursor, [Rh(cod)2]BF4, was used (entry

7). The ligands were added in small excess over the Rh precursor, so in theory there should be

no free rhodium in solution.

The homo-combination of phosphine-adenosine 9 gave 21 % conversion with 10 bar H2,

40 °C and 20 hour reaction time (Table 3, entry 1). Also the hetero-combination of 9 with

meta-phosphine thymidine 15 (entry 3) gave around 20 % conversion. The ortho- and para-

hetero-combinations gave lower conversion, 11 and 15 % (respectively entry 2 and 4). As was

seen for the hydrogenation of A, also for the hydrogenation of dimethyl itaconate B there was

no enantiomeric excess obtained in any of the reactions.

The bidentate ligands 10 and 13 performed much better than the monodentate ligands for

this substrate B, entry 5 and 6. The silyl-protected ligand 13 gave almost full conversion,

entry 6. Again with ligand 10 containing free OH-groups the duplo experiments differ greatly

from one another (Table 2 and Table 3, both entry 5). Possibly the complex of this ligand is

less stable in organic solvent compared to the silyl-protected version, which could result in

these different conversions.
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2.2.4 Pd catalysed allylic substitution

Ph Ph

OAc

Ph Ph

HN

Ph

H2N Ph+

C D

Table 4: Asymmetric amination of 1,3-diphenylallyl acetate (C) with benzylamine (D).a

Entry Ligand Conversion (%)b ee (%)c

1 9 + 9 100 15
2 9 + 14 82 15
3 9 + 15 78 n.d.
4 9 + 16 97 19
5 PPh3 7 n.d.

a Reaction conditions: [Pd(3-C3H5)Cl]2, [Pd] = 0.5 mM (1 mol%), C / D / [Pd(3-C3H5)Cl]2 / ligand = 100 / 300

/ 0.5 / 2 (L + L = 2 eq.), t = 20 h, 2 ml THF. b Average conversion of duplo experiments. c Average enantiomeric

excess of duplo experiments, no baseline separation.

The ligands 9, 14, 15 and 16 were also examined in the palladium catalysed allylic

substitution reaction. Table 4 shows the results of the asymmetric amination of 1,3-

diphenylallyl acetate C with benzylamine. These reactions were performed in THF at room

temperature overnight. Triphenylphosphine (entry 5) was used in a control experiment, and

only low conversion was obtained for this ligand. Full conversion was obtained for the homo

combination of ligand 9 (entry 1). Also with the hetero combination of ligand 9 with the para-

thymidine 16 excellent conversions were obtained (entry 4). The hetero combinations with the

ortho (14) and meta (15) thymidine gave some lower conversions, but still around 80%

conversion was obtained (respectively entry 2 and 3).

The ee’s induced by these nucleotide ligands are low. The chiral source of the ligand

originating from the sugar moiety is probably too remote from the attacking nucleophile to

have influence via the metal complex, but different interactions through space are possible

between the ligands and the prochiral nucleophile. Hayashi et al. proposed that these

secondary interactions between the chiral ligand and the nucleophile accelerate the allylic

substitution and that in general the catalysts with higher stereoselectivity show higher

catalytic activity.11 This could explain why the nucleotide based ligands gave much higher

conversions than the control experiment with triphenylphosphine, where no remote secondary

interactions are likely.
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Table 5: Asymmetric alkylation of 2-acetylcyclohexanone (F) with cinnamyl acetate (E).a

Entry Ligand Conversion (%)b ee (%)c

1 10 99 4
2 13 99 0
3 17 99 0

a Reaction conditions: [Pd(3-C3H5)Cl]2, [Pd] = 1.0 mM, E / F / NaH / [Pd(3-C3H5)Cl]2 / ligand = 150 / 100 /

125 / 0.5 / 1.1, t = 20 h, 2 ml THF. b Average conversion of duplo experiments. c Average enantiomeric excess of

duplo experiments.

The bidentate ligands 10 and 13 were used in the palladium catalysed alkylation of the sodium

enolate of 2-acetylcydlohexanone (F) with cinnamyl acetate (E) in tetrahydrofuran. The

reaction conditions and results are summarised in Table 5. At room temperature the two

bidentate ligands gave full conversion after 20 hours. Ligand 17 was used as control ligand

and gave full conversion. It is known that chiral ligands can give enantiomeric excess via

secondary interactions through space.4 In these systems the chirality in the ligand is too far

away from the metal centre to induce the enantioselectivity via the transition metal complex.

Ligand 10 with the free hydroxyl-groups on the sugar gave 4 % enantiomeric excess, while

the ligand with the protected hydroxyl-groups (13) gave no ee.

The reactions were performed in tetrahydrofuran and no other solvents were tested. In

further attempts to optimise the reaction one could also screen other solvents. If the secondary

interactions are based on hydrogen bonds, which is likely with the hydroxyl-groups, another

solvent of choice would be dichloromethane. It is known from literature that in many cases

the enantioselectivity increases when the reaction temperature is lowered. Thus, future

experiments could be performed in dichloromethane and at lower temperature, for instance

–30 °C to increase the enantiomeric excess.

N
PPh2

PPh2

O

17



A Monoadenosine Phosphine Ligand in Catalysis

57

2.3 Conclusions

New mono- and bidentate phosphine ligands with adenosine as auxiliary were synthesized

successfully. The monodentate ligand 9 was combined with three monodentate phosphine

ligands with a thymidine auxiliary (ligands 14, 15 and 16) in the asymmetric rhodium

catalysed hydrogenation and palladium catalysed substitution reactions. In both reactions no

or low enantiomeric excess was obtained. Also with the use of the bidentate ligands 10 and 13

no enantiomeric excess was induced in the catalytic reactions. Conversions were high for all

reactions except for the hydrogenation of dimethyl itaconate with the monodentate ligand

combinations. For these reactions conversions around 20% were obtained.

These results are good control experiments for the application of longer phosphine

modified oligonucleotides. If in the catalytic reactions with these longer phosphine modified

oligonucleotides enantiomeric excess will be obtained, most likely this can attributed to the

chiral helix of DNA, because monoadenosine ligands did not give rise to enantiomeric

excesses.
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2.4 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 JOEL JMS SX/SX102A four-sector mass spectrometer, coupled to a JEOL

MS-MP9021D/UPD system. Meta-diphenylphosphinobenzoic acid was kindly provided by R.

Den Heeten.4 and compound 14, 15 and 16 were kindly provided by M. Nuzzolo.12

2,2,2-trifluoro-N-(prop-2-ynyl)acetamide: This compound was prepared according to a

literature procedure.13 At 0 °C a solution of trifluoroacetic anhydride

((CF3C(O))2O, 2.25 ml, 16.2 mmol) in CH2Cl2 (5 ml) was added dropwise

to a solution of propargylamine (1 ml, 14.6 mmol) in CH2Cl2 (15 ml). After

stirring for 1 hour at 0 °C, water (6 ml) was added to quench the reaction. After warming to

RT, washing twice with 1 M HCl (10 ml), twice with saturated NaHCO3 (10 ml) and once

with water (15 ml), the organic layer was dried over MgSO4. Evaporation of the solvent

yielded the protected propargylamine as a yellow oil (1.30 g, 8.6 mmol, 59%). NMR showed

that no further purification was needed.
1H-NMR (CDCl3): δ (ppm) = 2.34 (t, J = 2.7 Hz, 1H, HC≡C), 4.15 (dd, J = 2.7, 5.6 Hz,

2H, CH2), 6.50 (bs, 1H, NH) 13C-NMR (CD3OD): δ (ppm) = 28.75 (s, CCH2NH), 72.04 (s,

CCH), 78.07 (s, CHCCH2), 116.40 (q, 1JCF = 286 Hz, F3CCO), 157.61 (q, 2JCF = 38 Hz,

F3CCO) 19F-NMR (CD3OD): δ (ppm) = –77.63 HRMS (FAB+) m/z: calcd for C5H5F3NO

[MH]+ 152.0245, found 152.0323

Bis(2-(diphenylphosphino)ethyl)ammonium chloride (1): This compound

was prepared according to a literature procedure.14,15 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 a HCl solution (aq, 2M, 200 ml), giving a white precipitate. Recrystallization

of the collected precipitate from boiling acetonitrile (75 ml) gave 14 (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
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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

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

442.1852

Methyl-4-(bis(2-(diphenylphosphino)ethyl)amino)-4-oxobutanoate (3): To a mixture of

bis(2-(diphelyl-phosphino)ethyl)ammonium chloride (1, 1.50 g,

3.14 mmol) and triethylamine (2.0 ml, 14.4 mmol) in dry DCM

(30 ml) was added dropwise methyl-4-chloro-4-oxobutanoate (2,

0.45 ml, 3.45 mmol) in DCM (5 ml). The solution was stirred

overnight at room temperature and subsequently washed twice

with degassed HCl (aq, 2M, 15 ml) and once with degassed NaOH (aq, 0.1 M, 15 ml). The

organic phase was dried over MgSO4 and concentrated under reduced pressure. Purification

by flash silica gel chromatography (1% 2% MeOH in DCM) gave 3 in 94% yield (1.65 g,

2.97 mmol).
1H-NMR (CDCl3): δ (ppm) = 2.21–2.31 (m, 6H, 3 x CH2), 2.55 (t, J = 6.6 Hz, 2H, CH2),

3.23–3.30 (m, 2H, CH2), 3.37–3.45 (m, 2H, CH2), 3.67 (s, 3H, CH3), 7.29–7.43 (m, 20H,

CHaromatic)
31P-NMR (CDCl3): δ (ppm) = –20.39, –18.94

4-(bis(2-(diphenylphosphino)ethyl)amino)-4-oxobutanoic acid (4): LiOH·H2O (0.25 g, 6.0

mmol) in degassed water (7.5 ml) was added dropwise to 3 (1.50

g, 2.7 mmol) in THF (15 ml). After stirring for 1 h additional

degassed water (7.5 ml) was added. The organic solvent was

removed under reduced pressure and the remaining solution was

treated with degassed HCl (aq, 2M, 5 ml). The white precipitate

was collected and dried in vacuo, yielding 16 as a white powder (1.46 g, 2.69 mmol, 99%)
1H-NMR (CDCl3): δ (ppm) = 2.17–2.31 (m, 6H, 2 x PCH2 + CH2C(O)N), 2.50 (t, J = 6.0

Hz, 2H, CH2CO2H), 3.21 (m, 2H, NCH2), 3.36–3.44 (m, 2H, NCH2), 7.29–7.39 (m, 20H,

CHaromatic)
13C-NMR (CDCl3): δ (ppm) = 26.4 (d, 1JCP = 14.1 Hz, PCH2), 27.8 (d, 1JCP = 15.4

Hz, PCH2), 30.1 (CH2C(O)N), 44.0 (d, 2JCP = 23.4 Hz, NCH2), 45.4 (d, 2JCP = 25.9 Hz,

NCH2) 128.5 (CHaryl), 128.6 (CHaryl), 128.7 (CHaryl), 128.78 (CHaryl), 128.81 (CHaryl), 129.2

(CHp-aryl), 132.7 (d, 2JCP = 18.9 Hz, CHo-aryl), 137.1 (d, 1JCP = 12.1 Hz, Cqaryl), 137.8 (d, 1JCP =

12.1 Hz, Cqaryl) 171.7 (CqO)N), 177.2 (CqO2H) 31P-NMR (CDCl3): δ (ppm) = –20.52,

–19.11

8-(2,2,2-trifluoro-N-(prop-2-ynyl)acetamide)adenosine (6): Protected propargylamine

(0.85 g, 5.78 mmol) was dissolved in distilled DMF (30

ml), followed by the addition of 8-bromoadenosine (0.99 g,

2.86 mmol), Amberlite IRA-67 (2.83 g), CuI (0.112 g, 0.59

mmol) and Pd(PPh3)4 (0.341 g, 0.29 mmol). After the

reaction mixture was bubbled through for 5 minutes with

N2, the reaction vessel was evacuated twice and backfilled

with N2 and stirred at 50 °C. The reaction was followed

with TLC (reaction mixture + CH2Cl2, eluens: CH2Cl2:MeOH 7:1, RF, product = 0.2) and after
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23 hours there was no change anymore. The mixture was cooled to room temperature,

filtrated over a plug of SiO2 topped with Celite (eluens CH2Cl2:MeOH 5:1). After removal of

the solvents at reduced pressure, the crude product was purified by flash chromatography

(silica gel, eluens: CH2Cl2:MeOH 7:1) to afford the Sonogashira product 6 as a yellow foam

(1.00 g, 2.41 mmol, 84%).
1H-NMR (CD3OD): δ (ppm) = 3.73 (dd, J = 2.7, 12.6 Hz, 1H, CH25’), 3.88 (dd, J = 2.4,

12.6 Hz, 1H, CH25’), 4.18–4.20 (m, 1H, CH25’), 4.35 (dd, J = 1.5, 5.1 Hz, 1H, CH23’), 4.46

(s, 2H, CH212), 4.99 (dd, J = 5.4, 7.4 Hz, 1H, CH2’), 6.14 (d, J = 7.8 Hz, 1H, CH1’), 8.17 (s,

1H, CH2) 13C-NMR (CD3OD): δ (ppm) = 29.42, 63.06, 71.51, 72.12, 73.28, 88.03, 90.83,

91.72, 114.45, 118.25, 119.77, 134.47, 148.50, 153.28, 156.54 19F-NMR (CD3OD): δ (ppm)

= –73.42 HRMS (FAB+) m/z: calcd for C15H16F3N6O5 [MH]+ 417.1134, found 417.1134

8-(2,2,2-trifluoro-N-propylacetamide)adenosine (7): The Sonogashira product 6 (1.62 g,

3.89 mmol) was dissolved in EtOH (45 ml). This solution

was added to a suspension of prehydrogenated 10% Pd/C

(0.434 g) in EtOH (15 ml) and the resulting mixture was

stirred in a H2 atmosphere at a slight positive pressure (H2-

balloon). After TLC (eluens 8.5:1.5 EtOAc:MeOH, RF, alkane

= 0.38) had indicated that the reaction was complete (after

18 hours), the catalyst was filtered off through a celite pad

and washed with a few portions of EtOH. The combined filtrates were evaporated and the

residue was purified by silica gel column chromatography (9:1, EtOAc:MeOH) to yield the

alkane 7 as a yellow foam (1.14 g, 2.72 mmol, 70%).
1H-NMR (CD3OD): δ (ppm) = 2.10–2.19 (m, 2H, CH211), 2.98–3.04 (m, 2H, CH210),

3.45 (t, J = 7.1 Hz, 2H, CH212), 3.72 (dd, J = 2.1, 12.8 Hz, 1H, CH25’), 3.88 (dd, J = 2.1, 12.6

Hz, 1H, CH25’), 4.18-4.20 (m, 1H, CH4’), 4.33 (dd, J = 1.2, 5.4 Hz, 1H, CH3’), 4.98 (dd, J =

5.1, 7.5 Hz, 1H, CH2’), 5.92 (d, J = 7.5 Hz, 1H, CH1’), 8.10 (s, 1H, CH2) 13C-NMR

(CD3OD): δ (ppm) = 26.06 (CH211), 27.55 (CH210), 40.22 (CH212), 64.09 (CH25’), 73.20

(CH3’), 74.22 (CH2’), 89.00 (CH1’), 90.56 (CH4’), 117.52 (q, 1JCF = 286 Hz, CqF315),

119.69 (Cq5), 150.81 (Cq8), 152.59 (CH2), 154.08 (Cq4), 156.88 (Cq6), 159.08 (q, 2JCF = 37

Hz, Cq(O)14) 19F-NMR (CD3OD): δ (ppm) = –73.55 HRMS (FAB+) m/z: calcd for

C15H20F3N6O5 [MH]+ 421.1447, found 421.1450

8-(aminopropyl)adenosine (8): Compound 7 (0.356 g, 0.846 mmol) was dissolved in

methanol (6.3 ml). After addition of aqueous ammoniumhydroxide

(28 %, 3.1 ml) the reaction mixture was stirred over night at room

temperature. The solvents were evaporated under reduced pressure.

Several attempts were made to purify the product from the

trifluoroacetate anion; TLC with several solvents combinations and

washing/extraction with combinations of water/trioctylamine and

other solvents. Eventually product 8 was obtained as a yellow foam (0.2 g, 0.617 mmol, 73

%), but still with the trifluoroacetate anion signals at –77 ppm in the 19F-NMR spectrum.
1H-NMR (CDCl3): δ (ppm) = 2.15–2.25 (m, CH211), 3.04–3.11 (m, CH210 + CH212),

3.73 (dd, J = 2.5, 12.7 Hz, 1H, CH25’), 3.88 (dd, J = 2.2, 12.6 Hz, 1H, CH25’), 4.18–4.21 (m,
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1H, CH4’), 4.35 (dd, J = 1.1, 5.2 Hz, 1H, CH3’), 4.91–5.04 (m, overlap with water, CH2’),

5.93 (d, J = 7.6 Hz, 1H, CH1’), 8.10 (s, 1H, CH2)

8-(3-(diphenylphosphino)-N-propylbenzamide)adenosine (9): Meta-diphenylphosphine-

benzoic acid (0.173 g, 0.56 mmol) was dissolved in

dry DMF (8 ml). The carboxylic acid was activated by

the addition of EDCI (0.108 g, 0.56 mmol) and NHS

(80 mg, 0.70 mmol). After stirring for two hours the

activated acid was added to a solution of 8 (150 mg,

0.462 mmol) in dry DMF (4.5 ml). Water (10 ml) was

added after stirring over night at room temperature.

This mixture was extracted with degassed DCM (4 x

10 ml) and dried over Na2SO4 under nitrogen. After

evaporation to dryness, crude product was purified

with silicagel using a chromatotron (DCM + 7–10 % MeOH) yielding product 9 as a white

foam (138.4 mg, 0.226 mmol, 49 %).
1H-NMR (CD3OD): δ (ppm) = 2.14–2.21 (m, 2H, CH211), 3.00–3.04 (m, 2H, CH210),

3.49–3.51 (m, 2H, CH212), 3.72 (dd, J = 2.2, 12.6, 1H, CH25’), 3.87 (dd, J = 2.1, 12.7, 1H,

CH25’), 4.18 (s, 1H, CH4’), 4.34 (d, J = 5.2 Hz, 1H, CH3’), 4.99 (dd, J = 5.2, 7.3 Hz, 1H,

CH2’), 5.93 (d, J = 7.4 Hz, 1H, CH1’), 7.26–7.29, 7.34–7.35, 7.38–7.41 (m, 12H,

CH17/18/21/22/23), 7.76 (dd, J = 1.1, 7.8 Hz, 1H, CH17), 7.82 (dd, J = 1.3, 8.3 Hz, 1H,

CH15), 8.08, (s, 1H, CH2) 13C-NMR (CD3OD): δ (ppm) = 25.14 (CH10), 26.99 (CH11),

39.26 (CH12), 62.92 (CH25’), 71.99 (CH3’), 73.04 (CH2’), 87.78 (CH4’), 89.45 (CH1’),

118.54 (Cq5), 127.34 (s, CH19), 128.56 (d, 3JCP = 7 Hz, CH22), 128.9 (s, CH23), 132.52 (d,
2JCP = 25 Hz, CH15), 133.52 (d, 2JCP = 20 Hz, CH17), 133.63 (d, 2JCP = 20 Hz, CH21), 134.72

(d, 3JCP = 8 Hz, Cq14), 136.20 (d, 3JCP = 15 Hz, CH18), 136.83 (d, 1JCP = 11 Hz, Cq20), 138.62

(d, JCP = 13 Hz, Cq16), 149.62 (Cq8), 151.33 (CH2), 153.34 (Cq4), 155.61 (Cq6), 168.72

(C(O)13) 31P-NMR (CD3OD): δ (ppm) = –4.46

8-(N1,N1-(bis(2-diphenylphosphino)ethyl)-N4-propylsuccinamide)adenosine (10): 4

(0.1077 g, 0.199 mmol) was dissolved in dry DMF (2

ml). The carboxylic acid 4 was activated by the

addition of EDCI (36.5 mg, 0.19 mmol) and NHS

(27.7 mg, 0.241 mmol). After stirring for two hours

the activated acid was added to a solution of 8 (50

mg, 0.154 mmol) in dry DMF (1.5 ml). Water (5 ml)

was added after stirring for 64 hours at room

temperature. This mixture was extracted with

degassed DCM (3 x 5 ml) and dried over Na2SO4

under nitrogen. After evaporation to dryness, crude product was purified with silicagel using a

chromatotron (DCM + 7–10 % MeOH) yielding product 10 as a white foam (41.5 mg, 0.049

mmol, 32 %).
1H-NMR (CD3OD): δ (ppm) = 2.02–2.09 (m, 2H, CH211), 2.23–2.30 (m, 4H, CH219 +

CH220), 2.32–2.40 (m, 4H, CH214 + CH215), 2.96–2.99 (m, 2H, CH210), 3.26–3.40 (m,
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overlap with methanol, CH212 + CH217 + CH218), 3.71 (dd, J = 1.6, 12.9 Hz, 1H, CH25’),

3.87 (dd, J = 1.6, 12.9 Hz, 1H, CH25’), 4.19 (s, 1H, CH4’), 4.34 (d, J = 5.2 Hz, 1H, CH3’),

4.97 (dd, J = 5.4, 7.2 Hz, 1H, CH2’), 5.94 (d, J = 7.5 Hz, 1H, CH1’), 7.26–7.27 (m, 5H,

CH22/CH23/CH24), 7.30–7.34 (m, 10H, CH22/CH23/CH24), 7.36–7.39 (m, 5H,

CH22/CH23/CH24), 8.09 (s, 1H, CH2) 13C-NMR (CD3OD): δ (ppm) = 24.93 (s, CH210/

CH211), 26.12 (d, JCP = 14 Hz, CH219/ CH220), 27.16 (s, CH210/ CH211), 27.29 (d, J = 14.7

Hz, CH219/ CH220), 28.19 (s, CH215), 30.64 (s, CH214), 38.53 (s, CH212), 43.75 (d, J = 23.6

Hz, CH217/ CH218), 45.34 (d, J = 25.1 Hz, CH217/ CH218), 62.94 (s, CH25’), 72.03 (s,

CH2’), 73.17 (s, CH3’), 87.74 (s, CH4’), 89.43 (s, CH1’), 118.58 (s, Cq), 128.35–128.60

(CH23), 128.87 (CH24), 132.43–132.71 (m, CH22), 137.73 (d, J = 13.1 Hz, Cq21), 138.21 (d,

J = 12.5 Hz, Cq21), 149.61 (s, Cq), 151.30 (s, CH2), 153.37 (s, Cq), 155.64 (s, Cq), 172.39 (s,

C(O)13/16), 173.76 (s, C(O)13/16) 31P-NMR (CD3OD): δ (ppm) = –20.57, –19.69

2’, 3’,5’-O- (tert-butyldimethylsilane)-8-(2,2,2-trifluoro-N-propylacetamide)adenosine

(11): Compound 7 (0.150 g, 0.36 mmol) was dissolved in DMF

(2.6 ml). 1H-imidazole (0.198 g, 2.9 mmol) and TBDMSCl

(0.227 g, 1.51 mmol) were added and the reaction mixture was

stirred over night at room temperature. Water (15 ml) was added

to the reaction mixture and the mixture was extracted with Et2O

(2 x 15 ml). The combined organic layers were dried over MgSO4

and evaporated to dryness. The crude product was purified by

silicagel using a chromatotron (EA). This yielded pure product 11

(60.9 mg, 0.080 mmol) and a mixture fraction with product 11

and the disilylated product. This mixture (67.2 mg) was dissolved in dry DCM (2.5 ml) and

TBDMSCl (0.040 g, 0.26 mmol), 1H-imidazole (0.0358 g, 0.526 mmol) and DMAP (6.7 mg,

0.05 mmol) were added. The reaction mixture was monitored with the LCMS and stopped

after 3 nights. Water (10 ml) was added and the mixture was extracted with DCM (3 x 10 ml).

The combined organic layers were dried over Na2SO4 and evaporated to dryness. This crude

product was also purified by silicagel using a chromatotron (EA) and yielded another batch of

pure product 11 fraction (20.4 mg, 0.027 mmol). The total yield of 11 was 32 % (86.1 mg,

0.113 mmol)
1H-NMR (CDCl3): δ (ppm) = –0.38, –0.06, –0.02, 0.01, 0.15, 0.16 (s, 6 x 3H,

CH36’/7’/10’/11’/14’/15’), 0.74, 0.81, 0.94 (s, 3 x 9H, C(CH3)39’/13’/17’), 2.15–2.29 (m, 2H,

CH211), 3.04–3.10 (m, 2H, CH210), 3.33–3.55 (m, 2H, CH212), 3.66–3.70 (m, 1H, CH25’),

4.01–4.12 (m, 2H, CH4’ + CH25’), 4.52–4.54 (m, 1H, CH3’), 5.54 (t, J = 5.0 Hz, 1H, CH2’),

5.66 (s, 2H, NH2), 5.77 (d, J = 5.7 Hz, 1H, CH1’), 8.26 (s, 1H, CH2), 8.73 (s, 1H, NH) 13C-

NMR (CDCl3): δ (ppm) = –5.61, –5.47, –5.26, –4.59, –4.48 (s, CH36’/7’/10’/11’/14’/15’),

17.81, 18.11, 18.25 (s, Cq8’/12’/16’), 24.53 (s, CH211), 25.60, 25.76, 25.92 (s, C(CH3)3

9’/13’/17’), 26.23 (s, CH210), 40.18 (s, CH212), 62.23 (s, CH25’), 71.87 (s, CH2’), 72.17 (s,

CH3’), 85.61 (s, CH4’), 88.49 (s, CH1’), 116.03 (q, 1JCF = 288 Hz, CqF314), 118.38 (s, Cq5),

150.86 (s, Cq8), 152.16 (s, CH2), 153.43 (s, Cq4), 154.49 (s, Cq6), 157.1 (q, 2JCF = 37 Hz,

Cq13) 19F-NMR (CD3OD): δ (ppm) = –75.83 HRMS (FAB+) m/z: calcd for C33H61F3N6O5Si3

[MH]+ 762.3963, found 763.4037
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2’, 3’,5’-O- (tert-butyldimethylsilane)-8-(aminopropyl)adenosine (12): Compound 11

(86.1 mg, 0.113 mmol) was dissolved in methanol (3 ml). After

addition of aqueous ammoniumhydroxide (28%, 1.5 ml) the

reaction mixture was stirred over night at room temperature.

The solvents were evaporated under reduced pressure and the

desired deprotected base 12 was obtained in a quantitative yield.

This product was used without any purification for the next

reaction. However 19F NMR spectroscopy showed still the

trifluoroacetate anion at –75 ppm.
1H-NMR (CDCl3): δ (ppm) = –0.38, –0.08, –0.02, 0.01, 0.06, 0.15 (s, 6 x 3H,

CH36’/7’/10’/11’/14’/15’), 0.75, 0.83, 0.94 (s, 3 x 9H, C(CH3)39’/13’/17’), 2.11–2.19 (m, 2H,

CH211), 2.96–3.11 (m, 4H, CH210 + CH212), 3.65–3.72 (m, 1H, CH25’), 4.02–4.09 (m, 2H,

CH4’ + CH25’), 4.49–4.51 (m, 1H, CH3’), 5.12 (bs, NH2), 5.56–5.59 (m, 1H, CH2’), 5.75 (d,

J = 6 Hz, 1H, CH1’), 6.53 (bs, 2H, NH2) 8.20 (s, 1H, CH2) 13C-NMR (CDCl3): δ (ppm) = –

5.59, –5.45, –5.22, –4.65, –4.55, –4.50 (s, CH36’/7’/10’/11’/14’/15’), 17.81, 18.10, 18.27 (s,

Cq8’/12’/16’), 25.64, 25.79, 25.92 (s, C(CH3)3 9’/13’/17’), 26.01 (s, CH210/11), 26.12 (s,

CH210/11), 39.82 (s, CH212), 62.35 (s, CH25’), 71.73 (s, CH2’), 72.31 (s, CH3’), 85.51 (s,

CH4’), 88.41 (s, CH1’), 118.32 (s, Cq5), 150.77 (s, Cq8), 152.18 (s, CH2), 152.53 (s, Cq4),

155.02 (s, Cq6)

2’, 3’,5’-O- (tert-butyldimethylsilane)-8-(N1,N1-(bis(2-diphenylphosphino)ethyl)-N4-pro-

pylsuccinamide)adenosine (13): Compound 12 (84.6

mg, 0.156 mmol) was dissolved in dry DMF (2.5 ml).

The carboxylic acid was activated by the addition of

EDCI (30.6 mg, 0.160 mmol) and NHS (23.2 mg,

0.202 mmol). After stirring for two hours the activated

acid was added to a solution of compound 12 (86.1

mg, 0.129 mmol) in dry DMF (1 ml). Water (5 ml)

was added after stirring over night at room

temperature. This mixture was extracted with degassed

DCM (3 x 5 ml) and dried over Na2SO4 under

nitrogen. After evaporation to dryness, the crude

product was purified with silicagel using a chromatotron (DCM + 5–10 % MeOH) yielding

product 13 as a white foam.
1H-NMR (CDCl3): δ (ppm) = –0.40, –0.09, –0.00, 0.03, 0.07, 0.16 (s, 6 x 3H,

CH36’/7’/10’/11’/14’/15’), 0.75, 0.85, 0.96 (s, 3 x 9H, C(CH3)39’/13’/17’), 1.99–2.04 (m, 2H,

CH211), 2.20–2.29 (m, 4H, CH219 + CH220), 2.33–2.44 (m, 4H, CH214 + CH215), 2.90–2.95

(m, 2H, CH210), 3.22–3.31 (m, 4H, CH212 + CH217/18), 3.36–3.43 (m, 2H, CH217/18), 3.66–

3.73 (m, 1H, CH5’), 4.03–4.11 (m, 2H, CH4’ + CH5’), 4.49–4.51 (m, 1H, CH3’), 5.57 (dd,

1H, J = 4.5 Hz, 6.2 Hz, 1H, CH2’), 5.75, (d, J = 6.2 Hz, 1H, CH1’), 7.25–7.40 (m, 21H,

CH22 + CH23 + CH24 + NH), 8.24 (s, 1H, CH2) 13C-NMR (CDCl3): δ (ppm) = –5.54, –

5.40, –5.19, –4.63, –4.51, –4.49 (s, CH36’/7’/10’/11’/14’/15’), 17.84, 18.14, 18.30 (s,

Cq8’/12’/16’), 25.69, 25.84, 25.95 (s, CH39’/13’/17’), 26.52 (d, J = 14.6 Hz, CH219/20), 27.93

(d, J = 15.2 Hz, CH219/20), 28.82 (s, CH215), 31.87 (s, CH214), 39.28 (s, CH212), 43.91 (d, J
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= 23.9 Hz, CH217/18), 45.31 (d, J = 23.9 Hz, CH217/18), 62.42 (s, CH25’), 71.66 (s, CH22’),

72.41 (s, CH23’), 85.55 (s, CH24’), 88.28 (s, CH21’), 118.79 (s, Cq), 128.46, 128.55, 128.66,

128.75 (CH23), 129.07 (CH24), 132.62 (d, J = 19.1 Hz, CH22), 132.66 (d, J = 19.1 Hz,

CH22), 137.12 (d, J = 12.2 Hz, Cq21), 137.75 (d, J = 12.7 Hz, Cq21), 150.87 (s, Cq), 151.89

(s, CH2), 153.41 (s, Cq), 154.73 (s, Cq), 171.43 (s, C(O)13/16), 172.30 (s, C(O)13/16) 31P-

NMR (CD3OD): δ (ppm) = –20.38, –19.36

N,N-bis(2-(diphenylphosphino)ethyl)acetamide (17): 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 (ppm) = –19.19, –18.02

General procedure for rhodium catalysed hydrogenation

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: ligand, Rh-precursor, extra

solvent if required and finally the substrate. The total volume was 0.5 mL. Before starting the

reactions, the charged autoclave was purged three times with 5 bar of H2 and then pressurised

to 10 bar. The reaction mixtures were stirred at 40 °C for 20 hours. Next, the autoclave was

depressurised and cooled to room temperature. 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 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 for methyl acetamidoacrylate: 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). For dimethyl itaconate:

trace Chiralsil CB column (T=70 °C for 1 min., then ∆T = 7 °C/min., tR (starting material) =

6.4, tR (S) = 7.2, tR (R) = 7.4).

General procedure for the asymmetric Pd catalysed allylic substitution

The substitution experiments were carried out in (small) glass vials equipped with Teflon mini

stirring bars. For a typical substitution reaction separate stock-solution were made in THF of

[Pd(3-C3H5)Cl]2, appropriate ligand (9, 10, 13, 14, 15 or 16), allyl (diphenylallylacetate or

cinnamyl acetate), allyl (pure addition, benzylamine or 2-acetylcyclohexanone) and base

(NaH). The vials were charged with the appropriate amounts of the stock-solution in the

O N

PPh2

PPh2
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order: ligand, Pd, base, nucleophile and allyl. The reaction with a total volume of 2 mL was

stirred for the indicated reaction time.

After the addition of aqueous HCl (1 M), the mixture was extracted with diethyl ether (3 ×

1.0 mL). The combined organic phases were dried over Na2SO4 and evaporated to dryness.

The conversion was determined by chiral HPLC analysis using for the amination: Chiracel

AD-H (0.46×25 cm) with 1.0% 2-propanol in n-hexane as eluent and a flow of 1.0 ml/min.; 

= 254 nm; tR (1,3-diphenylallylacetate) = 10.35 min, tR (R) = 15.36 min, tR (S) = 15.67 min..

The conversion was determined by GC using 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). The enantiomeric excess of the product was

determined by chiral HPLC analysis using Chiracel AD-H (0.46x25 cm) with 1.0% 2-

propanol in n-hexane as eluent and a flow of 0.7 ml/min.;  = 254 nm; tR (2-

acetylcyclohecanone) = 8.036 min, tR (R) = 14.03 min, tR (S) = 15.45 min.
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