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NUCLEOSIDES & NUCLEOTIDES, 18(3), 493-508 (1999) 

SYNTHESIS OF DNA-(3’)-PNA CHIMERAS WITH CONFORMATIONALLY 
RESTRICTED LINKERS BASED ON 4-HYDROXYPROLINE 

Jeroen C .  Verheijen, Anne-Marie M. van Roon, Alexander C .  van der Laan, 
Gijsbert A. van der Mare1 and Jacques H. van Boom* 

Leiden Institute of Chemistry, Gorlaeus Laboratories, PO Box 9502, 
2300 RA Leiden, The Netherlands 

ABSTRACT: The synthesis and evaluation of DNA-(3’)-PNA chimeras containing rigid 
linkers based on (R/S)-4-hydroxy-D/L-proline are described. It is shown that installment 
of the trans-l-linker using the tetrabutylammonium salt of (R)-4-(4,4’- 
dimethoxytrity1oxy)-N-(thymin- 1 -yl)acetyl-L-proline (2) leads to a DNA-(3 ’)-PNA 
chimera which hybridizes efficiently with complementary RNA. 

INTRODUCTION 

Since the advent of the Peptide Nucleic Acids (PNAs)’, the synthesis of several 

chimeras comprising of PNA anchored to deoxyribose nucleic acid (DNA) has been 

reported.2 For example, the conjugation of PNA to the 5’-terminus of DNA via a 5’- 

deoxy-5’-aminonucleoside gave access to PNA-(5’)-DNA chimeras3 (Fig. 1). The 

usefulness of PNA-(5’)-DNA hybrids as tools in molecular biology was nicely illustrated 

by the application of these hybrids as PCR primers.3c24 

On the other hand, anchoring of PNA to the 3’-end of DNA using 

hydroxyethylglycinate (1) as the linker leads to DNA-(3’)-PNA chimeras.3b35 An 

attractive feature of the latter type of hybrids is their inherent stability towards 3’- 

exonucleases, which are responsible for the major digestion of DNA in vivo.6 In addition, 

these hybrids show improved cellular uptakesb, are less prone to self-aggregation and are 

readily soluble in aqueous media. More interestingly, preliminary results indicated that 
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494 VERHEIJEN ET AL. 

PNA-(5’)-DNA DNA-(3’)-PNA 

FIG. 1 

DNA-(3’)-PNAs activate RNase H mediated breakdown of complementary ribose nucleic 

acids (RNAs) .~~ The latter was substantiated by the finding that antisense DNA-(3’)-PNA 

oligomers could inhibit the expression of the Luciferase gene in an RNase H dependent 

Unfortunately, the stability of DNA-(3 ’)-PNAs with complementary 

(deoxy)oligonucleotides is significantly lower than for PNAeDNA and PNAeRNA 

d ~ p l e x e s . ~ ’ ~  The decrease in duplex stability indicates that the nature of the 

hydroxyethylglycine linker may oppose optimal hybridization of the chimera. Earlier 

studies revealed that replacement of the rather rigid 5’-amide linker in PNA-(5’)-DNA 

chimeras (Fig. 1) by the more flexible 5’-phosphate had a negative effect on the 

hybridization properties.3e Based on this information, we reasoned that the duplex 

stability of DNA-(3’)-PNA chimeras with complementary sequences could be increased 

by the application of a more conformationally restricted linker. Previous reports showed 

that hydroxyproline offers an attractive scaffold for the introduction of rigidity in PNA 

and related compounds.8 The latter findings were an incentive to explore whether the 

replacement of the previously employed flexible N-[2-(4,4’-dimethoxytrityloxy)ethyl]-N- 

(thymin- 1 -ylacetyl)glycinate (1) by the individual rigid diastereomeric building blocks 2- 

5 (Fig. 2) would have a beneficial effect on the duplex stability with RNA or DNA. 

As part of an ongoing program dealing with the design and synthesis of PNA- 

DNA chimeras for antisense we here report the synthesis of linker units 2- 

5, their incorporation in DNA-(3’)-PNA chimeras 32b-e as well as the enzymatic and 

thermal stabilities of these new hybrids. 
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SYNTHESIS OF DNA-(3')-PNA CHIMERAS 495 

FIG. 2 

RESULTS AND DISCUSSION 

The synthesis of trans-L-linker 2 and cis-L-linker 3 can be achieved, as depicted in 

Scheme 1, starting from trans-4-hydroxy-l-proline 6. Treatment of the a-amino hnction 

in 6 with allyloxycarbonyl chloride (AllocC1) under Schotten-Baumann conditions gave, 

after esterifi~ation~ of the resulting carboxylic acid 7, methyl prolinate 8.  Tritylation of 8 

with dimethoxytrityl chloride (DMTrCl) at elevated temperature in pyridine containing 

catalytic amounts of tetrabutylammonium iodide (TBAI) and dimethylaminopyridine 

(DMAP) hrnished hlly protected 9. Palladium(I1) catalyzed hydrostannylation of 9 gave 

amine 10. The thymine base was installed by coupling of (thymin- 1 -yl)acetic acid" (1 1) 

to the secondary amino group in backbone 10 using N ,  N'-dicyclohexylcarbodiimide 

(DCC) and 1 -hydroxybenzotriazole (HOBt) as the condensing agent. Treatment of the 

methyl ester in 12 with tetrabutylammonium hydroxide led to the isolation of 

homogeneous trans-hydroxy-l-proline derivative 2 in an overall yield of 3 1% over the 

six steps. 

The synthesis of the cis-hydroxy-L-proline linker 3 started with inversion of the HO-4 

group in 8 under modified Mitsunobu conditions (see Scheme 1)'' Selective Zemplen 
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8 R = M e  
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Allof: 0 
&'OM, 

RO'. 

13 R=pNOzBz c 1 4 R = H  
viii 

T 

R O  
iii 

- DMT Pe 
9 R = Alloc 
1 0 R = H  

B 0  - iii O ' O M e  

DMTrC)' 

15 R = Alloc 
1 6 R = H  

V 

DMT 

1 2 R = M e  

2 R = N B u ~  

1 7 R = M e  

3 R=NBua 

Reagents and conditions: i )  AllocC1, NaHCO3, NaZCQ, dioxane/HzO, pH 9. ii) TMSCl, MeOH, 66% 
(two steps). i i i)  DMTrC1, TBAI, DMAP, pyridine, 50 "C, 78% (S), 85% (15). iv) Bu3SnH, PdC12(PPh&, 

dioxane, H20, 80% (2), 69% (3). vii) DEAD, PPh3, p-NO*-BzOH, DMF, 66%. viii) KOtBu, MeOH, 85%. 
AcOH, CH,Cl,, 93% (lo), 85% (16). V) 11, DCCkIOBt, CHzClz, 81% (12), 92% (17). vi) HONBQ, 

SCHEME 1 

deacylation of the resulting p-nitrobenzoyl ester derivative 13 provided chirally pure 14, 

which was subjected to the same sequence of reactions as described for the conversion of 

8 into 2 [i.e. dimethoxytritylation (14-+15), palladium catalyzed hydrostannylation 

(15-+16), DCC/HOBt coupling (16+17) and saponification (17+3)] to provide 

monomer 3 in a yield of 46% based on 14. 

The preparation of hydroxy-D-proline linkers 4 and 5 commences with 

epimerization" of the C-2 position in 6 (Scheme 2). Thus, trans-hydroxy-l-proline 6 was 

acetylated by acetic anhydride in glacial acetic acid. The acylated product was heated 
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H O  H O  Alloc 0 
fJ 'OH - i F H  A pH - iii 

HO HO HO 

6 18 19 

Allof: 0 All07 0 
W M e  - iv W O M e  

HO HO" 

20 21 

Reagents and conditions: i )  1. AczO, AcOH, 2 N HCl. 2. Et3N, 27%. i i)  AllocCl, NaHC03, Na2C03, 
dioxane/H20, pH 9. iii) TMSCI, MeOH, 63% (two steps). iv) 1. DEAD, PPhs, p-N02-BzOH, DMF. 2. 
KOtBu, MeOH, 54%. 

SCHEME 2 

under reflux in hydrochloric acid to give, after selective crystallization, the required czs- 

D-isomer 18. Subjection of amino acid 18 to AllocCl under Schotten-Baumann 

conditions was followed by treatment of resulting 19 with trimethylsilyl chloride in 

methanol to give methyl ester 20. Finally, inversion of the HO-4 under modified 

Mitsunobu conditions finished trans-D-derivative 21. Diastereomers 20 and 21 were 

then converted into cis-D- and trans-D-linkers 4 and 5 as described for their enantiomers 

14 and 8, respectively. The spectroscopic and spectrometric data (i.e. 'H-NMR, I3C- 

NMR, and mass) of L- and D-linker derivatives 2-3 and 4-5 were in full accord with the 

proposed structures. Furthermore, the specific optical rotations were of the same degree 

but opposite sign for each respective set of enantiomers. 
Having the four diastereomeric linker molecules in hand, the stage was set for 

the assembly of DNA-(3 ')-PNA chimeras following a previously developed synthesis 

protocol.' Thus, anchoring of glycine to highly cross-linked polystyrene (PS) beads, 

hnctionalized with a 4-hydroxymethylbenzoic acid (HMBA) linker, resulted in the 

immobilized derivative 22 (Scheme 3). The PNA part of the chimera was assembled by 

sequential elongation of the amino-terminus of glycine derivative 22 with 
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Elongation with 
H ~ N ~ ~ ~ ~ ~  

0 
22 

1 I 24 B = C(BZ) 

Coupling of 
linker units 1-5 

Elongation with 
DNA phosphoramidites ! 25 B = G(iBu) 

2 6 B = T  

28a-e R = DMTr 

29a-e R = H 

$+OO 30a-e R‘ = DMTr, R2 = CNE, R3 = -HMBA* 

31a-e R’ = H, R2 = CNE, R3 = -HMBA* 
(yk ;[ 

r .oV’ 

ii 
32a-e R’ = H, R2 = H, R3 = NH2 

Reagents and conditions: i) 3% TCA in DCE. i i )  NHmeOH, 50 ‘C, 15h. 

SCHEME 3 

monomethoxytrityl protected PNA monomers 23-2613 using 2-(7-azabenzotriazol-l -yl)- 

1,1,3,3-tetramethyluroniurn hexafluorophosphate (HATU) as the coupling reagent. After 

nine coupling cycles, the DNA-(3’)-PNA linker was introduced by reaction of building 

blocks 1-5 with the amino group of resin bound PNA 27 to give 28a-e. Stepwise 

elongation of the free hydroxyl group of the individual immobilized oligomers 29a-e, 
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SYNTHESIS OF DNA-(3')-PNA CHIMERAS 499 

obtained after acidolysis of the DMTr group in 28a-e, with commercially available 

phosphoramidites led to hlly protected 30a-e. In the final stage of the synthesis, 

detritylation of oligomer 30a-e followed by ammonolysis ( N H ~ M ~ O H ) ' ~  of resulting 

31a-e gave, after purification by reversed-phase HPLC, homogeneous DNA-(3')-PNA 

chimeras 32a-e. 

The binding properties of the DNA-(3')-PNA chimeras 32a-e with complementary DNA 

and RNA are recorded in Table 1 .  It can be seen that duplexation of the chimeras with 

DNA (entries 3-7) leads to less stable complexes in comparison with the corresponding 

DNAoDNA double helix (entry 1). A significant drop in thermal stability (12-14 "C) of 

the duplex is observed for hybrids 32c-e. However, a relatively more stable duplex with 

DNA is formed in the case of chimera 32b containing the trans-l-linker. Interestingly, 

the decrease in melting temperature ( i e .  3.6 "C) is comparable to the one observed for the 

chimera with flexible hydroxyethylglycine linker 32a (3.2 O C ,  entry 3). 

A similar tendency but higher thermal stability is observed (entries 3-7) for the 

duplexes of 32a-e with RNA. Thus, hybrids 32c-e give rise to slightly less stable duplex 

formation (entries 4-6) compared with the DNAoRNA duplex, whereas duplexation of 

32a and 32b leads to helical structures with enhanced stability. Moreover, chimera 32b, 

containing the trans-l-linker, proved to be comparable to the one based on the known 

flexible linker 32a ( c j  entries 3 and 7). As expected, the unmodified and modified 

chimeras 32a and 32b survived prolonged exposure to the 3'-exonucleolytic action of 

snake venom phosphodiesterase. HPLC analysis of the reaction mixtures revealed that the 

digestion of the DNA-(3')-PNA hybrids was negligible after 16h. For comparison, the 

corresponding native DNA oligomer was completely hydrolyzed within 1 h under the 

reaction conditions. 

CONCLUSIONS 

4-Hydroxyproline has been successhlly employed as the starting compound for 

the synthesis of conformationally restricted building blocks, suitable for the fblly 

automated synthesis of DNA-(3')-PNA chimeras. The results presented in this paper 

indicate that hrther structural optimization of the linkers may lead to DNA-(3')-PNA 

chimeras with increased affinity for their target RNA sequences. 
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SYNTHESIS OF DNA-(3')-PNA CHIMERAS 50 1 

EXPERIMENTAL SECTION 

'H NMR and 13C Nh4R spectra were recorded with a Bruker AC-200 (operating at 200 
MHz and 50.1 MHz, respectively). HH-COSY and CH-COSY spectra were recorded on a 
Bruker WM-300 (300 MHz and 75 M H z )  or a Bruker DMX-600 (600 MHz and 150 
MHz).  'H and 13C chemical shifts are given in ppm (5) relative to tetramethyl silane as an 
internal standard. Mass spectra were recorded on a Finnigan MAT TSQ-70 or a Perkin 
Elmer Sciex API 165 equipped with an Electrospray Interface (ESI). Specific optical 
rotations were measured using a PROPOL automatic polarimeter at 20 "C with solutions 
in water or chloroform. Absorbance measurements were performed at 260 nm using a 
Perkin Elmer Lambda 12 WMS Spectrometer equipped with a PTP-6 Peltier 
Temperature Programmer. Dichloromethane and pyridine were boiled under reflux with 
CaH2 for 3 h, distilled and stored over molecular sieves (4 A). Triethylamine was boiled 
under reflux with CaH2 for 3 h and distilled. Ethyl acetate, toluene and light petroleum 
were distilled prior to use. 1,4-Dioxane (Baker, p.a.) and N,N-dimethylformamide (Baker, 
p.a.) were stored over molecular sieves (4 A) and used as received. Methanol (Rathburn, 
HPLC grade) was stored over molecular sieves (3 A) and used without hrther 
purification. Diisopropylethylamine (Biosolve, peptide grade) and acetonitrile (Rathburn, 
HPLC grade) were used as received. Acetic acid (Baker, p.a.), acetic anhydride (Baker, 
p.a.), allyl chloroformate (Fluka), chloro trimethylsilane (Aldrich), 
dichlorobis(triphenylphosphine)palladium(II) (Aldrich), N,N'-dicyclohexylcarbodiimide 
(Merck), 4,4'-dimethoxytrityl chloride (Acros), 4-(dimethylamino)pyridine (Merck), 
diethyl azodicarboxylate (Aldrich), 1-hydroxybenzotriazole (Acros), (R)-4-hydroxy-L- 
proline (Novabiochem), p-nitrobenzoic acid (Aldrich), tetrabutylammonium hydroxide 
(40% solution in water, Aldrich), tetrabutylammonium iodide (Acros), tributyltin hydride 
(Fluka) and triphenylphosphine (Acros) were used without hrther purification. A 
solution of SVP (Crotalus atrox Venom, 16 u/mL) was obtained from Pharmacia. 
Column chromatography was performed with silicagel 60, 230-400 mesh (Merck). TLC 
analysis was done on DC-fertigfolien (Schleicher & Schull F1500, LS254) with detection 
by UV absorption (254 nm) and charring with a ninhydrine solution or a solution of 
ammonium molybdate (25 g/L) and ceric ammonium sulfate (10 g/L) in 10% aq. HzS04. 
Reactions were run at ambient temperature, unless otherwise stated. 

Methyl (R)-N-allyloxycarbonyl-Chydroxy-l-prolinate (8): To a suspension of 10 
mmol (1.31 g) (R)-4-hydroxy-L-proline (6) in dioxane (75 mL) and water (75 mL) 
containing Na2C03 (20 mmol, 2.1 g) and NaHC03 (40 mmol, 3.35 g), was added 15 
mmol (1.27 mL) allyl chloroformate. When TLC analysis indicated that the reaction was 
complete (2 h), water was added (50 mL) and the mixture was concentrated to a small 
volume (1 00 mL). The aqueous layer was washed twice with diethyl ether, neutralized 
with 2 N HCI and concentrated in vacuo. Traces of water were removed from thus 
obtained (R)-N-allyloxycarbonyl-4-hydroxy-l-proline (7) by coevaporation with dioxane. 
The carboxylic acid was dissolved in dry methanol (250 mL), TMSCl (65 mmol, 8.16 
mL) was added and the solution was allowed to stir for 48 hours. The solvents were 
removed in vacuo and the methyl ester was dissolved in ethyl acetate. The organic layer 
was washed with water, 1 N NaHC03 and brine, dried over MgS04, filtered and 
evaporated. Yield: 1.51 g (6.61 mmol, 66% over 2 steps). 'H NMR (CDCD): 6 5.89, m, 
lH, CH allyl; 5.24 m, 2H, CH2 allyl; 4.63, d, 2H, CH2 allyl, J 4 . 1  Hz; 4.57, m, 2 H, H-4', 
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502 VERHEIJEN ET AL. 

H-2’; 3.75 (mi), 3.72 (ma), s, 3H, OMe; 3.63, m, 2H, H-5’a,b; 2.33, m, lH, H-3’a; 2.07, 
m, IH, H-3’b. 13C{lH} NMR (CDCb): 6 173.1 C, ester; 154.8 (ma), 154.4 (mi) C, alloc; 
132.4 (mi), 132.1 (ma) CH allyl; 117.3 (ma), 117.0 (mi) CHz allyl; 69.4 (ma), 68.7 (mi) 
CH; 65.9 CH2 allyl; 57.7 (ma), 57.5 (mi) CH; 54.9 (mi), 54.3 (ma) C-5’; 52.1 OMe; 38.8 
(mi), 38.1 (ma) C-3’. 

Methyl (R)-N-allyloxycarbonyl-4-(4,4’-dimethoxytrityloxy)-L-prolinate (9): 0.52 g 
(2.28 mmol) 8 was dissolved in pyridine (1 5 mL) containing catalytic amounts of TBAI 
and DMAP. 1.16 g (3.5 mmol) of DMTCl was added and the solution was left at 50 “C 
for 16 h. The reaction was quenched by addition of methanol and the solvents were 
removed under reduced pressure. The residue was dissolved in ethyl acetate (25 mL) and 
washed with water, 1 N NaHC03 and brine. The organic layer was dried over MgS04, 
filtered and concentrated. Purification by column chromatography (25-30% ethyl acetate 
in light petroleum, containing 0.5% NEit3) yielded 1.03 g (1.78 mmol, 78%) of 5a. ‘H 
NMR (CDCL): 6 7.34-6.80, m, 13H, CH arom. (DMT); 5.87, m, lH, CH allyl; 5.23, m, 
2H, CHZ allyl; 4.56, m, 2H, CH2 allyl; 4.39, m, lH, H-4’; 4.25, m, lH, H-2’; 3.79, s, 6H, 
OMe (DMT); 3.65 (ma), 3.61 (mi), s, 3H, OMe; 3.27, m, 2H, H-5’; 1.91, m, lH, H-3’a; 
1.53, m, lH, H-3’b. 13C{lH} NMR (CDCL): 6 172.3 (ma), 172.1 (mi) C, ester; 158.2 C, 
arom. (DMT); 154.0 (ma), 153.3 (mi) C, alloc; 144.8 C, arom. (DMT); 135.7 C, arom. 
(DMT); 132.2, 129.4, 127.4, 126.4 CH arom. (DMT); 116.3 CH2 allyl; 112.7 CH arom. 
(DMT); 86.3 C, (DMT); 71.2 (ma), 70.5 (mi) CH; 65.1 CH2 allyl; 57.3 (ma), 57.1 (mi) 
CH; 54.5 OMe (DMT); 52.0 (ma), 51.4 (mi) C-5’; 51.3 OMe; 36.7 (mi), 35.9 (ma) C-3’. 

Methyl (R)-4-(4,4’-dimethoxytrityloxy)-L-prolinate (10): 1.9 g (3.6 mmol) Alloc 
protected 9 was dissolved in 25 mL. dichloromethane. To this solution was added 0.38 
mL (6.75 mmol) glacial acetic acid, 1.79 mL (6.75 mmol) Bu3SnH and a catalytic amount 
of Pd(PPh3)2C12. After 30 min TLC (114 ethyl acetate/light petroleum v/v) indicated that 
the deprotection was complete. NEt3 was added (1.5 mL) and the dichloromethane was 
removed in vacuo. The residue was dissolved in ethyl acetate (75 mL) and washed with 
water, 1 N NaHC03 and brine. The organic phase was dried over MgS04 to furnish 1.47 
g (3.36 mmol, 93%) 10 aRer column chromatography (1/1 ethyl acetatekght petroleum 
v/v with 0.5% NEt3). ’H NMR (CDCI3): 6 7.42-6.80, m, 13 H, CH arom.(DMT); 4.14, m, 
lH, CH; 3.85, m, lH, CH; 3.79, s, 6H, OMe (DMT); 3.66, s, 3H, OMe; 2.60, AEi, 2H, H- 
5’a,b; 1.87, m, lH, H-3’a; 1.67, m, lH, H-3’b. ”C(’H} NMR (CDCl3): 6174.3 C, ester; 
158.0 C, arom. (DMT); 145.2 C, arom. (DMT); 136.2 C, mom. (DMT); 129.6, 127.6, 
127.3, 126.2, 112.6 CH arom. DMT; 86.1 C, DMT; 73.7 CH; 59.7 CH; 54.5 OMe DMT; 
52.9 C-5’; 5 1.3 OMe; 37.4 C-3’. 

Methyl (R)-4-(4,4’-dimethoxytrityloxy)-N-(thymin-l-yl)acetyl-L-prolinate (12): 
Amine 10 (1.47 g, 3.4 mmol) was dissolved in 20 mL DMF containing 0.68 g (3.7 mmol) 
(thymin-1-y1)acetic acid (11). The solution was subsequently treated with 0.5 g (3.7 
mmol) HOBt and 0.83 g (4.0 mmol) DCC. The resulting suspension was allowed to stand 
overnight, after which the precipitated DCU was removed through filtration over Hyflo. 
DMF was evaporated and the residues were dissolved in 50 mL ethyl acetate and washed 
with water, 1 N NaHC03 and brine. ARer drying over MgS04, filtration and 
concentration under reduced pressure, column chromatography (3/1 ethyl acetatehight 
petroleum v/v, containing 0.5% NEt3) provided 1.38 g (2.3 mmol, 64%) amide 12. ‘H 
NMR (CDCl3): 6 7.46-6.80, m, 14 H, CH arom. (DMT), CH arom. T; 4.59, m, lH, CH; 
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4.36, m, 2H, CH,; 4.07, m, lH, CH; 3.79, s, 6H, OMe (DMT); 3.66, s, 3H, OMe; 3.13, m, 
lH, H-5’a; 2.96, m, lH, H-5’b; 2.15, m, lH, H-3’a; 1.88, s, 3H, CH3 T; 1.78, m, lH, H- 
3’b. 13C {‘H} NMR (CDCl3): 6 171.6 (ma), 171.3 (mi) C, ester; 165.4 (mi), 164.9 (ma) T 
C-2; 164.2 C, amide; 158.2 C, arom. (DMT); 150.8 T (2-4; 144.6 C, arom. (DMT); 140.6 
T C-6; 135.6 C, arom. (DMT); 128.1, 127.9, 127.5, 126.6, 112.9 CH arom. DMT; 109.7 
T C-5; 86.5 C, DMT; 71.6 CH; 59.8 CH2; 57.2 CH; 54.7 OMe DMT; 52.3 OMe; 51.8 C- 
5 ’ ;  47.5 CH2; 35.1 C-3’; 1 1.7 T CH3. 

Tetrabutylammonium (R)-4-(4,4’-dimethoxytrityloxy)-N-(thymin-l-yl)acetyl-l- 
prolinate (2): Addition at 10 “C of 40 mL of a 40% HONBu4 solution to 0.69 g (1.13 
mmol) methyl ester 12 was followed after 2 min by dilution with 100 mL water. The 
aqueous layer was extracted with dichloromethane (2 x 150 mL) and the combined 
dichloromethane layers were washed with water until neutral (10 x 150 mL). After drying 
over MgS04 and filtration, the target compound 2 was obtained through evaporation of 
the organic solvent. Yield: 0.79 g (0.90 mmol, 80%). ‘H (COSY) NMR (CDCl3): 6 7.44- 
6.77, m, 14H, CH arom. (DMT), CH arom. T; 4.78, d, lH, H-6’a (J= 6.9 Hz); 4.31, m, 
3H, H-4’, H-2’, H-6’; 3.75, s, 6H, OMe (DMT); 3.20, m, 10H, CH2 TBA, H-5’; 2.21, m, 
2H, H-3’; 1.80, s, 3H, CH3 T; 1.59, m, 8H, CH2 TBA; 1.36, q, 8H, CH2 TBA (J=7.2Hz); 

carboxylate,l65.2 T C-2; 164.7 C, amide; 158.1 C, DMT; 151.0 T C-4; 145.1 C, DMT; 
142.0 T (2-6; 136.3 C, DMT; 129.5, 127.6, 127.3, 126.2,112.7 CH arom. DMT; 108.8 T 
C-5; 85.9 C, DMT; 70.3 CH; 60.1 CH; 58.0 CH2 TBA; 54.6 OMe DMT; 52.3 C-5’; 47.5 
CH2; 38.3 C-3’; 23.3 CH2 TBA; 19.2 CH2 TBA; 13.2 CH3 TBA; 11.7 T CH3. Mass 
spectroscopy (ESI): calculated: 599, found: m/z=598 (M-H)‘. [a]D = -36.8 ” (c=l, 

0.97, t, 12H, CH3 TBA (J=7.3Hz). 13C (CH-COSY) NMR (CDCl3): 6 174.0 Cq 

CHCl3). 

Methyl (S)-N-allyloxycarbonyl-4-hydroxy-L-prolinate (14): 1.24 g (5.4 mmol) 8 was 
dissolved in 50 mL DMF and cooled to 0°C. 2.83 g (10.8 mmol) PPh3 in 5 mL DMF was 
added dropwise, followed by the dropwise addition of a solution of p-nitrobenzoic acid 
(1.84 g, 10.8 mmol) and 1.6 mL DEAD (9.5 mmol) in 10 mL DMF. The reaction was 
allowed to proceed for 16 h and after the usual work-up, column chromatography (50 - 
70% ethyl acetate in light petroleum) yielded 1.34 g (3.5 mmol, 66%) of the (R)-p- 
nitrobenzoic ester (13). The ester was dissolved in 100 mL MeOH containing a catalytic 
amount (10 mg) of KOtBu. Deacylation was established after 2 h and the reaction 
mixture was neutralized by the addition of acetic acid. The solvents were removed in 
vacuo and the residues were dissolved in 50 mL ethyl acetate and washed with water (2 x 
30 mL), NaHC03 (1 N, 2x 30 mL) and brine (30 mL). Drying over MgS04 and removal 
of the solvents was followed by column chromatography (ethyl acetate) for purification. 
Yield: 0.68 g (2.97 mmol, 85% over the last step, 55% from 8). ‘H NMR (CDCl3): 6 
5.90, m, IH, CH allyl; 5.27, m, 2H, CH2 allyl; 4.61, d, 2H, CH2 allyl, J=5.1 Hz; 4.41, m, 
2H, H-2’, H-4’; 3.79 (ma), 3.76 (mi), s, 3H, OMe; 3.64, m, 2H, H-S’a,b; 2.34, m, lH, H- 
3’a; 2.13, m, lH, H-3’b. 13C{lH} NMR(CDC13): 6 172.5 C, ester; 154.0 (ma), 153.6 (mi) 
C, alloc; 131.9 CH allyl; 116.5 (ma), 116.2 (mi) CH2 allyl; 69.1 (ma), 68.2 (mi) CH; 65.1 
CH2 allyl; 57.1 (ma), 56.8 (mi) CH; 54.2 (mi), 53.8 (ma) C-5’; 51.5 OMe; 37.9 (mi), 37.0 
(ma) C-3’. 

Methyl (S)-N-allyloxycarbonyl-4-(4,4’-dimethoxytrityloxy)-~-prolinate (15): 
Following the same procedure as described for the synthesis of compound 9, 0.97 g (4.25 
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mmol) of 14 and 2.2 g (6.4 mmol) of DMTCl yielded 2.09 g (3.6 mmol, 85%) 15. ‘H 
NMR (CDCl3): 6 7.44-6.81, m, 13H, CH arom. DMT; 5.88, m, lH, CH allyl; 5.20, m, 
2H, CH2 allyl; 4.56, d, 2H, CH2, allyl, J=5.1 Hz; 4.17, m, 2H, H-2’, H-4’; 3.79, s, 6H, 
OMe (DMT); 3.71 (mi), 3.69 (ma), s, 3H, OMe; 3.43, m, lH, H-5’a; 3.27, d, lH, H-5’b7 
J=5.1; 1.82, m, lH, H-3’a; 1.61, m, lH, H-3’b. I3C {‘H} NMR (CDCI3): 6 171.8 (mi), 
171.7 (ma) C, ester; 158.2 (mi), 158.1 (ma) C, arom. (DMT); 154.0 (mi), 153.6 (ma) C, 
alloc; 144.8 C, arom. (DMT); 135.9 C, arom. (DMT); 129.7, 128.7, 127.2, 126.5 CH 
arom. (DMT); 116.4 CH2 allyl; 112.8 CH arom. (DMT); 86.6 C, DMT; 71.6 (mi), 70.8 
(ma) CH; 65.2 CH2 allyl; 57.1 CH; 54.6 OMe DMT; 52.7 (ma), 52.0 (mi) C-5’; 51.6 
OMe; 36.8 (ma), 35.9 (mi) (2-3’. 

Methyl (S)-4-(4,4’-dimethoxytrityloxy)-L-prolinate (16): Removal of the Alloc group 
was established as described for compound 10. Yield: 1.44 g (3.06 mmol, 85%) starting 
from 2.09 g (3.6 mmol) 15, 0.41 mL (7.2 mmol) glacial acetic acid and 1.94 mL (7.2 
mmol) Bu3SnH. ‘H NMR (CDCl3): 6 7.44-6.78, m, 13 H, CH arom. (DMT); 4.11, m, lH, 
CH; 3.78, s, 6H, OMe (DMT); 3.72, s, 3H, OMe; 3.59, m, lH, CH; 2.58, m, 2H, H-S’a,b; 
1.94, m, lH, H-3’a; 1.67, m, lH, H-3’b. I3C {‘H} NMR (CDCb): 6 175.1 C, ester; 158.3 
C, arom. (DMT); 145.5 C, arom. (DMT); 136.6 C, arom. (DMT); 129.9, 128.1, 127.6, 
126.6, 112.9 CH arom. (DMT); 86.5 C, DMT; 73.8 CH; 58.5 CH; 54.8 OMe DMT; 53.2 
C-5’; 51.7 OMe; 37.4 C-3’. 

Methyl (S)-4-(4,4’-dimethoxytrityloxy)-N-(thymin-l-yl)acetyl-L-prolinate (17): 
h i d e  bond formation between 0.73 g (1.55 mmol) amine 16 and 0.3 g (1.6 mmol) 
(thymin-1-y1)acetic acid (11) using 0.22 g (1.6 mmol) HOBt and 0.37 g (1.8 mmol) DCC 
furnished 0.86 g (1.43 mmol, 92%) of the title compound following a similar protocol as 
described for 12. ‘H NMR (CDCl3): 6 7.43-6.80, m, 14H, CH arom. (DMT), CH arom. T; 
4.78-4.32, m, 2H, CH2; 4.23, m, lH, CH; 3.97, m, lH, CH; 3.79, s, 6H, OMe (DMT); 
3.72 (ma). 3.70 (mi), s, 3H, OMe; 3.49, m, lH, H5’a; 3.17, m, lH, H5’b; 1.91 (mi), 1.88 
(ma), s, 3H, CH3 T; 1.86, m, 2H, H-3’ab; 1.74, s, 3H, CH3 T. I3C {‘H} NMR (CDCl3): 6 
171.8 (mi), 171.3 (ma) C, ester; 167.1 (ma), 166.1 (mi) T C-2, 164.6 C, amide; 158.6 C, 
arom. (DMT); 151.5 (mi), 151.3 (ma) T C-4; 144.8 C, arom. (DMT); 141.3 (mi), 141.1 
(ma) T C-6; 136.0 C,arom. (DMT); 129.9, 127.8, 127.0, 113.2 CH arom. (DMT); 110.2 
T Cf!5; 87.2 C, DMT; 72.2 (ma), 70.3 (mi) CH; 58.0 (mi), 57.3 (ma) CH; 55.1 OMe 
DMT; 52.6 (mi), 52.3 (ma) OMe; 52.0 C-5’; 48.4 (mi), 48.0 (ma) CH2; 37.3 (mi), 35.4 
(ma) C-3’; 10.8 T CH3. 

Tetrabutylammonium Q-4-(4,4’-dimethoxytrityloxy)-N-(thymin-l-yl)acetyl-L- 
prolinate (3): 0.83 g (0.99 mmol, 69%) of the title compound was obtained starting from 
0.88 g (1.43 mmol) of the methyl ester as described for 2. ‘H (COSY) NMR (CDCb): 6 
7.44-6.78, m, 14H, CH arom. (DMT), CH arom. T; 4.63, AB, 2H, CH2; 4.05, m, 2H, H- 
4’, H-2’; 3.76, s, 6H, OMe (DMT); 3.52, m, lH, H-5’a; 3.31, m, 8H, CH2 TBA; 3.10, m, 
lH, H-5’b; 2.05, m, 2H, H-3’a,b; 1.82, s, 3H, CH3 T; 1.64, m, 8H, CH2 TBA; 1.43, q, 8H, 

173.9 Cq carboxylate;l65.6 T C-2; 164.5 C, amide; 158.0 C, DMT; 150.9 T C-4; 145.2 
C, DMT; 142.1 T C-6; 136.5 C, DMT; 128.6, 127.7, 127.4, 126.3, 112.7 CH arom. 
DMT; 108.8 T C-5; 85.9 C, DMT; 70.1 CH; 59.6 CH; 58.2 CH2 TBA; 54.7 OMe DMT; 

CH3. Mass spectroscopy (ESI): calculated: 599, found: m/z=598 (M-H)-. [a],, = -1.4 O 

CH2 TBA, J=7.4Hz; 1.01, t, 12H, CHj TBA, J=7.3 Hz. 13C (CH-COSY) Nh4R (CDCl3): 6 

50.8 C-5’; 47.6 CH2; 37.8 C-3’; 23.5 CH2 TBA; 19.3 CH2 TBA; 13.3 CH3 TBA; 11.7 T 

( ~ 1 ,  CHCl3). 
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(R)-4-hydroxy-D-proline (18): A solution of 50 mL acetic anhydride in 100 mL glacial 
acetic acid and 6.65 g 6 was heated to reflux temperature and the solution was heId at 
reflux for 5.5 h. The solvent was removed in vucuo, giving a thick oil which was 
dissolved in 100 mL 2 N HCl and heated to reflux temperature for 3 hours. The solution 
was treated with charcoal and filtered while hot. After removal of the solvent under 
reduced pressure, the mixture of the HC1-salt of D- and L-4-hydroxyproline was 
dissolved in 2 mL water and 1 mL triethylamine and 18 was obtained through selective 
crystallization overnight at -20" C from absolute ethanol. Yield 1.75 g (13.4 mmol, 27%). 

3.39, m, 2H, H 5'a,b; 2.52, m, lH, H-3'a; 2.27, m, lH, H-3'a. "C{'H} NMR (DzO): 6 
173.5 C, acid; 69.9 CH; 60.4 CH; 53.7 C-5'; 37.9 C-3'. [a]D = +63.6 O (c=l, HzO), lit. 

'H NMR (DzO): 6 4.58, bs lH, H'-4; 4.22, dd, lH, H-2', J2*.3va=4.5 Hz, Jy.3*b=10.8 Hz.; 

[a]D = +59.5 O (C=2, HzO). 

Methyl (R)-N-allyloxycarbonyl-4-hydroxy-D-prolinate (20): Following a similar 
protocol as reported for 8, 1.5 1 g (6.61 mmol, 63% over two steps) of the title compound 
was obtained. 'H NMR (CDCD): 6 5.90, m, lH, CH allyl; 5.26 m, 2H, CHZ allyl; 4.61, d, 
2H, CH2 allyl, J=5.1 Hz; 4.43, m, 2 H, H-4', H-2'; 3.78 (ma), 3.76 (mi), s, 3H, OMe; 
3.64, m, 2H, H-5'a,b; 2.34, m, lH, H-3'a; 2.12, m, lH, H-3'b. I3C{'H} NMR (CDC13): 6 
172.3 C, ester; 154.0 (mi), 154.5 (ma) C, alloc; 131.9 CH allyl; 116.4 (ma), 116.0 (mi) 
CH2 allyl; 69.0 (mi), 68.0 (ma) CH; 65.9 CHz allyl; 57.0 (ma), 56.8 (mi) CH; 54.1 (mi), 
53.7 (ma) C-5'; 51.4 OMe; 37.9 (mi), 37.0 (ma) C-3'. 

Methyl (,!T)-N-allyloxycarbonyI-4-hydroxy-D-prolinate (21): Inversion of configuration 
at the 4-postion was established as described for 14, to give 0.52 g (54%) of the target 
compound. All spectroscopic and spectrometric properties were identical to those 
described for compound 8. 

General procedure for the oligomer synthesis: solid phase syntheses were performed 
on a Pharmacia Gene Assembler using highly cross-linked polystyrene beads as the solid 
support (loading: 26-28 pmoVg) on a 1 pmol scale. The support was fbnctionalized with 
a glycine moiety via a p-hydroxymethylbenzoic acid linker. Assembly of the PNA part 
was established using solutions of 0.3 M of monomers 23-26, 0.3 M DiPEA and 0.3 M 
HATU in acetonitrile/dimethylformamide (111, v/v). Prior to coupling, the monomers 
were pre-activated for 1 min by mixing equal amounts of the PNA monomer (1 5 equiv 
per pmol support), HATU and DiPEA solutions. The protocol for one PNA chain 
extension cycle consisted of (1) wash: acetonitrile/dimethylformamide (111, v/v), 2.5 mL; 
(2) coupling: PNA + HATU + DiPEA in acetonitrile/dimethylformamide (Vl ,  v/v), 15 
min; (3) wash: acetonitrile/dimethylformamide (111, v/v), 2.5 mL, acetonitrile, 2.5 mL; 
(4) capping: AczOllutidinelN-methylimidazole/tetrahydrofbran (1/1/1/7, v/v/v/v), 2.0 mL; 
( 5 )  wash: acetonitrile, 2.5 mL, dichloromethane, 3.5 mL; (6) detritylation: 2% 
trichloroacetic acid in dichloromethane, 3 min; (7) wash: dichloromethane, 2.5 mL, 
acetonitrile, 5 mL. In the final step of the PNA synthesis, linkers a-e were attached to the 
terminal aminogroup by coupling of monomers 1-5, respectively. The introduction of the 
phosphate bonds was carried out with 15 equiv of commercially available cyanoethyl 
protected DNA phosphoramidites using 5-(ortho-nitrophenyl)tetrazole (8 equiv) as the 
activator. Standard DNA capping, washing, oxidation and detritylation cycles were used. 
Coupling yields were gauged spectrophotometrically (254 nm) by the absorption of the 
released trityl cation after each deprotection step. After the last elongation step, the 
oligomers were cleaved from the support with concomitant deprotection of the phosphate 
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groups and exocyclic amino groups by treatment with methanolic ammonia (1.5 mL) at 
50 "C for 16 h. RP-HPLC purification and analysis were carried out on a Jasco HPLC 
system equipped with a LiChrospher 100 RP-18 endcapped column (10.0 x 250 mm and 
4.0 x 250 mm, respectively). Gradient elution was performed at 40 "C by building up a 
gradient starting with buffer A (50 mM triethylammonium acetate in water) and applying 
buffer B (50 mM triethylammonium acetate in acetonitrile/water, 1/1, v/v) with a flow 
rate of 1 .O mL/min or 5.0 mL/min for analysis and purification, respectively. 

Mass spectrometry analysis of the oligomers: The identity of the oligomers was 
confirmed by MALDI-TOF mass spectrometry (negative mode) at Eurogentec S. A. 
(Belgium). Results: 32a: m/Z = 5 146.3 (calculated 5 156.2 for [C187H23&70888]-); 32b: 
m/Z = 5 168.9 (calculated 5 168.2 for [Cl88H238N770888]-); 3 2 ~ :  d Z  = 5 169.1 (calculated 
5168.2 for [C188H238N770898]-); 32d: m/Z = 5165.2 (calculated 5168.2 for 
[C188Hz38N7708#8]-); 32e: d Z  = 5 164.0 (calculated 5 168.2 for [Ci8gH238N77084P8]-). 

Thermal melting studies: Melting temperatures (Tm) were determined with equimolar 
mixtures of the oligonucleotide and complementary RNA at a concentration of 3 pM, in a 
10 mM phosphate buffer, pH=7.0, containing NaCl (100 mM) and EDTA (0.1 mM). 
Prior to recording the melting profile, the solutions were heated to 90 "C for several 
minutes and then cooled to 5 "C over 2.0 h. The mixtures were kept at 5 "C for 16 h and 
heated to 80 "C at a rate of 0.5 "C per minute while the A260 was recorded against 
temperature. The Tm values were determined as the maxima of the first-derivative plots 
of absorbance versus temperature. 

Enzymatic stability studies: 0.6 OD of the oligomer was dissolved in 2.0 mL 100 mh4 
Tris.HC1 buffer, pH=8.6, containing 100 mM NaCl and 14 mM MgC12. Upon addition of 
1 unit of snake venom phosphodiesterase (62 pl of a solution in water) the enzymatic 
degradation was monitored at 20 "C using a Biocad Vision reversed-phase HPLC system 
equipped with a LiChrospher 100 RP-18 endcapped column. Elution was carried out with 
a gradient of acetonitrile (0-20%) in 50 mM triethylammonium acetate. Analysis was 
done with aliquots taken from the reaction mixtures after 1 h or 16 h. 
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14. Ammonolysis using m O H  instead of methanolic ammonia results in the 

undesirable formation of mixtures of C-terminal carboxylate and amide. 
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