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Abstract: The preparation of novel monomethoxytrityl (Mrnt) protected monomers for the synthesis of 
polyamide nucleic acids (PNAs) is described. The use of base-labile acyl-type mcleobase protecting 
groups and of a succinyl-linked solid-support off= a synthetic strategy similar to standard oligo- 
nucleotide synthesis conditions. This strategy has been successfully applied For the synthesis of PNAs of 
mixed base sequence. 

In 1991, Nielsen et. al ’ developed a new class of oligonucleotide analogues, known as Polyamide (OC 

Peptide) Nucleic Acids (PNAs). These are oligomers of nucleobasederivatized N-(2amincethyl)glycine which 

recognize and bind strongly to specific DNA or RNA sequences. PNA oligomers have a number of properties 

which make them potentially extremely useful as antisense therapeutics and as diagnostic tools2 

Until recently the only reported synthetic strategy for PNA synthesis was Menifield solid-phase synthesis 

using a Ekx/benzyloxycarbony1 protecting group strategy. 3*45 The repeated treatment with TFA required for BOC 

deprotection, and the harsh HF or TFMSA treatment required for cleavage from the resin and deprotection 

render this strategy incompatible with the synthesis of many types of modified PNA$ especially the-~ynthesk of 

PNA-DNA chirnerae due to the sensitivity of DNA to strong acids. Very recently Thomson et al. reported the 

synthesis of Fmoc/ benzyloxycarbonyl protected PNA monomers and outlined methods for their oligo- 

merisation.6 This Fmoc strategy may be combined with Fmoc peptide synthesis to allow the preparation of PNA- 

peptide conjugates. However, using this method, a strong acid deprotection step is also required at the end of 

synthesis. 

In search of an alternative strategy which would open the way to a combination of PNA and 

oligonucleotide synthesis we have developed novel PNA monomers with orthogonal protecting groups in which 

the Mmt group is used as an N-terminal temporary protecting group and the exocyclic amino functions of the 

nucleobases are protected by base-labile acyl protecting groups. The Mmt group can be removed under mild 

acidic conditions (3% trichloroacetic acid), and the nucleobase protecting groups are removed at the end of 

synthesis using cont. aqueous ammonia. A solid support suitable for use in this synthetic strategy has also been 

synthesized. 
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RESULTSANDDISCUSSION 

Monomer Synthesis I 

For the large-scale preparation of N-(2-aminoethyl)glycine 1 we found a very simple and effective 

methcd in the reductive amination of glyoxylic acid using an excess of 1,Zdiaminoethane in alcohol/water 

mktures and hydrogen with palladium on charcoal as reducing agent (Scheme 1). This procedure gives N-(2- 

aminoethyl)glycine in excellent purity and good yield from readily available starting materials. Methyl N-(2- 

aminoethyl) glycinate dihydrochloride 2 was obtained from 1 according to the literature procedure.’ This was 

then monomekoxytritylated with (4-methoxyphenyl)-diphenylmethyl chloride (Mmt-Cl) in DMF / triethylamine. 

The Mmt group reacted predominantly on the less hindered primary amine to give 3 as the major product. The 

bis-Mmt by-product was easily separated by silica gel chromatography. The position of the Mmt group in 3 was 

confirmed by Nuclear Overhauser Effect NMR experiments. 
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Reagents and Cond Tim i’ : (a) HZ. Pd/C, methanol; (b) Methanol/ HCI, reflux; (c) Mmt chloride/ DMF, NEt3. 

Scheme 1: Synthesis of N-(2-aminoethyl)glycine and its Mmt-protected derivative. 

Carboxymethylated thymine was synthesized according to the procedure of Kosynkina et aL7 The acyl- 

protected carboxymethyl nucleobases were synthesized according to Scheme 2. Thus cytosine was acylated with 

tert-butylbenzoyl chloride in DMF in the presence of triethylamine to give 4. Originally we synthesized a benzoyl 

protected cytosine monomer, however the tendency of this monomer to precipitate out of solution during PNA 

synthesis led us to chose the more lipophilic fert-butylbenzoyl protecting group. 4 was then converted to its 

sodium salt using NaH in DMF and alkylated using methyl bromoacetate. The resulting methyl ester 5 was 

saponified using NaOH in dioxane-water. The pH of this reaction solution was carefully controlled to prevent 

hydrolysis of the @-protecting group. The desired product 6 was isolated by pH dependent precipitation. 
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Reapents and Conditions: (al terr-Butylbenzoyl chlcnide, NEtJ DMF; (b) Methyl bromoacetate, NaH/ DMF; 
(cl NaOH, HaO/ dioxane; (d) Anisoyl chloride/ pyridine; (e) Isobutanoyl chloride, NEtJ DMF. 

Scheme 2: Synthesis of acyl-protected carboxymethyl nucleobases. 

Adenine was protected by heating with anisoyl chloride in pyridine. The resulting N6-anisoyladenine 7 

was alkylated to give 8, and saponified to give 9 using procedures analogous to those used for the preparation 

of 6. N2-Isobutanoyl guanine 10 was synthesized by heating guanine with isobutanoyl chloride in DMF and 

triethylamine. ‘Ihis was then alkylated using NaH / methyl bromoacetate to give the desired N9-alkylated 

derivative 11 along with other regioisomers which could be separated by column chromatography. 

Saponification using aqueous NaOH gave the free acid 12. 
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Scheme 3: Synthesis of Mmt-protected PNA monomers. 
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The carboxymethylated nucleobases were coupled to the Mmt-(2-aminoethyl)glycine methyl ester 

backbone unit 3 using diisoptopylcarbodiimide (DIPC) in DMF in the presence of HOOBt and N- 

ethylmotpholine. Saponification of the/resulting methyl esters 13, 15, 17 and 19 under controlled conditions 

gave the desired acyl-protected PNA monomers 14,16,18 and 20 (Scheme 3). 

The Solid Support 

Standard peptide synthesis solid supports require treatment with strong acid to cleave the peptide chain 

from the support. These conditions are incompatible with our orthogonal protecting group strategy and would 

not allow a combination of PNA and oligonucleotide synthesis. Therefore we synthesized universal solid 

supports which are cleavable during the ammonia treatment used for base-deprotection, and are therefore 

compatible with the new synthetic strategy (Scheme 4). These supports utilise an aminohexyl spacer and a base- 

cleavable succinyl linker. Thus 6-aminohexan-l-o1 was selectively N-uitylated using Mmt chloride in pyridine to 

give 21. The resulting alcohol was succinylated using succinic anhydride and DMAP in pyridine to give 22. This 

was then coupled to AminoTentagelTM or Aminopropyl CPG (Controlled-Pore Glass) using TBTU / N-ethyl- 

morpholine in DMF. PNAs are obtained after synthesis and ammonia cleavage as their C-terminal 

hydroxyhexylcarboxamides. 

H,N-OH 
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- Mmt-N-OH 
H 

04 

21 

Reagents and Conditions: (a) MmtCl/ pyridine; (b) Succinic anhydride, DMAP/ pyridine; 
(c) Aminopropyl CPG or Amino-Tentagel, TBTU, N-ethylmorpholine/ DMF. 

Scheme 4: Synthesis of Universal Solid Support for PNA Synthesis. 

Solid-phase Synthesis 

The monomets were used, in conjunction with the CPG or TentagelTM solid-supports described above, 

for the synthesis of PNAs on a modified Eppendorf Biotronik TM Ecosyn D-300 DNA synthesizer. PNAs were 

synthesized on a 510~mol scale. These small scale syntheses produce ample material for in vitro screening for 

biological activity. Deprotection of the Mmt group occurs by treatment with 3% trichloroacetic acid in CHaClz. 

Excess acid is removed by subsequent washing with acetonitrile and 0.3M N-ethylmorpholine or N,N- 

diisoptopyl-N-ethylamine in DMF. For coupling the monomer (0.3M solutions in DMF) is activated by PyBGP 

or HATU (0.3M solution in DMF) in the presence of N-ethylmorpholine (0.3M solution in DMF). For this, the 

reagents are pre-mixed in the delivery syringe of the synthesizer and, after a short preactivation period, delivered 



Synthesis of polyamide nucleic acids 12073 

to the reaction vessel. After 30 minutes of coupling, unreacted amino functions are capped using a mixtute of 

acetic anhydride/N-methyl imidazole in THF, which is used as capping reagent in standard DNA synthesis. 

Coupling efficiencies, determined by measurement of the Mmt cation released during deprotection, are 

generally in the range of 95 to 9%. After synthesis is completed, the PNA is cleaved from the solid-support and 

deprotected with cont. aqueous ammonia solution. The cleavage and deprotection sequence: treatment with 

cont. aqueous ammonia, followed by 80% aqueous acetic acid for removal of the N-terminal Mmt group 

prevents the diketo piperazine cleavage reaction repated previously.’ The terminal Mmt protecting group can be 

left on if desired for Ttityl-On’ HPLC purification. Figure I (A) shows the HPLC trace of crude 12mer PNA 

sequence HaN-aca tea tgg tcg-(hex) on a reversed phase LiChrospher TM WP300 RP-18(e) column after 

detritylation. The crude, Trityl-Off’ 12mer PNA was characterized by positive ion Electrospray mass 

spectrometry (Figure I, C). The PNA was purified by HPLC using a RP-18 column and an acetonitrile gradient 

(2-7%) in 0.1% TFA in water. Following desalting by gel filtration, the PNA appears as a single peak on HPLC 

(Figure 1, B). 

Figure 1: Reversed-phase HPLC trace and ES-MS spectrum of PNA sequence HaN-aca tea tgg tcg-(hex). 

M(calculated) for C135 Ht74 N70 037 = 3369.31; M(experimental)=3369.6 
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In conclusion, we have described the synthesis of novel Mmt protected PNA monomers, and have 

demonstrated that the Mmt strategy works well for the synthesis of PNAs of mixed base composition. We 

routinely use the Mmt strategy for the synthesis of PNAs. This synthesis strategy is milder than both the Boc- 

and the Fmoc-strategy. In addition the synthesis and deprotection conditions are completely compatible with 

oligonucleotide synthesis, and we have used this synthetic strategy for the solid-phase synthesis of PNA-DNA 

chime& oligomers (manuscript in preparation). 

EXPERIMENTAL 

General 

The following abbreviations are employed: N,N’diiqxopylcarbodiimide (DLPC); 4,4dimethyl- 
aminopyridine (DMAP); N,N-dimethylformamide (DMF); 3,4-dihydro3-hydroxy-4-oxo-l,2,3benzotriazine 

(HOOBt); O-(7-azabenzo~azol-l-yl)-l,l,3,3-~~e~yl~~~-hex~uoropho~hate (HATU); 4-ethylmor- 
pholine (NEM); O-(benzotriazol-l-yl)-N,N,N’,N-tetramethyluronium-tetrafluotoborate (TBTU); (benzotriazol- 
l-yloxy)-tripyrmlidinophosphonium-hexafluorophosphate (PyBOP). 

The peptide coupling reagent HATU was purchased from Milhpore (Eschborn, Germany); DNA/PNA 
synthesis reagents were purchased from MWG Biotech GmbH (Ebersberg, Germany); TentagelTM was purchased 
.ftom Rapp Polymers (Tubingen, Germany); all other reagents were obtained from Sigma-Aldrich-Fluka (Neu- 
Ulm, Germany). Flash chromatography was performed using Merck silica gel 60 (230-40Omesh ASTM). TLC 
was canied out on Merck DC Kieselgel60 F-254 glass plates. ‘H NMR was recorded in the solvents indicated at 

270 Mhz. Chemical shifts (6) are reported in parts per million down field relative to the internal TMS standard. 
Mass spectra were recorded using either Fast Atom Bombardment (FAB), Electrospray (ES) or Direct Chemical 
(DCI) ion&ion. PNA synthesis was carried out on a modified Eppendorf Biotronik EcosynTM D-300 DNA 
synthesizer (Eppendorf Biotronik, Ma&al, Germany). HPLC analysis of PNAs was carried out on a Beckman 
System Gold HPLC system using a LiChrospher TM WP300 RP-18(e) analytical column (4x25Omm; E. Merck, 
Darmstadt; Germany), eluting with a linear gradient of eluent B in eluent A (A: 0.1% TFA in water; B: 0.1% 
TFA in 20% acetonitile in water). 

N-(2-Aminoethyl)glycine (1). 1,2-Diaminoethane (1.801; 26.8mol) was dissolved in methanol (2.611), 
and a solution of of glyoxylic acid monohydrate (84Og; 9.13mol) in water (2.611) was then added slowly while 
cooling and stirring. Caution: Exothermic reaction. Palladium (5%) on charcoal (78g) was then added to the 

mixture and hydrogenation was carried out in a hydrogenation vessel at 0.3 bar and at room temperature. After 
2001 of hydrogen had been taken up, the reaction was complete and the catalyst was filtered off. The filtrate was 

concentrated in vacua and the residue was subsequently distilled twice together with toluene; methanol (1.561) 
was added ?O the residue and the mixture was stirred thoroughly at approximately 0” C. The precipitate was 

filtered off, then washed with methanol. A second crop was obtained from the mother liquor after concentration. 
The combimed product was dried in vucuo to give 1 as a white solid in 588g (55%) yield. M.p. 149-153”C(dec.); 
Rt (n-butanol:acetic acid:waterzethyl acetate/l:l:l:l) 0.2; MS@Cl) 119 [M+H]+; ‘H NMR (D20) 6 3.35 (2H, S, 

CHa-CO); 2.92-3.18 (4H, m, CHrCHJ. 
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Methyl N-(2-aminoethyl) glycinate dihydrochloride (2). Compound 1 (460g; 3.9mol) was suspended 
in methanol (14.01), and HCl gas (5OOg) was passed into the suspension. Caution: Exothennic reaction. The 

mixture became hot and was then maintained under mflux for a total of 8h. The mixture was cooled to 0” C and 

stirred at this temperature for 3h. The product was filtered off and dried in vucuo to give 2 as colorless crystak 
in 716g (90%) yield . M.p. 190-192°C. R (n-butanol:acetic acid:watwethyl acetate/l:l:l:l) 0.3; MS(DC1) 133 
[M+Hl+; iH NMR (DzO) 64.18 (2H, s, CHs-CO); 3.92 (3H, s, CO-OCH,); 3.42-3.65 (4H, m, CHz-CH&. 

Methyl N-[2-((4-methoxyphenyl)-diphenylmethyl)aminoethyl] glycinate (3). Compound 2 (14.8g; 

72.2mmol) was suspended in DMF (300ml) and the suspension was treated with triethylamine (30.2ml; 
22Ommol), with stirring. The mixture was cooled to approximately 4°C and a solution of Mmt-Cl (22.2g; 
72.2mmol) in CHaClz (1OOml) was added dropwise, with vigorous stirring. Stirring was continued for 2.5h at 
room temperature. Precipitated triethylammonium hydrochloride was then filtered off, ethanol (lOm1) was added 

to the solution, and the filtrate was concentrated in vocuo. The residue was then chromatographed on silica gel 
using a mixture of diethyl ether:petroleum ethmtriethylamine/ 200:100:3. The product-containing fractions were 
combined and evaporated to dryness in vucuo to give 3 as an oil which crystallizes slowly upon standing in 18.8g 
(65%) yield. l& =0.16 (diethyl ether:petroleum ether/ 2:l + 1% ttiethylamine); MS(FAB/MeOH/NBA/LiCl) 

411.2 [M+Li]+; iH NMR (CDCls) 6 7.50-6.80 (14H, m, Mmt); 4.80 (3H. s, Mmt-OMe); 4.70 (3H, s, COOMe); 
3.35 (2H, s, glycine-CHs); 2.70 (2H, t, CHz-1); 2.25 (2H, t, CHz-2); 1.80 (2H, br s, NH). 

p-(4-tert-Butylbenzoyl)cytcsine (4). Cytosine (ll.lg; O.lOmol) was suspended in dry DMF (250 ml), 

and triethylamine (15.4 ml; O.llmol) was added. 4-tert-butylbenzoyl chloride (18.6 ml; O.lOmol) was added 
dropwise using a syringe. Stirring was continued for 4h at room temperature and more 4-tert-butylbenzoyl 

chloride (3.7 ml; 0.02mol) was then added. After a further 2h, the reaction was quenched by the addition of a 
small amount of methanol. The solvent was removed in vucuo, and the residue was treated with CHzClz and 
water. The resulting precipitate was filtered off and dried in vucuo to give 4 as a white solid in 15.7g (61%) 
yield. Rr = 0.55 (CHaCls:MeOI-I/9:1); MS(DC1) 272 [M+H]+; ‘H NMR (d6-DMSO) 6 11.30 (2H, br s, NH); 

8.00 (2H, d, tBuBz H-2 and 6); 7.85 (lH, d, cytosine H-6); 7.50 (2H, d, tBuBz H-3 and 5); 7.20 (lH, d, 
cytosine H-5); 1.30 (9H, s, tBu). 

1-(Methoxycarbonylmethyl)- p-(4-leti-butylbenzoyl)cytosine (5). Compound 4 (15.Og; 55.3mmol) 

was suspended in dry DMF (250 ml), sodium hydride (1.32 g; 550mmol) was added in portions, and the mixture 
was stirred for lh at room temperature. Methyl bromoacetate (5.20 ml; 56.0mmol) was added dropwise at room 

temperature using a syringe. Stining was continued for lh at room temperature, and methanol (10 ml) was then 
added. The solvent was removed in VUCUO, and the residue was partitioned between CHaClz and water. The 

organic phase was washed with water, dried (NaaS0.J. filtered and evaporated in vucuo. The re+lting crude 
product was recrystallized from isopropanol to give 5 as a white solid in 8.OOg (4%) yield. M.p.: 189-193°C 
(dec.); Rr = 0.72 (CH$Zla:MeOH/9:1); MS(DC1) 344 [M+H]+; ‘H NMR (CDC13) 6 8.70 (lH, br s, NH); 7.80 

(2H, d, tBuBz H-2 and 6); 7.55 (4H, m, cytosine H-5,6; tBuBz H-3 and 5); 4.65 (2H, s, CHJ; 3.80 (3H, s, 
OMe); 1.30 (9H, s, tBu). 

I-(Carboxymethyl)- M-(4-leti-butylbenzoyl)cytosine (6). Compound 5 (8.Og; 24mmol) was dissolved 
in a mixture of dioxane (5Oml) and water (1Oml). and 2N aqueous sodium hydroxide solution was added 
dropwise with stirring at rmrn temperature (pH 11-12). When hydrolysis of the methyl ester was complete, the 

pH of the reaction solution was brought to 3 using 2M KHS04 solution. The precipitate which separated out 
WAS filtered off. This crude product was dissolved in aqueous NaHCOs solution and reprecipitated by adding 2M 
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KHSO, solution. The product was filtered off, washed with a small amount of water and dried in vacua to give 6 

as a white solid in 6.62g (86%) yield. M.p. 285°C (dec); I& = 0.2 (CH&TIz:MeOH/9:1); MS(DC1) 330 [M+H]+; 
‘H NMR (d6-DMSO) 6 8.10 (lH, d, cytosine H-6); 7.95 (2H, d, tBuBz H-2 and 6); 7.55 (2H, d, tBuBz H-3 and 
5); 7.30 (lH,d, cytosine H-5); 4.55 (2H, s, CH3; 1.30 (9H, s, tBu). 

N’-(4-Methoxybenzoyl)adenine (7). Adenine (13.5g; O.lOmol) was suspended in dry pyridine (250 ml). 
4Methoxybenzoyl chloride (17.lg; O.lOmol) was added dropwise using a syringe. The mixture was stirred for 

3h at 100°C and allowed to stand overnight at room temperature. The reaction solution was treated with meth- 
anol, and the solvent was subsequently evaporated in vacua The residue was coevaporated twice with toluene 
and then stirred with hot isopropanol. The mixture was ahowed to cool slowly, and the product which 
precipitated out was filtered off and dried in vacua to give 7 in 22.2g (8%) yield. M.p. 212-214’C; R = 0.67 

(CH~Ciz:isopropanol/8:2); MS(tES) 270 [MtH]+; ‘H NMR (d6-DMSO) 6 11.60 (lH, br s, NH); 9.00 (lH, br S, 

NH); 8.75 (lH, s, adenine H-2); 8.50 (lH, s, adenine H-8); 8.15 (2H, d, Anis H-2 and 6); 7.10 (2H, d, Anis H-3 
and 5); 3.90 (3H, s, Anis-OMe). 

Nb-(4-Methoxybenzoyl)-9-(methoxycarbonylmethyl)adenine (8). Compound 7 (8.Olg; 29.7mmol) was 
suspended in dry DMF (150 ml), sodium hydride (0.75g; 31.2mmol) was added in portions, and the mixture was 

stirred at room temperature for 30 min. Methyl bromoacetate (2.85mi; 30.9mmol) was added dropwise at room 
temperature using a syringe. Stirring was continued for 2h at room temperature, and the rnixtwe was treated 

with a small amount of carbon dioxide in methanol. ‘Ihe solvent was evaporated in vacua, the residue was 
dissolved in CHzClz and washed once with water. The product precipitated from the organic phase and was 
filtered off. The filter residue was washed with a small amount of water and then dried in vacua to give 8 as a 
white solid in 4.03g (40%) yield. Rt = 0.76 (ethyl acetate:MeOH/8:2); MS(+ES) 342 [M+H]+; ‘H NMR (CDClJ 
6 9.00 (lH, br s, NH); 8.75 (lH, s, adenine H-2); 8.10 (lH, s, adenine H-8); 8.00 (2H, d, Anis H-2 and 6); 7.00 

W-I, d, Anis H-3 and 5); 5.05 (2H, s, CHJ; 3.95 (3H, s, COOMe); 3.85 (3H, s, Anis-OMe). 
A@-(4-Methoxybenzoyl)-9-(carboxymethyl)adenine (9). Compound 8 (1.71g; Smmol) was suspended 

in water (40 mi), and 2N aqueous sodium hydroxide solution was added dropwise at 0°C while maintaining pH 

11, until the methyl ester was completely hydrolysed. The reaction solution was filtered, and the pH of the 
filtrate was brought to 3 using 2M KHSO., solution, causing precipitation of the product. The precipitate was 
filtered off, washed with a small amount of cold water and dried in vacua to give 9 as a white solid in 1.52g 

(93%) yield. Mp. 222-223°C (dec.) ; Rr = 0.2 (n-butanol:acetic acid:water/ 3:l:l); MS(+ES) 328 [M+H]‘; ‘H 
NMR WDMSO) 6 11.00 WI, br S, NH); 8.70 (lH, s, adenine H-2); 8.45 (lH, s, adenine H-8); 8.05 (2H, d, 
AniS H-2 and 6); 7.10 (2H, d, Anis H-3 and 5); 5.10 (2H, S, CHJ; 3.90 (3H, s, Anis-OMe). 

N’-(Isobutanoyl)guanine (10). Guanine (3.02g; 20mmol) was suspended in anhydrous DMF (40 ml), 
and @iethYlamine (1.45 ml; 10.4nmol) was added. Isobutanoyl chloride (2.12 g; 19.9mmol) was then added 
dropwise using a syringe. The mixture was stirred for 3h at 100°C. The reaction solution was then treated with 
methanol. and the solvent was subsequently evaporated in vacua. The residue was stirred with hot isopropanol, 
and the pcipitated product was fiked off and dried in vacua to give 10 in 2.67g (60%) yield. Rr = 0.45 (n- 
butanokacetic acid:water/ 3:l:l); MS (+ES) 222.2 [M+H]+; ‘H NMR (d6-DMSO) 6 12.05 (lH, br S, NH); 11.50 
(lH, s, NH); 8.10 (lH, s. guanine H-8); 2.75 (lH, septet, iBu-CH); 1.10 (6H, d, iBu-CHJ. 

~z-(~sobutanoyl)-9-(methoxycarbonylmethyl)guanine (11). Compound 10 (4.42g; 20mmol) was 
suspended in dry DMF (50 ml). Sodium hydride (0.5g; 20.8mmol) was added in portions, and the mixture was 

stirred for lh at room temperature. Methyl bromoacetate (1.9 ml; 20.6mmol) was subsequently added dropwise 
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at room temperature with a syringe. Stining was continued for lh at room temperature and the mixture was then 
treated with a small amount of carbon dioxide in methanol. The solvent was evaporated in VUCUO, and the 
residue was purified by column chromatography on silica gel using CH&:metbanoW5:5 as the eluent. The 

product-containing fractions were combined and concentrated in vucuo to give 11 BS a white solid in 2.358 

(40%) yield. R, = 0.58 (CH$&:MeOH/9:1); MS(DC1) 294 [M+H]+; ‘H NMR (CDClJ 6 12.25 (lH, br s, NH); 

10.00 (lH, s, NH); 7.80 (lH, s, guanine H-8); 5.20 (2H. s, CH2); 3.80 (3H, s, OCH,); 2.80 (lH, septet, iBu- 
CH); 1.25 (6H, d, iBu-CHs). 

M-(Isobutanoyl)-9-(carboqmethyl)guanine (12). Compound 11 (19.7g; 67mmol) was suspended in 
water (100 ml), and 2N aqueous sodium hydroxide solution was added dropwise at 0°C while maintaining pH 
11, until the methyl ester was completely hydrolysed. The reaction solution was then filtered, the pH of the 

filtrate was brought to 3 using 2M KHS04 solution, and the mixture was extracted using ethyl acetate. The 
aqueous phase was concentrated in vucuo to a volume of approximately 20 ml and covered with a layer of ethyl 
acetate. The precipitate which separated out slowly was filtered off and dried in vucuo to give 12 as a white solid 
in 11.57g (62%) yield. R( = 0.34 (n-butanol:acetic acid:water/3:1:1); MS(+ES) 342 [M+Hl’; ‘H NMR (d6- 
DMSO) S 12.05 (lH, s, NH); 11.65 (lH, s, NH); 7.95 (lH, s, guanine H-8); 4.85 (2H, s, CHJ; 2.75 (lH, septet, 
iBu-CH); 1.10 (6H, d, iBu-CHJ. 

Methyl N-[2-((4-methoxyph~yl)-~phenylmethylaminl]-N-((thymin-l-yl)acetyl) glycinate (13). 

Compound 3 (l.OOg; 2.48mmol) was dissolved in DMF (5ml). To this solution was added HOOBt (0.404g; 
2.48mmol) and NEM (0.572g; 0.632ml; 4.96mmol). A solution of N-l-carboxymethylthymine (0.456g; 

2.48mn-101) in DMF (5ml) was then added, followed by DIPC (0.3768; 0.46ml; 3.Ommol). The reaction mixture 
was stirred for 20h at room temperature. The solvent was evaporated in VUCUO, and the residue was dissolved in 
ethyl acetate. This solution was washed twice with water and once with saturated aqueous KC1 solution. The 
organic phase was dried (NazSOJ, filtered and evaporated in VUCUO. The residue was applied to a silica gel 

chromatography column which had been equilibrated with CH& containing 1% methanol and 1% 
triethylamine, and eluti with a gradient of l-5% methanol in CH$&. On concentration of the combined 

fractions containing the desired product a white precipitate of NJ’-diisopropylurea formed which was removed 
by filtration. 13 was obtained as a white foam in 1.28g (91%) yield. Rf =0.28 (CHzC12:MeOH/95:5); MS 
(FAB/MeOH/NBA) 571.2 [M+H]‘; ‘H NMR (d6-DMSO) S 11.4 (lH, s, thymine H-3); 7.45-6.85 (15H, m, Mmt 

and thymine H-6); 4.82 and 4.55 (2H, 2xs (rotamers), N-CO-CHJ; 4.45 and 4.02 (2H, 2xs {rotamers), N-CHz- 
COzMe); 3.85 (3H, s, Mmt-OMe); 3.58 (3H, s, COOMe); 3.45 (2H, m, CHz-N); 2.15 (2H, m, MmtNH-CHZ); 
1.75 (3H, s, thymine H-5). 

N-[2-((4-Methoxyphenyl)-diphenylmethylamino)ethyl]-N-((thymin-l-yl)a~etyl) glycine 414). Com- 

pound 13 (1.28g; 2.25mmol) was dissolved in dioxane (1Oml) and water (2ml). The solution was cooled to 0°C 
and 1M aqueous NaOH was added dropwise until the solution reached pH11. After 2h the solution was adjusted 
to pH5 by the dropwise addition of 2M aqueous KHSO,. The product was extracted into ethyl acetate, and the 

aqueous phase was extracted 3 times with ethyl acetate. The combined organic phase was dried (Na$O,), 
filtered and evaporated in VUCUO. The residue was applied to a silica gel chromatography column and eluted 

with a gradient of 5-10% methanol and 1% tziethylamine in CHzClz. The combined fractions containing the 
desired product were dried in vucuo. and coevaporakd twice with pyridine and three times with toluene to 
remove excess triethylamine. 14 was obtained as a white foam in 1.07g (85%) yield. & =0.28 
(CHzC12:MeOH/8:2). MS(FAB): 557.2402 &&HUN406 + H requires 557.2400); ‘H NMR (d6-DMSO) S 11.4 
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(IH, d, thymine H-3); 7.42-6.85 (15H, m, Mmt and thymine H-6); 4.82 and 4.48 (2H, 2~s kotamers]. N-CO- 
CH~); 3.95 and 3.80 (2H, 2xs {rotamers}, N-CH2-COZH); 3.72 (3H, s, Mmt-OMe);.3.40 (2H. m, C&-N): 2.15 

(2H, m, MmtNH-CH& 1.75 (3H, d, thymine H-5). 
Methyl N-[2-((4-methoxyphenyl)-diphenylmethylaminethyl~-N-[OV’-(4-lert-bu~lbenzoyl)-c~~in- 

l-yl) ace@] glycinate (15). Compund 3 (l.OOg; 2.48mmol) was dks~lved in DMF (5ml). TO this solution was 
added HOOBt (0.403g; 2.48mmol) and NEM (0.63ml; 4.96mmol). A suspension of 6 (0.74Og; 2.48mmol) in 

DMF (5ml) was then added, followed by DISC (0.47ml; 2.97mmol). The reaction mixture was stirred for 20h at 
room temperature. The solvent was evaporated in VUCIIO, and the residue was dissolved in ethyl acetate. ‘This 
soh~tion was washed twice with water and once with saturated aqueous KCI solution. The organic phase was 

dried (Na2S0.J, filtered and evaporated in VIICUO. The residue was applied to a silica gel chromatography column 
which had been equilibrated with CH2C12:ethyl acetate/l& + 1% lriethylamine, and eluted with CHXkethyl 
acetate/l:l. On concentration of the combined fractions containing the desired product a white precipitate of 

NJ’?-diisopropylurea formed which was removed by filtration. 15 was obtained as a pale yellow-white foam in 
1.64g (92%) yield. & =0.31 (CH2C12:ethyl acetate/l:l). MS (FAB/MeOH/NBA/LiCl) 722.5 [M+Lil’; ‘H NMR 
(d6-DMSO) 6 11.1 (lH, s, cytosine H-4); 8.00 (3H, m, 2xtBuBz H, cytosine H-6); 7.55 (2H. d, tBuBz H-3 and 
5); 7.50-6.85 (15H, m, Mmt, cytosine H-5); 5.00 and 4.70 (2H, 2xs {rotamers), N-CO-CH2); 4.50 and 4.05 
(2H, 2xs {rotamets}, N-CH2-C02H); 3.75 (3H, s, Mmt-OMe); 3.58 (3H, s, COOMe); 3.40-3.50 (2H, m, CH2- 
N); 2.20 (2H, m, MmtNH-CH2); 1.35 (9H, s, tBu). 

N-[2-((4-Methoxyphenyl)-diphenylmethylamino)e~yl]-N-[~-(4-fe~-bu~lbenzoyl)-~osin-l- 

yl)acetyl] glycine (16). Compound 15 (1.63g; 228mmol) was dissolved in dioxane (10ml) and water (lml). 

The solution was cooled to 0°C and 1M aqueous NaOH (4.56ml) was added dropwise in 2 aliquots. After 2h the 
solution was adjusted to pH5 by the dropwise addition of 2M aqueous KHS04. The precipitated salts were 
filtered off and washed with dioxane, and the combined filtrates were evaporated in vucuo. The residue was 
coevaporated twice with methanol and CH#&. The residue was applied to a silica gel chromatography column 
and eluted with a gradient of 2-10% methanol and 1% triethylamine in CH2C12. 16 was obtained as an off-white 
foam in 0.83g (52%) yield. & =0.28 (CH&:MeOH/9:1). MS(FAB): 702.3282 (C4J&N506 + H requires 

702.3292); ‘H NMR (d6-DMSO) 6 11.1 (lH, br s, cytosine H-4); 8.00 (3H, m, 2xtBuBz-H, cytosine H-6); 7.55 
(2H, d, tBuBz H-3 and 5); 7.50-6.85 (15H, m, Mmt, cytosine H-5); 5.00 and 4.65 (2H, 2xs (rotamers), N-CO- 
CHJ; 4.00 and 3.80 (2H, 2xs {rotamers), N-CH2- C02H); 3.70 (3H, s, Mmt-OMe); 3.45 (2H, m, CH2-N); 2.15 

(2H, m, MmtNH-CH2); 1.30 (9H. s, tBu). 
Methyl N-~2-((4-metho~henyl)-diphenylmethylamino)ethyl]-N-[(N6-(4-methoxybenzoyl)-adenin- 

9-yl) acetyll glycinate (17). Compound 3 (1.24g; 3.06mmol) was dissolved in DMF (7ml). To this solution was 
added NEM (1.06ml; 6.12mmol), HOOBt (0.4988; 3.06mmol), 9 (l.OOg; 3.06mmol) and DISC (0.58rnl; 

3.67mmol). The reaction mixture was stirred for 48h at 4°C. The solvent was evaporated in VUCKO, and the 
residue was dissolved in ethyl acetate. This solution was washed twice with water and once with saturated 
aqueous KC1 solution. The organic phase was dried (Na2SOJ, filtered and evaporated in vucuo. The resulting 
yellow foam was dissolved in a small volume of ethyl acetate and cooled on ice to induce crystallisation of N, N- 

diisopropylurea, which was then removed by filtration. The residue was applied to a silica gel chromatography 
column which had been equilibrated with CHXl2:ethyl acetate/l:l, + 1% triethylamine, and eluted with 
C&Ch:ethyl acetak/l:l. 17 was obtained as a pale yellow-white foam in 1.75g (80%) yield. R( =0.21 

(CHXk:MeO~5:5). MS (FAB/MeOH/NBA/LiCl) 720.3 [M+Li]+; ‘H NMR (CDCls) 6 8.95 (lH, br s, adenine 
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H-6); 8.75 and 8.70 (lH, 2xs {rotamers}, adenine H-2); 8.15 (lH, s, adenine H-8); 8.00 (2H, d, Anis H-2 and 6) 

7.50-7.15 (12H, m, Mmt); 7.00 (2H. d, Anis H-3 and 5); 6.80 (2H, m, Mmt); 5.55 and 5.00 (2H, 2xs 
(rotamers}, N-CO-CHJ; 4.30 and 4.00 (2H, 2xs {rotamers], N-CH2- COaH); 3.90 (3H. s, Anis-OMe); 3.75 
(3H, s, Mmt-OMe); 3.65 (5H, m, COOMe, CHa-N); 2.35 (2H, m, MmtNH-CHa). 

N-[2-((4-Methoxyphenyl)-diphenylmethylamino)e~yl]-N-[~-(dmethoxyben~yl)-adenin-9- 

yl)acetyl] glycine (18). Compound 17 (1.7Og; 2.38mmol) was dissolved in dioxane (ltlml). The solution was 
cooled to 0°C and 1M aqueous NaOH (10.3ml) was added dropwise in 5 aliquots over 2.5h. After 2h at room 
temperature the solution was adjusted to pH5 by the dropwise addition of 2M aqueous KHSO4. The precipitated 
salts were filtered off and washed with dioxane, and the combined filtrates were evaporated in vuc~o. The 
residue was coevaporated twice with ethanol and CHaClz:methanol/9:1, (v/v). The residue was applied to a 

silica gel chromatography column and eluted with a gradient of lo-20% methanol and 1% triethylamine in 
CHaCla. 18 was obtained as a white foam in 1.62g yield (85%). Rr =O.lO (CHaCkMeOH/8:2). MS(FAB): 
700.2859 (Cx,Ha,N70a + H requires 700.2884); ‘H NMR (CDC13 6 11.00 (lH, br s, adenine H-6); 8.70 and 

8.65 (lH, 2xs {rotamers), adenine H-2); 8.35 and 8.30 (lH, 2xs {rotamers), adenine H-8); 8.05 (2H, dd, Anis 
H-2 and 6); 7.50-6.85 (16H, m, Mmt and Anis H-3 and 5); 5.55 and 5.15 (2H, 2xs {rotamers}, N-CO-CH& 
4.05 and 3.90 (2H, 2xs {rotamers}, N-CHz COaH); 3.90 (3H, s, Anis-OMe); 3.75 (3H, s, Mmt-OMe); 3.40- 
3.65 (2H, m, COOMe, CHa-N); 2.20 (2H, m, MmtNH-CHa). 

Methyl N -[2-((4-methoxyphenyl)-dphenylmethylamino)ethyl]-N-[(NZ-(isobutanoyl)-ga~n-9-yl)- 

acetyl] glycinate (19). Compound 3 (1.45g; 3.59mmol) was dissolved in DMF (7ml). To this solution was 
added NEM (1.24ml; 7.17mmol), HOOBt (0.59g; 3.59mmol), 12 (l.OOg; 3.59mmol) and DIPC (0.67m.l; 

431mmol). The reaction mixture was stirred for 48h at 4°C. The solvent was evaporated in VUCUO, and the 
residue was dissolved in ethyl acetate. This solution was washed twice with water and once with saturated 
aqueous KC1 solution. The organic phase was dried (Na2S04), filtered and evaporated in vacua. The resulting 
yellow foam was dissolved in a small volume of ethyl acetate and cooled on ice to induce crystallisation of N, N- 

diisopropylurea, which was then removed by filtration. The residue was applied to a silica gel chromatography 
column which had been equilibrated with CHaCla:ethyl acetate/l:l, + 1% triethylamine, and eluted with 
CHaCla:ethyl acetate/l:l. 19 was obtained as a pale yellow-white foam in 1.18g (49%) yield. Rr =0.13 

(CHaCla:MeOH/95:5). MS (FAB/MeOH/NBAILiCl) 678.3 [M+2Li-H]+; 672.3 [M+Li]+; ‘H NMR (CD&) 6 
11.80 (lH, br s, guanine H-2); 7.75 and 7.70 (lH, 2xs {rotamets}, guanine H-8); 7.55-6.80 (14H. m, Mmt); 
5.45 and 4.90 (2H, 2xs {totamers}, N-CO-CHa); 4.25 and 4.00 (2H, 2xs {rotamers}, CHa-COaMe); 3.75 (8H, 
m, Mmt-OMe, COzMe and CHa-N); 2.30 (2H, m, MmtNH-CHa); 1.90 (lH, septet, iBu-CH); 0.85 (6H, d, iBu- 

CH3). 

N-~2-~~4-Methoxyphenyl)~phenylmethylamino)e~yl]-N-[~-(isobutanoyl)-guanin-9-yl)acetyl] 
glycine (20). Compound 19 (1.15g; 1.72mmol) was dissolved in dioxane (1Oml). The solution was cooled to 

0°C and 1M aqueous NaOH (10.3ml) was added dropwise in 5 aliquots over 2.5h. After 2h at room temperature 
the solution was adjusted to pH5 by the dropwise addition of 2M aqueous KHSO4. The precipitated salts were 
filtered off and washed with dioxane, and the combined filtrates were evaporated in WCUO. The residue was 

coevapomted twice with ethanol and CHaCla:methanoL/9:1, (v/v). The residue was applied to a silica gel 
chromatography column and eluted with a gradient of lo-20% methanol and 1% triethylamine in CHaCla. 20 was 
obtained as a white foam in 1.23g yield (95%). Rr =0.25 (CHaCla:MeOH/8:2). MS (-ES) 650.3 [M-H]-. 

MS(Fm): 652.2883 (C3sH37N706 + H requires 652.2884); ‘H NMR (d6-DMSO) 6 12.10 (lH, br s. guanine H- 
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2); 7.80 and 7.78 (lH, 2xs {rotamers}, guanine H-8); 7.45-6.85 (14H, m, Mmt); 5.20 and 4.95 (2H. 2xs 
{t-otamer~}, N-CO-CHr); 3.95 and 3.80 (2H, 2xs {totamers), CHa-COZH); 3.70 (3H, s, Mmt-OMe); 3.45 (2H, 
m, CHa-N); 2.20 (3H, m, MmtNH-CH2, iBu-CH); 0.85 (d, iBu-CHJ and NEts). 

l-Hydroxy-C((4-methoxyphenyl)diphenylmethylamino)-hexane (21). 6-Aminohexan-lo1 (l.oog; 

8.55 mmol) was dissolved in anhydrous pyridine (7ml) and triethylamine(O.2ml). To this solution was added a 

solution of (4methoxyphenyl)-diph&ylmethyl chloride (2.5Og; 8.12mmol) in anhydrous pyridine @ml) in 3 
ahquots at 45min intervals. The reaction was stirred at room temperature for a further 3Omin, then quenched by 
the addition of methanol (3ml). The solution was evaporated to a yellow syrup, and coevaporated 3 times with 
toluene to remove traces of pyridine. The residue was dissolved in ethyl acetate and washed with saturated 
aqueous NaHCOs solution, water and saturated aqueous KC1 solution. The organic phase was dried (NarSO.J, 
filtered and evaporated in vucuo. The residue was applied to a silica gel chromatography column and eluted with 
heptane:ethyl acetate:triethylamine/49.5:49.5:1, to give 21 in 1.64g (5%) yield. & =0.44 (heptane:ethyl 

acetate/l:l),‘0.73 (CHrC&:ethyl acetate /l:l), 0.11 (CH&:MeOH/98:2). MS (FAB/NBA/LiCl) 396.3 [M+Lil+, 
390.3 [M+H]‘; ‘H NMR (CDClJ 6 7.50-6.80 (14H, m, Mmt); 3.80 (3H, s, OMe); 3.60 (2H, t, CH2-0); 2.15 
(2H, t, CHz-N); 1.65-1.20 (8H, m, CHJ. 

6-((4-Methoxyphenyl)-diphenylmethylamino)-hex-l-y1 hemisuccinate (22). Compound 21 (l.OOg; 
2.57mmol) was dissolved in anhydrous pyridine (1Oml). To this solution was added succinic anhydride (0.26g; 
2.57mmol) and DMAP (31.3mg; 0.26mmol). After stirring for 3h at room temperature further succinic anhydride 
(25.7mg; 0.257mmol) and DMAP (62.6mg; 0.56mmol) wete added and the solution was warmed to 50°C for 6h. 
After a further 16h at room temperature the solution was evaporated in vucuo. The residue was dissolved in 

ethyl acetate and washed once with an ice cold 5% aqueous solution of citric acid. The organic phase was dried 
(NarSOJ, filtered and evaporated in vucuo. The residue was applied to a silica gel chromatography column and 
eluted with 50% CH2C12/1% triethylamine in ethyl acetate, then with 5% methanol/l% triethylamine in CH$&. 
22 was obtained as a clear oil in 0.75g (60%) yield. Rr =0.30 (CHrClr:ethyl acetate/l:l). MS (-ES) 978.0 [2M- 
HI-, 488.3 [M-HI-. ‘H NMR (CDCl& 6 7.50-6.80 (14H. m, Mmt); 4.00 (2H, t, CH2-0); 3.80 (3H, s, OMe); 2.60 
(4H, m, CHr-CHr); 2.15 (2H, t, CHr-N); 1.65-1.20 (8H, m, CHr). 

6-((4-Methoxyphenyl)-diphenylmethylamino)-hex-l-y1 succinylamido-Tentagel. Amino-TentagelTM 

(0.5Og) was swollen for 10 min with a solution of NEM (O.lOml) and DMF (5ml), then filtered. A solution of 22 
(97.4mg; 0.165mmol). NEM (15.9mg; 0.138mmol; 17.4~1) and TBTU (52.9mg; 0.165mmol) in DMF (3ml) was 

prepared and immediately added to the Tentagel TM NH2. The resulting suspension was shaken for 16h at room 
temperature. The derivatised Tentagel was filtered off and washed with DMF (3x3ml), CHzClz (3xlml) and 
diethyl ether (3xlml), then dried in VUCIIO. The Tentagel was capped by treatment with a solution of acetic 

anhydride, lutidine and l-methyl imidazole in THF (lml) for lh. The derivatised and capped Tentagel was 
filtered off and washed with CHrClr (3xlml) and diethyl ether (3xlml), then dried in vucuo. Qualitative Kaiser 
test showed the absence of free amines. 

6-((4-Methoqphenyl)-diphenylmethylamino)-hex-l-y1 succinylamidopropyl-controlled-pore glass. 

Aminopropyl-CPG (55Ok 0.5g) was treated with a solution of NEM (O.lml) and DMF (5ml) for lOmin, then 
filtered. A solution of 22 (48.7mg; O.O82mmol), NEM (7.6~1) and TBTU (26.4mg; 0.082mmol) in DMF (3ml) 
W&S prepared and immediately added to the CPG. The resulting suspension was shaken for 16h at room 

temperature. The detivatised CPG was filtered off and washed with DMF (3x3ml), CHzClz (3xlml) and diethyl 
ether (3xlml), then dried in vucuo. Capping and washing was carried out as for the Tentagel support. 
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Measurement of loading. The loading of the supports was determined by the spectrophotometric 

(478nm)determination of the concentration of Mmt+ cations released by detritylation of a weighed sample of 

support. The literature” extinction coefficient of the Mmt cation: ~478 (Mmt’)=56mlcm-1pmol-1 was used for this 

calculation. The loading was calculated to be 168pmolg-’ and 91pmolg-’ for Tentagel and CPG, respectively. 

Solid-phase synthesis of 12mer PNA sequence HzN-aca tea tgg tcg-(hex). The monomets 14, 16, 18 

and 20 were used for the synthesis of H,N-aca tea tgg tcg-(hex) on a modified Eppendorf Biotronik EcosynTM 

D-300 DNA synthesizer on a 5pmol scale. The Mmt-protected hexyl succinylamidopropyl CPG described above 

was used as the solid support. The following synthesis conditions were used: 

Deprofection of Mmtgroup: 3% Trichloroacetic acid in CHaCla (3 min); 

Neutral&don: 0.3M NEM in DMF, 

Coupling of monomers: Monomer (0.3M solutions in DMF); NEM (0.3M solution in DMF); PyBOP as coupling 

reagent (0.3M solution in DMF), reagents pre-mixed in delivery syringe of synthesizer (15 set); 30 min reaction 

time; 

Capping: A:lO% Acetic anhydride/lO% lutidine in THF; B: 16% N-methyl imidazole in THF (the DNA capping 

reagents A and B are mixed just before use); capping time 1.5 min. 

After synthesis was complete, the PNA was cleaved from the solid-support (2.5 hrs ambient temperature) 

and deprotected (6 hrs at 50°C) with cont. aqueous ammonia solution. Fmally, cleavage of the Mmt group with 

80% aqueous acetic acid gave the crude 12mer PNA sequence HaN-aca tea tgg tcg-(hex). After concentration to 

dryness, the solid residue (electrospray mass spectmm of crude PNA m/z 3369.6; M(calculated for CL35 HL74 N,o 

0x7): 3369.31) was dissolved in 0.5ml 1M aqueous ammonia for HPLC purification. The PNA was almost 

insoluble in 0.5ml water. Purification on a LiChrospher TM WP300 RP-18(e) column (4x250mm; E. Merck, 

Darmstadt; Germany), eluting with a linear gradient of 10% to 35 % B in eluent A (A: 0.1% TFA in water, B: 

0.1% TFA in 20% acetonitrile in water) resulted in 36% of homogeneous HaN-acatcatggtcg-(hex). Positive ion 

electrospmy mass spectrum m/z 3369.16zO.33; M(calculated for cl35 H174 N70 Ga7): 3369.31. 
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