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3.1 Introduction

The right-handed double helix of DNA is one of the most elegant and famous examples of

chirality in nature, yet asymmetric biocatalysis is mainly the domain of the enzymes encoded

by DNA. As described in Chapter 1, the objective of this thesis is to use DNA as a scaffold in

asymmetric catalytic reactions based on phosphine ligands. These ligands can be connected to

DNA in a covalent or non-covalent way. 1,34,16 Covalent modification of DNA is possible at

different positions of the nucleotide sequence, viz. at the 5’- or 3’-termini2 or internally.

Initial examples of covalent modifications of DNA involve labelling of DNA at the 5’- or

3’-end terminus. This is often done after completion of the DNA synthesis at the 5’-end, for

instance to attach dyes for diagnostic applications; some recent examples of these couplings

are fluorescein,3,4 tetramethyl rhodamine5 and cyanine dyes.6 Later it was shown that

functional molecules can also be attached site-specifically at positions within the strand. In

principle chemical modifications can be introduced into the oligonucleotides at the

nucleobases, the ribose unit or the backbone level, see Figure 1.
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Figure 1: The different available positions for covalent functionalisation of DNA.
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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.7 Herein syntheses of modified ODNs with fundamentally altered sugar

moiety or bases are reported. In a review which was published one year later by Marx et al.,

newly developed labelling approaches in which the functional label is attached to the ODN

with the aim to alter the behaviour of the DNA involved as little as possible were

highlighted.8

Besides the different positions in the oligonucleotide, also within the nucleoside there are

different possibilities for covalent functionalisation.9 The ribose ring has a free site at the 2’-

position at which different moieties can be introduced,10,11 and the four heterocyclic bases can

be functionalised, each of them at different positions.12,13 Modifications of the pyrimidines (C

and T) at the 5-position fit well into the major groove and are often used.14 Modifications at

the C-8 of purines (A and G) are not accommodated well into the major groove.

Modifications pointing more towards the major groove are based on C-7 modified 7-

deazapurine analogues.8,15 Also the amine groups can be modified, but this will interfere more

strongly with the hydrogen bonding required to form the duplex. Another approach is

represented by the chemical modification of the phosphate backbone at one of the terminal

positions or at an internucleotide phosphate.2 An additional possibility is the introduction of a

nucleic acid analogue in the DNA backbone that does not contain a sugar and base (Figure 1).

We have chosen for the internally covalent modification of DNA to introduce our ligands

to be used for metal catalysis. When the ligand is introduced in the middle of a DNA strand, it

is probably most strongly affected by the chiral environment of the DNA helix. Adenosine has

been chosen as the base, because this nucleoside is the opposite base of thymidine, which was

already functionalised before in our group with a phosphine ligand.16 The 8-position of the

adenosine is used for the functionalisation because at this positions there will be the least

interference with the H-bonding positions of the adenosine.

There are several procedures to synthesise oligonucleotides. These procedures mainly

differ in the method of introducing the 3’-phosphate group, see Figure 2.17,18 The

phosphoramidite synthesis remains the method of choice today, although it was discovered

quite some time ago.19 The natural nucleosides are insufficiently reactive to form an

internucleotide linkage in the preparation of the oligonucleotide. Therefore, the more reactive

N,N-diisopropyl phosphoramidite group is coupled to the 3’-hydroxy group of a nucleoside.
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Figure 2: The introduction of the 3’-phosphate group a) phosphorylation b) phosphitylation (phosphoramidite)

c) H-phosphonylation. R1, R3 = H, R2 = Cl, 4-chlorophenyl; R2, R3 = H, R1 = Cl, 2-chlorophenyl; R2 = H, R1, R3

= Cl, 2,5-dichlorophenyl; R4 = methyl or 2-cyanoethyl.20

To prevent undesired side reactions during the synthesis, all other functional groups of the

nucleoside are protected. The most common protecting group for the 5’-hydroxy group is the

acid labile 4,4’-dimethoxytrityl (DMT) group. A base labile protecting group is used for the

exocyclic amino groups of the nucleobases; examples are benzoyl, isobutyryl or acetyl. Upon

completion of the oligonucleotide chain synthesis, all the protecting groups can be removed

easily.

There are mainly two different approaches for the incorporation of modifications: the post-

synthetic approach or the direct incorporations of functional groups. With the direct approach,

the final functionality will be introduced before or during the DNA synthesis. By using the

post-synthetic method, first a reactive group is introduced in a building block (A*, Figure 3)

that is build in a DNA strand and subsequently further functionalised with the desired ligand.

This overcomes incompatibility problems between some additional functional groups and the

DNA synthesizer chemistry (or enzyme catalysis). Since we want to introduce phosphine

ligands that are incompatible with the oxidation step in DNA synthesis, the post-synthetic

approach will be used.

B B B B A* B B B B

A*A
1 2

3 B B B B A*P B B B B

1. Pre-functionalisation
2. AutomatedDNAsynthesis
3. Phosphine functionalisation

Figure 3: Schematic representation of the order of synthesis and functionalisation.

The conventional reactive groups introduced before the DNA synthesis in the post-synthetic

approach are amines. Also thiol groups have been used, but one drawback is the required
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disulfide reduction. Other approaches that have recently been developed for efficient DNA

modifications8 are Diels-Alder reaction,21,22,23 click chemistry24,25 and Staudinger ligation.26,27

We decided to functionalise a nucleotide with a primary amine as reactive group prior to the

synthesis of a DNA strand. This linker will be functionalised selectively with a phosphine

ligand afterwards.

Chiral phosphines are among the most effective ligands used for homogeneous transition

metal catalysts. Monodentate28 and bidentate29 ligands have been employed30 and more

recently supra-molecular ligands31 have proven to form efficient and selective transition metal

catalysts. The first introduction of a phosphine moiety into an oligonucleotide was reported by

Liu et al. Attachment of substituted triphenylphosphine was performed on 3’-amino-modified

oligonucleotides linked to CPG resin.32,33 Jäschke et al. reported the coupling of a phosphine

ligand to an internal nucleotide of a deoxyoligonucleotide. They incorporated a 4-triazolyl-

dU, which was functionalised after the DNA synthesis with the phosphine ligands.34 Our

group published a method to couple a phosphine moiety directly to the nucleotide. Novel

transition metal catalysts based on oligonucleotides were easily obtained by palladium

catalysed coupling of diphenylphosphine to 5-iodouridine incorporated in a trimer.16

The objective of the research described in this chapter is the development of synthetic

methodologies for the preparation of phosphine modified DNA building blocks. 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 and the ability to introduce various mono- and bidentate ligands into the same

strand.
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3.2 Results & Discussion
3.2.1 Synthetic Building Block

To obtain a nucleoside building block that is suitable for functionalisation with phosphine

ligands at a later stage, a primary amine will be introduced at the 8-position of adenosine,

starting from commercially available 8-bromoadenosine. This primary amine is protected with

a trifluoroacetamide group before coupling to the nucleoside to prevent side reactions in the

subsequent reaction steps. Because the 8-position of the adenosine moiety is pointing in the

direction of the phosphate linker of the major groove in the DNA helix, we have chosen a

flexible linker between the ligand and the adenosine to obtain double stranded DNA with the

least distorted helix.

A complication with the starting material, 8-bromoadenosine, is the presence of a

hydroxyl-group at the 2’-position of the sugar moiety. This 2’-OH group makes the difference

between DNA and RNA; DNA lacks this functionality. DNA is preferred over RNA because

of its higher hydrolytic stability and reduced chance of autocatalytic cleavage stemming from

ribozyme type of catalysis or RNAse activity.35

The exocyclic amino group of the nucleobase should be protected before its use in the

(automated) DNA synthesis. Usually an acyl group is introduced to protect the exocyclic

amino function, among others the benzoyl group is still the most commonly used one.36

The Sonogashira reaction of propargyl trifluoroacetamide (1)37 with 8-bromoadenosine was

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

amine (Amberlite IRA-67),38 see Figure 4 step b. A resin-bound amine was used because it

was reported that it was difficult to separate the polar nucleoside product from the

triethylammonium salts formed.39 The polar nucleoside could be easily separated from the

heterogeneous base by filtration and after column chromatography pure product 2 was

obtained in 84% yield.

Alkyne 2 was reduced to alkane 3 with molecular hydrogen and Pd on carbon.40 We found

that this reduction is highly dependent on the quality of the Pd on carbon. With active Pd on

carbon full conversion was obtained after a reaction overnight at atmospheric hydrogen

pressure. With a different batch of catalyst longer reaction time and higher pressures of

hydrogen were needed. When the reduction was not completed, the cis-alkene was isolated

(3JHHalkene = 12.3 Hz).
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Figure 4: Synthesis of building block 10. Reaction conditions : a) (CF3CO)2O, CH2Cl2, 0 °C, 1h, 59%; b)

Pd(PPh3)4, CuI, Amberlite IRA-67, DMF, 50 °C, overnight, 84%; c) 10% Pd/C, H2, EtOH, r.t., overnight, 70%;

d) (iPr2SiCl2O)2O, pyridine, r.t., overnight, 78%; e) PhOC(S)Cl, DMAP, CH3CN, r.t., overnight, 64%; f) AIBN,

Bu3SnH, toluene, 90 °C, 30 min., 89%; g) BzCl, pyridine, r.t., overnight, 76%; h) TBAF (1M), THF, 0 °C (30

min.)  r.t. (10 min.), 67%; i) DMTCl, pyridine, r.t., overnight, 31%; j) (iPr2N)(OCH2CH2CN)PCl, dipea,

DCM, r.t., 3h, 75%.
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After the reduction of the alkyne to the alkane the 2’-OH group was removed using a typical

literature procedure.41,42 The 3’- and 5’-OH groups of compound 3 were protected with 1,3-

dichloro-1,1,3,3-tetraisopropyldisiloxane (TIPDS), affording the protected compound 4 in

78% yield.43 This special protecting group is selective towards 1,3-dihydroxy positions and

does not react with the 2’-OH or amine group, because of the size and geometry. Before

removal of the protecting group on the 3’- and 5’-OH group, the 2’-OH was removed with

phenoxythiocarbonyl chloride and tri-n-butyltin hydride/2,2’-azobisisobutyronitrile (AIBN).

This thiocarbonyl reagent is able to react with alcohols under mild conditions and its ester

undergoes clean homolytic hydrogenolysis.42 The removal of the 2’-OH group yielded

compound 6 in an overall yield of 57% over two steps.

Since the 3’- and 5’-OH groups are still protected with the TIPDS at this stage, the amine

group of compound 6 can be selectively protected.44 The general procedure to protect the

NH2-group of adenine is first dibenzoylation with benzoylchloride, followed by

ammoniumhydroxide treatment to remove one of the benzoyl groups. Because the

trifluoroacetamide protecting group of the alkyl tail is not compatible with

ammoniumhydroxide it will also be deprotected when this reagent is used. In most cases only

the monobenzoyl group is used in further steps, but also the dibenzoyl adenine can be used

without problems in the DNA synthesis.45 Therefore we decided to continue with dibenzoyl

compound 7.

After the dibenzoylation of the exocyclic amino group, the TIPDS group could be removed

from the 3’- and 5’-OH group using tetra-n-butylammonium fluoride.46 This was not as

straightforward as described in literature for the monobenzoyl protected adenine or other

nucleosides.41 The first attempt, starting at 0 °C and stirring overnight at room temperature in

the presence of 2.2 equivalents n-Bu4NF, resulted in three different isolated products (see

Figure 5, 11–13). All these compounds had only one benzoyl group left on the nitrogen. One

of these compounds had a benzoyl group on the 5’ oxygen (12) and one had both the 3’- and

5’ oxygen “protected” with benzoyl (13). The reaction was monitored by TLC; compound 12

was already formed after 2 minutes followed by compound 13 after 90 minutes. After stirring

overnight compound 11 was formed. This was only a minor product and it was not possible to

obtain 11 in a good yield by applying a longer reaction time. The second attempt, stirring only

15 minutes at room temperature, again in the presence of 2.2 equivalents n-Bu4NF, gave two

products. The major product 8, with two benzoyl groups on the nitrogen and no oxygen

benzoylation, and the minor product 12, with one on the nitrogen and one benzoyl group on

the 5’-oxygen were formed under these conditions. Unfortunately these two products co-
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eluted during attempts to separate them with TLC or column chromatography. The third

attempt (30 minutes at 0 °C and warming to room temperature in 10 minutes) finally yielded

compound 8 with the dibenzoyl nitrogen and two free hydroxyl groups. The main impurity

was a compound with still a siloxane group present, which was easily separated from the

desired product by column chromatography in an isolated yield of 67%.

From these experiments it can be concluded that during the deprotection of the TIPDS

group, also benzoyl migration takes place from the exocyclic amino group to the hydroxyl

groups.
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Figure 5: Products obtained during deprotection of the TIPDS from compound 7.

The deoxyadenosine compound 8 is now ready for the last two steps, the DMT protection of

5’-OH and phosphoramidite introduction at 3’-OH.47 Despite the use of only 1.2 equivalents

of DMTCl also 31% of the di-DMT protected product (at the 3’- and 5’-OH group) was

isolated. The isolated yield of the 5’-mono-DMT protected product (9) was only 49%. For the

synthesis of the oligo/polynucleotide the building block required a phosphoramidite group at

the 3’-OH position. This functionalisation is performed with 2-cyanoethyl diisopropylamino-

chloro phosphoramidite and after optimalisation of the reaction conditions and purification,

this yielded 75% of the final product 10. Compound 10 is equipped with the proper functional

groups to be applied in automated DNA synthesis for the preparation of ligand containing

DNA fragments.

3.2.2 Incorporation into DNA

Modified adenosine 10 was incorporated in a 9- and 15-mer via the phosphoramidite approach

on solid support48 by the use of an automated DNA synthesizer.49 The cycle that was

performed for each elongation of the oligonucleotide in this DNA synthesizer is shown in

Figure 6. After detritylation of the starting nucleotide on the solid support with trichloroacetic

8 11 12 13
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acid, the cycle started with the coupling of the first nucleotide to the 5’-end on the support. A

small percentage of the solid support-bound 5’-OH groups remained unreacted, in general

only 0.1–1%. These free OH-groups were capped with acetic anhydride to prevent the

formation of oligonucleotides with an internal base deletion commonly referred to as (n–1)

shortmers. This capping step is not absolutely necessary for DNA synthesis, but it minimizes

the high molecular weight impurities and facilitates (HPLC) purification afterwards.

The nucleoside phosphoramidite was first activated with 1H-tetrazole and this mixture was

brought in contact with the (starting) solid support where it reacted with the 5’-OH group to

form a phosphite triester linkage. This linkage is not similar to that present in natural DNA

and it has also a limited stability under the conditions used during the coupling cycles. This is

why the phosphite triester is oxidised in the presence of iodine, water and a weak base to its

penta-valent phosphate triester. This latter triester is then the protected precursor of the

naturally occurring phosphate diester.
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Figure 6: Synthesis cycle during automated DNA synthesis on controlled pore glass support. Base: 4 different

nucleotides or the modified base. DMT: dimethoxytrityl. Detritylation: trichloroacetic acid. Activation /

Coupling: tetrazole phosphoramidite activation. Oxidation: H2O/I2. Capping: acetic anhydride (Ac2O).
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After de-blocking of the 5’-terminus of the newly introduced nucleoside on the solid support

by detritylation, a new synthetic cycle can start to introduce the next nucleoside until the

desired sequence/length is obtained.

Our oligonucleotide synthesis was performed from 3’- to 5’-end and on controlled pore

glass (CPG) support at 10 µmol scale. After the last step the DMT group is removed, but the

final strand is left on the solid support to perform the release from the CPG support manually.

This was done by adding a mixture of ammonium hydroxide and 40% methylamine and

heating for three hours at 80 °C. The obtained solution was passed through a NAP-10 column

to remove all small molecules and the product was further purified by preparative HPLC.50

Analysis of the collected pure fraction was done by mass spectrometry (Maldi-TOF).

During the detritylation after the coupling step, a trityl cation is released. By determining

the concentration of the cation, the yield of each step can be determined. One way to

determine the concentration is measuring the absorbance of the trityl cation solution at 498

nm, but this could only be done in the “off-line” mode. Another way, first published in

1994,51 is measuring the trityl cation conductivity in the waste mixture produced from the

cleavage of the trityl moiety from a growing oligonucleotide chain. This last method can be

done directly after the decoupling of the DMT group with the automated DNA synthesizer

(on-line mode).

Table 1: Sequence, average yield of the coupling steps and Maldi-TOF results of the two synthesized

oligonucleotide strands.

Sequence
Average

yield (%)

Maldi-TOF m/z

(Calculated Mass)

Strand 1 5’-ATT CGG TAA**G TAG GCG-3’ 94.4 4707.1 (4705.1)

Strand 2 5’-AGC TAA**A GCT-3’ 91.7 2780.8 (2778.6)

Sequences and mass spectrometry results are shown in Table 1. The 15-mer strand 1, was

synthesized with an average yield of 94.4% per coupling reaction. The yields of the coupling

of the modified adenosine and the coupling to this modified nucleotide were 92.3% and

93.2%, respectively. This is just below the average yields of these procedures, but still it

represents a very good yield for a non-natural nucleotide. The 9-mer strand 2, was synthesized

in an average yield of 91.7%. The yield of the coupling at the modified adenosine were 88.8%

and 90.9%, also just below average. All the other yields per synthesis step of these two

strands can be found in the Experimental Details.
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The deprotection of the primary NH2-group was confirmed by mass spectrometry. The

molecular weight of the deprotected 9- and 15-mer are 2778.6 and 4705.1 respectively (strand

2 and strand 1), which is 97 lower than the protected analogues. The Maldi-TOF results show

that the primary amine is indeed deprotected, see Table 1 and Figure 7. Other signals in the

Maldi-TOF spectra shown in Figure 7 result from salt adducts of the oligonucleotides, for

example sodium and potassium.
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Figure 7: Maldi-TOF analysis (Reflector mode) of strand 1 (right top) and 2 (left bottom) obtained after the

incorporation of building block 10 .

3.2.3 Phosphine functionalisation

After successful incorporation of the modified building block 10 in a 9- and 15-mer, and

subsequent deprotection of the primary amine, the amine of strands 1 and 2 were subjected to

subsequent functionalisation with carboxylic acid modified phosphine ligands. We would like

to incorporate both monodentate and bidentate phosphine ligands. The monodentate ligand

para-diphenylphosphinobenzoic acid and the Whitesides moiety (14)52,53 as an example of a

bidentate ligand were used for the coupling reactions with the modified DNA strands.

Compound 16 was synthesised as described in Chapter 2 according to literature procedures,

see Figure 8.52,53,54
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Figure 8: Synthetic route towards ligand 16. Reaction conditions: a) ClC(O)CH2CH2C(O)OCH3, NEt3, DCM,

r.t., overnight, 95%. b) LiOH, H2O/THF, r.t., 1h, >99%.

The commercially available p-diphenylphosphinobenzoic acid was coupled to strand 1 using

the conditions that are used for the amide bond formation published by Jäschke et al., see

Figure 9.34 The in situ generated active ester with NHS and EDC was added to a solution of

strand 1. After stirring overnight, the excess of organic reagents and reactants were removed

by washing the reaction mixture with dichloromethane, which should extract most of the

organic compounds from the water layer. The water layer with the oligonucleotide 3 was

passed over a NAP-10 desalting column to separate the low-molecular-weight compounds

from the larger (oligo)nucleotide fragments. The latter ones are eluted from the column while

the organic low-molecular-weight compounds are kept on the column material. After these

purification steps the sample of strand 3 was analysed with Maldi-TOF mass and 31P-NMR.

For the coupling of compound 16 to strand 1 the same reaction conditions were used as for

the synthesis of strand 3, see Figure 9. One change was made in the work-up procedure. After

washing with dichloromethane, instead of a NAP-10 column, the ethanol precipitation method

was used. The organic residues and DMF are soluble in the ethanol/water mixture, while the

15-mer precipitates and forms a (small) pellet after centrifugation. Also strand 4 was analysed

with Maldi-TOF mass and 31P-NMR spectroscopy.

14 15 16a b
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Figure 9: Coupling of acid phosphine to strand 1. Reaction conditions: phosphine acid (500 eq.), NHS (500 eq.),

EDC (550 eq.), DMF/H2O 2:1, r.t., overnight.

For the Maldi-TOF measurements an extra desalting step was needed. The samples were

stirred overnight with Dowex 50W. The Maldi-TOF results presented in Table 2 and Figure

10, show an m/z of 5005 and 5247 for strand 3 and 4, respectively. These masses correspond

to the addition of the phosphine moieties to strand 1 in the oxidised form. The starting

material (strand 1, m/z 4707) was not observed. Only oxidised phosphine signals are seen in

Maldi-TOF spectra due to the conditions of the mass analysis method. From the Maldi-TOF

results it could be concluded that indeed the phosphine modified 15-mers, strand 3 and 4 were

isolated.

Strand 3

16

Strand 4

Strand 1 p-diphenylphosphino-
benzoic acid
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Table 2: Maldi-TOF results for strand 3 and 4 in the mono- and di-oxidised forms respectively.

Strand Sequence Phosphine
Maldi-TOF m/z

(Calculated Mass)

3 5’-ATT CGG TA*G TAG GCG-3‘

CO2H

PPh2

5005.2 (5006.9)

4 5’-ATT CGG TA*G TAG GCG-3‘
N

PPh2

Ph2P

O

CO2H

5247.4 (5258.0)

Figure 10: Maldi-TOF spectra measured in the linear mode for strand 3 and 4.

The quantity of the oligonucleotides was sufficient to analyse with 31P-NMR using a nano-

probe. This nano-probe (indirect detection) provides a sample cavity of only 40 µl and the

spectra were recorded at a magic angle spinning (MAS) of 2000 Hz. The results are shown in

Figure 11. Strand 3 was measured in H2O were it was shimmed on an external D2O sample. In

the spectrum of strand 3 only one signal around 0 ppm was observed, coming from the

phosphate backbone of DNA. As there were no other signals detected then the phosphate

backbone, it can be concluded that the work-up method, washing with DCM and passing over

a NAP-10 column were sufficient to get rid of the excess phosphorus containing organic

reagents/reactants.

16
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The sample of strand 4 was dissolved and measured in pure D2O. As can be seen in Figure 11,

in the 31P-NMR spectrum of this functionalised oligonucleotide two extra signals are present

in the spectrum besides the phosphate signal. These signals around 38 ppm belong to oxidised

phosphine moieties. There are two signals because when bidentate phosphine 14 is coupled to

an acid, the two phosphorus atoms become non-equivalent. The semi-double-bond character

of the C(O)-N bond prevents free rotation of this bond rendering the phosphorus atoms

different.52,55 There are no signals shown in the free phosphine region (–20 ppm). Thus, from

the 31P-NMR spectrum of strand 4 it can be concluded that the work-up procedure (washing

with DCM and EtOH precipitation) was sufficient to remove all the excess phosphorus

containing organic reagents/reactants. From this spectrum it can also be concluded that there

are indeed phosphine oxide moieties present in the sample.

Strand 3

Strand 4

Figure 11: 31P-NMR spectra of the phosphine functionalised 15-mer strands 3 (right top) and 4 (left bottom).
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3.3 Conclusions
In conclusion, we were able to prepare building block 10, suitable for automated DNA

synthesis starting from commercially available 8-bromoadenosine. In nine steps this

adenosine was functionalised with a protected amine, the 2’-OH group was removed and the

3’- and 5’-OH groups were protected and converted to a suitable coupling moiety. This

building block 10 was successfully incorporated in a 9- and 15-mer, strand 2 and 1.

Functionalisation with phosphine ligand, p-diphenylphosphinobenzoic acid and bidentate 16,

was also successfully performed, but strands 3 and 4 could not be isolated in the non-oxidised

phosphine form. It can be concluded that the excesses (~500 equivalents) of organic

reactants/reagents can be removed completely by washing with dichloromethane followed by

ethanol purification or by using a NAP-10 column.

Thus it is indeed possible to functionalise oligonucleotides with phosphine ligands, but the

procedure should be further optimized to obtain the pure phosphine rather than phosphine

oxide.
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3.4 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). The 31P {1H} NMR experiments on the phosphine modified oligonucleotides

were recorded in D2O as solvent on a Varian Inova 500 MHz 4 mm gH(X) indirect detection

nano-probe, operating at 202.34 MHz and a magic angle spinning (MAS) rate of 2000 Hz.

The nano-probe provides a sample cavity of 40 microliter. 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. Maldi-TOF Spectra of the

oligonucleotides were recorded at the Mass department at the University of St. Andrews in a

4800 Plus Maldi TOF/TOMTM Analyzer using a 9:1 3-hydroxypicolinic acid (HPA) :

ammonium citrate matrix. The matrix is made with 50 mg/ml of HPA in 50:50 MeCN:H2O

and 50 mg/ml of ammonium citrate in H2O. The desalting column used for the preparation of

maldi-tof samples was a GE Healthcare Illyustra® micron G-25 and the desalting tips were

Millipore® zip-tip C18. The prepared oligonucleotides were synthesized on an Applied

Biosystems 392 DNA/RNA synthesizer using protocols obtained from Applied Biosystems.

The reagents used for the automated oligonucleotides synthesis were bought from Glen

Research and are: oxidizing solution, 0.10 M I2 in THF/pyridine/acetic anhydride; cap mix B,

10% 1-methylimidazole in THF/pyridine; cap mix A, THF/pyridine/acetic anhydride;

deblocking mix, 3% trichloro acetic acid in DCM; activator, sublimed 1H-tetrazole in

anhydrous acetonitrile; dA-, dC-, dG- & dT-phosphoramidites. Elemental analyses were

carried out by Kolbe Mikroanalytisch Labor, Mülheim an der Ruhr (Germany).
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Figure 12: General numbering scheme of the carbon/nitrogen atoms of the compounds 2 to 10.

2,2,2-trifluoro-N-(prop-2-ynyl)acetamide (1): This compound was prepared according to a

literature procedure.37 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 1 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

8-(2,2,2-trifluoro-N-(prop-2-ynyl)acetamide)adenosine (2): Protected propargylamine 1

(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

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
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(silica gel, eluens: CH2Cl2:MeOH 7:1) to afford the Sonogashira product 2 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 (3): The Sonogashira product 2 (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 3 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

3’,5’-O-(1,1,3,3-tetraisopropyldisiloxan-1,3diyl)-8-(2,2,2-trifluoro-N-

propylacetamide)adenosine (4): Compound 3 (1.05 g, 2.50 mmol) was coevaporated three

times with anhydrous pyridine and dissolved in

pyridine (30 ml). DMAP (0.607 g, 2.51 mmol) was

added and the mixture was stirred until DMAP was

completely dissolved. 1,3-dichloro-1,1,3,3-

tetraisopropyldi-siloxane (0.85 ml) was added

dropwise via a syringe. The mixture was stirred

overnight at RT under N2. The solvents were

evaporated under reduced pressure, followed by the

addition of DCM (75 ml) and saturated NaHCO3

solution (50 ml). The water layers was extracted three times with DCM (50 ml). After drying

the organic layer over Na2SO4 and evaporation, purification by silica gel column
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chromatography (9.25:0.75, DCM:MeOH, RF, product = 0.45) yielded the desired product 4 as a

light yellow foam (1.28 g, 1.94 mmol, 78%).
1H-NMR (CDCl3): δ (ppm) = 1.04–1.13 (m, 28H, 4x CH6’ + CH37’), 2.17–2.25 (m, 2H,

CH211), 3.08 (t, J = 6.3 Hz, 2H, CH210), 3.44–3.48 (m, 2H, CH212), 3.95–4.01 (m, 3H, CH4’

+ CH5’), 5.03 (d, J = 5.7 Hz, 1H, CH2’), 5.42–5.46 (m, 1H, CH3’), 5.76 (s, 2H, NH26), 5.80

(s, 1H, CH1’), 8.15 (s, 1H, CH2), 8.59 (bt, 1H, NH13) 19F-NMR (CDCl3): δ (ppm) = –75.83

2’-O-(phenoxythiocarbonyl)-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxan-1,3diyl)-8-(2,2,2-

trifluoro-N-propylacetamide)adenosine (5): Compound 4 (3.55 g, 5.36 mmol) was

coevaporated three times with anhydrous toluene (20

ml) under N2, and subsequently dissolved in

anhydrous CH3CN (180 ml). DMAP (5.52 g, 45.2

mmol) was added at 0 °C (ice bath). The mixture was

stirred for 20 min. at 0 °C and subsequently phenyl

chlorothionocarbonate (1.1 ml, 8.03 mmol) was added

dropwise via syringe. The mixture was stirred for 20 h

at room temperature and then evaporated to dryness.

EtOAc (150 ml) was added and reaction mixture

washed with water (50 ml), saturated NaHCO3

solution (100 ml) and water (100 ml). The combined water layers were extracted with EtOAc

(150 ml). The organic layers were dried over Na2SO4, evaporated to dryness and purified by

Silica gel column chromatography (98:2 EtOAc:MeOH, RF, product = 0.54) yielding compound

5 as a light yellow foam (2.74 g, 3.43 mmol, 64%).
1H-NMR (CDCl3): δ (ppm) = 0.99–1.20 (m, 28 H, 4x CH6’ + CH37’), 2.18–2.26 (m, 2H,

CH211), 3.04–3.08 (m, 2H, CH210), 3.46–3.50 (m, 2H, CH212), 4.01–4.06 (m, 3H, CH4’ +

CH5’), 5.60–5.65 (m, 3H, CH3’ + NH26), 5.93 (s, 1H, CH1’), 6.77 (d, J = 5.4 Hz, 1H, CH2’),

7.09–7.12 (m, 2H, CH9’), 7.26–7.31 (m, 1H, CH11’), 7.38–7.44 (m, 2H, CH10’), 8.19 (s, 1H,

CH2), 8.60–8.63 (bt, 1H, NH13) 13C-NMR (CD3OD): δ (ppm) = 12.67–13.23 (CH6’), 17.04–

17.29 (CH37’), 24.80 (CH211), 25.86 (CH210), 40.00 (CH212), 61.98 (CH5’), 71.26 (CH3’),

73.83 (CH2’), 82.01 (CH1’), 89.26 (CH4’), 115.42–129.67 (CqF315, Cq5, CH9’, CH10’,

CH11’), 150.53 (Cq8), 152.28–152.67 (CH2, Cq6 Cq8’) 154.38 (Cq6), 155.97 (Cq(S)12’),

157.16 (q, 2JCF = 36 Hz, Cq(O)14) 19F-NMR (CDCl3): δ (ppm) = –75.78 HRMS (FAB+) m/z:

calcd. for C34H50F3N6O7SSi2 [MH]+: 799.2952; obsd: 799.2960
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2’-deoxy-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxan-1,3diyl)-8-(2,2,2-trifluoro-N-propyl-

acetamide)adenosine (6): Compound 5 (2.74, 3.43

mmol) was coevaporated three times with anhydrous

toluene (20 ml) under N2 and dissolved in anhydrous

toluene (90 ml). In a second flask, AIBN (0.284 g,

1.73 mmol) was dissolved in anhydrous toluene (16

ml) and SnHBu3 was added to this flask. Both

solutions were degassed by bubbling N2 through for

30 min. The first flask was then heated to 80 °C, the

second solution was added drop wise via a syringe.

The mixture was heated to 90 °C for 4 h followed by

stirring overnight at room temperature. The mixture was evaporated to dryness, dissolved in

DCM (150 ml) and washed with sat. NaHCO3 solution (100 ml) and water (100 ml). The

combined water layers were extracted with DCM (100 ml). The organic layers were dried

over Na2SO4, evaporated to dryness and purified by column chromatography (99:1

EtOAc:MeOH, RF, product = 0.35) yielding compound 6 as a light yellow solid (1.97 g, 3.04

mmol, 89%).
1H-NMR (CDCl3): δ (ppm) = 1.01–1.13 (m, 28H, 4x CH6’ + CH37’), 2.16–2.26 (m, 2H,

CH211), 2.49–2.61 (m, 1H, CH22’) 3.05–3.11 (m, 2H, CH210), 3.27–3.36 (m, 1H, CH22’),

3.44–3.54 (m, 2H, CH212), 3.83–3.98 (m, 3H, CH4’ + CH25’), 5.33–5.42 (m, 1H, CH3’), 5.45

(bs, 2H, NH26) 6.14 (dd, J = 2.9, 8.6 Hz, 1H, CH1’), 8.22 (s, 1H, CH2), 8.60–8.70 (bt, 1H,

NH13) 13C-NMR (CDCl3): δ (ppm) = 12.57, 12.74, 13.17, 13.31 (CH6’), 16.97, 17.02, 17.12,

17.25, 17.32, 17.36, 17.51 (CH37’), 24.72 (CH211), 26.31 (CH210), 38.23 (CH22’), 40.13

(CH212), 62.70 (CH25’), 71.81 (CH3’), 82.32 (CH22’), 85.21 (CH4’), 116.02 (q, 1JCF = 288

Hz, CqF315), 118.21 (Cq5), 150.34 (Cq8), 152.11 (CH2), 152.62 (Cq4), 154.51(Cq6), 157.15

(q, 2JCF = 37 Hz, Cq(O)14) 19F-NMR (CDCl3): δ (ppm) = –75.84 HRMS (FAB+) m/z: calcd.

for C27H45F3N6O5Si2 [MH]+: 647.3020; obsd: 647.3022

2’-deoxy-3’,5’-O-(1,1,3,3-tetraisopropyldisiloxan-1,3diyl)-6-N,N-dibenzoyl-8-(2,2,2-

trifluoro-N-propylacetamide)adenosine (7): The

unprotected adenosine 6 (1.21 g, 1.87 mmol) was

coevaporated three times with anhydrous pyridine (5

ml) and dissolved in anhydrous pyridine (8 ml). The

solution was cooled to 0 °C and benzoylchloride (0.6

ml, 5.16 mmol) was added dropwise. The mixture was

stirred overnight at room temperature. The reaction

was quenched by addition of water (4 ml) and stirred

for 30 min., after which brine (5 ml) and DCM (5 ml)

were added. The reaction mixture was extracted three

times with DCM (10 ml) and the combined organic layers were dried over Na2SO4 and

evaporated to dryness. The crude product was purified by column chromatography (1:1

EtOAc:PE40/60) yielding compound 7 as a light yellow foam (1.21 g, 1.12 mmol, 76%).
1H-NMR (CDCl3): δ (ppm) = 0.94–1.10 (m, 28H, 4x CH6’ + CH37’), 2.03–2.14 (m, 2H,

CH211), 2.51–2.61 (m, 1H, CH22’), 3.00 (t, J = 6.6 Hz, 2H, CH210), 3.24–3.37 (m, 3H,
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CH212 + CH22’), 3.80–3.99 (m, 3H, CH4’ + CH25’), 5.29–5.37 (m, 1H, CH3’), 6.14 (dd, J =

2.7, 8.7 Hz, 1H, CH1’), 7.25–7.28 (bt, 1H, NH13), 7.32–7.37 (m, 4H, CH19), 7.45–7.50 (m,

2H, CH20), 7.80–7.83 (m, 4H, CH18), 8.51 (s, 1H, CH2) 13C-NMR (CD3OD): δ (ppm) =

12.61, 12.78, 13.19, 13.36 (CH6’), 17.00, 17.06, 17.15, 17.28, 17.35, 17.37, 17.52 (CH37’),

25.04 (CH211), 25.32 (CH212), 38.03 (CH22’), 38.65 (CH212), 62.18 (CH25’), 71.23 (CH3’),

82.43 (CH1’), 85.23 (CH4’), 128.76 (CH18), 129.41 (CH19), 133.03 (CH20), 134.13 (Cq5),

150.43 (Cq8), 151.41 (CH2), 153.50 (Cq4), 156.81(Cq6), 172.29 (Cq(O)16) 19F-NMR

(CDCl3): δ (ppm) = –76.08

2’-deoxy-6-N,N-dibenzoyl-8-(2,2,2-trifluoro-N-propylacetamide)adenosine (8):

Compound 7 (1.39 g, 1.63 mmol) was coevaporated three

times by anhydrous toluene (10 ml), dissolved in dry THF

(40 ml) and cooled to 0 °C. TBAF solution (3.6 ml, 1M in

THF) was added to the solution and the reaction mixture was

stirred for 30 min. at 0 °C. The ice bath was then removed

and the reaction mixture was warmed to room temperature in

10 min. and stirred for another 5 min. After evaporation of

all the solvents, the crude product was purified by column chromatography (98:2

EtOAc:MeOH, RF, product = 0.44) yielding the pure product 8 as a light yellow foam (0.666 g,

1.09 mmol, 67%).
1H-NMR (CDCl3): δ (ppm) = 1.96–2.07 (m, 2H, CH211), 2.17 (dd, J = 5.4, 12.9 Hz, 1H,

CH22’), 2.73–2.79 (m, 1H, CH22’), 2.89–2.96 (m, 2H, CH210), 3.27–3.29 (m, 2H, CH212),

3.67 (d, J = 11.7 Hz, 1H, CH25’), 3.84 (d, J = 12.9 Hz, 1H, CH25’), 4.09–4.11 (m, 1H, CH4’),

4.64 (d, J = 5.1 Hz, 1H, CH3’), 6.25 (dd, J = 5.4, 9.6 Hz, 1H, CH1’), 7.30–7.35 (m, 4H,

CH19), 7.43–7.53 (m, 2H, CH20), 7.77–7.80 (m, 4H, CH18), 8.52 (s, 1H, CH2) 19F-NMR

(CDCl3): δ (ppm) = –75.98

2’-deoxy-5’-O-(4,4’-dimethoxytrityl)-6-N,N-dibenzoyl-8-(2,2,2-trifluoro-N-

propylacetamide)adenosine (9): To a solution of free nucleoside 8 (0.67 g, 1.09 mmol),

which was coevaporated three times with toluene (10 ml),

was added pyridine (5 ml), followed by DMT chloride

(0.441 g, 1.30 mmol). After stirring overnight, EtOAc (80

ml) and saturated NaHCO3 solution (40 ml) are added. The

organic layer was washed with brine (40 ml), dried over

Na2SO4 and evaporated to dryness. The crude product was

purified by flash column chromatography on silica gel

(50–100% EtOAc in PE40–60) yielding compound 9 as a light yellow foam (0.492 g, 0.538

mmol, 49%, diDMT: 0.413 g, 0.34 mmol, 31%).
1H-NMR (CDCl3): δ (ppm) = 1.98–2.04 (m, 2H, CH211), 2.27–2.35 (m, 1H, CH22’),

2.97–3.01 (m, 2H, CH210), 3.21–3.26 (m, 2H, CH212), 3.23–3.35 (m, 2H, CH25’), 3.49–3.58

(m, 1H, CH22’), 3.73 (s, 6H, CH318’), 4.01–4.06 (m, 1H, CH4’), 4.83–4.85 (m, 1H, CH3’),

6.25 (t, J = 6.9 Hz, 1H, CH21’), 6.75 (dd, J = 1.8, 6.9 Hz, 4H, CH20’), 7.16–7.34 (m, 13H,

CH21’+ CH22’ + CH15’ + CH16’ + CH19), 7.41–7.46 (m, 2H, CH20), 7.78 (d, J = 7.5 Hz,

4H, CH18), 8.36 (s, 1H, CH2) 13C-NMR (CDCl3): δ (ppm) = 25.52 (CH210), 25.76 (CH211),
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37.35 (CH22’), 38.39 (CH212), 55.68 (CH318’), 63.82 (CH25’), 73.25 (CH3’), 84.65 (CH1’),

86.30 (CH4’), 86.85 (Cq13’), 113.53 (CH20’), 127.35–130.41 (CH21’, CH22’, CH15’,

CH16’, CH18, CH19, CF315, 3 x Cq), 133.46 (CH20), 134.47 (Cq), 136.15 (Cq), 144.96 (Cq),

150.77 (Cq), 151.76 (CH2), 154.35 (Cq), 157.45 (Cq), 158.95 (Cq), 172.70 (Cq(O)16) 19F-

NMR (CDCl3): δ (ppm) = –76.10

2’-deoxy-5’-O-(4,4’-dimethoxytrityl)-6-N,N-dibenzoyl-8-(2,2,2-trifluoro-

N-propyl-acetamide)-adenosine-3’-O-(2-cyanoethyl-N,N-diisopropyl)phosphoramidite

(10): The tritylated nucleoside 9 (0.49 g, 0.536 mmol) was

dissolved in DCM (4.5 ml) after it was coevaporated three

times with pyridine (10 ml). Dipea (0.35 ml, 2.14 mmol)

was added and the solution was cooled to 0 °C. 2-

Cyanoethyl diisopropylaminochloro phosphoramidite (0.15

ml, 0.696 mmol) was added dropwise, and after 30 min. the

reaction was allowed to reach room temperature over 15

min.. The solution was diluted with ethyl acetate (100 ml)

and the organic phase was washed with sat. NaHCO3-

solution (40 ml) and brine (40 ml) and dried over Na2SO4.

The solvent was removed under reduced pressure and the crude product was purified by flash

column chromatography on silica gel (pre-washed with EtOAc:hexane:NEt3 (70:25:5)

followed by EtOAc:hexane 70:25) using EtOAc:hexane (75:25, 85:15, 100:0, RF, product (100%

EtOAc) = 0.56). The phosphoramidte 10 was obtained as a white foam (0.446 g, 0.40 mmol,

75%) as a mixture of two diastereoisomers (1:1).
1H-NMR (CD2Cl2): δ (ppm) = 1.13–1.21 (m, 12H, CH327’), 2.02–2.11 (m, 2H, CH211),

2.37–2.45 (m, 1H, CH22’), 2.51 (t, J = 6.15 Hz, 1H, CH224’), 2.62 (t, J = 6.15 Hz, 1H,

CH224’), 3.04 (t, J = 6.6 Hz, 2H, CH210), 3.14–3.32 (m, 3H, CH25’ + CH212), 3.33–3.42 (m,

1H, CH25’), 3.52–3.66 (m, 3H, CH22’ + CH26’), 3.74 (bs, 7H, CH318’ + CH223’), 3.80–3.88

(m, CH223’), 4.25 (bt, J = 4.5 Hz, 1H, CH4’), 4.83–4.98 (2 m, 1H, CH3’), 6.32 (td, J = 2.4 Hz

J = 6.9 Hz, 1H, CH1’), 6.74 (bdt, J = 5.6 Hz, 4H, CH16’), 7.15–7.18 (m, overlapping,

CH21’), 7.23 (d, J = 7.8 Hz, overlapping, CH15’), 7.28–7.37 (m, overlapping, CH22’ + CH19

+ CH20’), 7.44–7.50 (m, 2H, CH20), 7.79 (d, J = 8.1 Hz, 4H, CH18), 8.36 (s, 0.5H, CH2),

8.39 (s, 0.5H, CH2)13C-NMR (CD2Cl2): δ (ppm) =20.66–20.91 (m, CH224’), 24.76 (s,

CH327’), 25.60 (s, CH210), 25.75, 25.91 (s, CH211), 36.60, 36.69 (2x s, CH22’), 39.08 (s,

CH212), 43.51, 43.67 (2x s, CH26’), 55.58 (s, CH318’), 19F-NMR (CD2Cl2): δ (ppm) = –

76.07, –76.04 31P-NMR (CD2Cl2): δ (ppm) = 149.63, 149.74 Elemental analysis (V2O5):

Calcd for C59H62F3N8O9P: C 63.55, H 5.60, N 10.05. Found: C 63.36, H 5.52, N 9.95 LRMS

(ESI) m/z: Calcd for C59H62F3N8NaO9P [M+Na]+ 1138.13, found 1138.55

Bis(2-(diphenylphosphino)ethyl)ammonium chloride (14): This compound was prepared

according to a literature procedure.52,53 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

N

N N

N

NBz2

O

O

DMTO

HN

O

CF3

P

N

O
CN

NH.HCl

Ph2P

Ph2P



Incorporation of Phosphine Ligands into DNA via a Functionalised Adenosine

91

(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

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 (15): To a mixture of

14 (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-

oxobutyrate (0.45 ml, 3.66 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 15 in 94% yield (1.65 gr, 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 (16): LiOH·H2O (0.25 g,

6.0 mmol) in degassed water (7.5 ml) was added dropwise to 15

(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
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General procedure to incorporate building block 10 into an oligonucleotide

For the automated synthesis of the oligonucleotides 1 and 2, an “Applied Biosystems 392

DNA/RNA synthesizer” was used. The modified adenosine 10 was transferred to the “fifth”

vial and with the dilution program dissolved in acetonitrile. The apparatus was programmed

to synthesize the sequence of strand 1 and 2 from 3’- to 5’-end, starting with the first base at

the 3’-end on the CPG solid support. The last DMT protecting group was removed and the

oligonucleotide left on the CPG solid support at the end. As solid support for the synthesis of

strand 1 was used dG-CPG, 500, 43 µmol/g (0.2355 g, 10.13 µmol) and for strand 2 dT-CPG,

500, 43/44 µmol/g (0.0667/0.1667 g, 10.20 µmol). The sequence of strand 1 and 2 are

respectively 5’-ATT CGG TA*G TAG GCG-3‘ and 5‘-AGC TA*A GCT-3‘. Coupling yields

per step are based on measurements of DMT release which is determined by conductivity

measurements. The yield per couplingsstep of the two strands are (starting from the 3’-end

and the yields in bold belong to the coupling of the modified nucleotide and the coupling of

the next nucleotide to the modified one):

strand 1:

100 – 88.5 – 91.9 – 93.8 – 95.0 – 95.8 – 92.3 – 93.2 – 93.9 – 94.5 – 95.0 – 95.4 – 95.8 – 96.1

strand 2:

100 – 89.6 – 87.9 – 88.8 – 90.9 – 92.4 – 91.3 – 92.4

The two strands were deprotected from the CPG solid support by addition of ammonium

hydroxide/40% methylamine (5 ml) and heated to 80 °C for 3 hours. After cooling to room

temperature, the suspension was filtrated over PVDF filter, washed with water and evaporated

to dryness. A NAP-10 column was washed with water (3 x 5 ml) before loading of the DNA

sample dissolved in water (2 ml). The NAP-10 column was eluted with more water (2 ml).

The oligonucleotide solution obtained from the column was further purified by preparative

HPLC. HPLC conditions: Clarity 5u oligo-RP 250x21.1 mm C18 reversed phase column from

Phenomenex, 0.05 M TEAA (triethylamine/acetic acid) pH 7.0 buffer. For both strands the

column was eluted with a gradient mixture of MeOH and the buffer: 0–2 min. 20% MeOH, 2–

20 min. 25% MeOH, 20–30 min. 30% MeOH.

The pure samples were analysed with MALDI-TOF MS, using an Applied Biosystems

4800 MALDI TOF/TOF Analyser.

Synthesis of strand 3 (phosphine functionalisation of 15-mer)

Oligonucleotide strand 1 (217 nmol) was dissolved in degassed NaHCO3 (aqueous, 0.1 M,

700 µl). The para-diphenylphosphinobenzoic acid (33.7 mg, 109 µmol), EDC·HCl (22.7 mg,

119 µmol) and NHS (12.5 mg, 109 µmol) were dissolved in dried and degassed DMF (1.3 ml)

and stirred for two hours. The activated phosphine was added to the DNA solution and stirred

overnight. The reaction mixture started as a clear solution, but ended in a white cloudy

mixture. Degassed water (800 µl) was added to the reaction mixture and it was washed with

DCM (3 x 3 ml). The water layer was evaporated to dryness and redissolved in degassed

water (1 ml). A NAP-10 column was washed with degassed water (15 ml) before loading of

the 1 ml oligonucleotide sample. The NAP-10 column was eluted with more degassed water

(1 ml).

The purified sample was analysed with Maldi-TOF MS, using an Applied Biosystems

4800 MALDI TOF/TOF Analyser and with 31P-NMR, using a nano-probe (indirect detection)
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which provides a sample cavity of only 40 µl and the spectrum was recorded at a magic angle

spinning (MAS) of 2000 Hz. An extra desalting step before Maldi measurements was needed;

the Maldi-samples (20 µl) were stirred overnight with Dowex 50W in MeOH.
31P-NMR (H2O, shimmed on external D2O sample): δ (ppm) = –0.33. Maldi-TOF m/z:

Calcd 5006.9, found 5005.2

Synthesis of strand 4 (phosphine functionalisation of 15-mer)

Oligonucleotide strand 1 (217 nmol) was dissolved in degassed NaHCO3 (aqueous, 0.1 M,

700 µl). Compound 16 (58.11 mg, 107 µmol), EDC·HCl (22.7 mg, 119 µmol) and NHS (12.5

mg, 109 µmol) were dissolved in dried and degassed DMF (1.3 ml) and stirred for two hours.

The activated phosphine was added to the DNA solution and stirred overnight. The reaction

mixture started as an unclear white mixture, but already after a couple of minutes became an

almost clear solution. Degassed water (800 µl) was added to the reaction mixture and it was

washed with DCM (3 x 3 ml). With the first washing step, the separation was poor, degassed

brine (0.5 ml) was added for a better separation. The water layer was evaporated to dryness

and redissolved in degassed water (1 ml). As purification to get rid of all the salts, with this

synthesis the Ethanol Precipitation method was chosen. To 200 µl of the DNA solution was

added degassed sodiumacetate (3 M, 20 µl) and distilled EtOH (700 µl), all in a 1.5 ml

eppendorf and under argon. The mixture was cooled for 1 hour at ice and subsequently

centrifuged for 30 min. at 13.103 rpm in the cold room. The supernatant was removed and the

pellet was washed with 70% ethanol and centrifuged again for 30 min. at 13.103 rpm in the

cold room. With the remaining unpurified DNA solution, also the EtOH precipitation method

was used, in batches of 2 x 0.3 ml and 1 x 0.2 ml.

The purified sample was analysed with Maldi-TOF MS, using an Applied Biosystems

4800 MALDI TOF/TOF Analyser and with 31P-NMR, using a nano-probe (indirect detection)

which provides a sample cavity of only 40 µl and the spectrum was recorded at a magic angle

spinning (MAS) of 2000 Hz. An extra desalting step before Maldi measurements was needed;

the Maldi-samples (20 µl) were stirred overnight with Dowex 50W in MeOH.
31P-NMR (D2O, shimmed on external D2O sample): δ (ppm) = –0.05, 38.15, 38.75. Maldi-

TOF m/z: Calcd 5258.0, found 5247.4
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