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ABSTRACT

A practical and efficient method for PNA synthesis using an azide group to mask the N-terminus is reported. The deprotection was carried out
in 5 min, while couplings were complete within 60 min. The near neutral conditions of the phosphine deprotection combined with the base-
free coupling using hydroxybenzotriazole-activated monomers make this approach very mild.

The hybridization properties of peptide nucleic acids1 (PNAs)
have attracted widespread interest to this class of com-
pounds.2,3 Their biological stability has made PNAs attractive
as therapeutic and biomolecular tools. Our interest in PNA
chemistry stems from their use to encode compounds such
as small-molecule combinatorial libraries and format such
solution-based libraries into a spatially addressable arrays
upon binding to an oligonucleotide microarray (see Figure
1).4,5 This encoding strategy has also been implemented for
the preparation of protein microarray.6

The chemical stability of PNAs and their superior hybrid-
ization properties relative to natural oligonucleotides make
PNAs ideally suited as the encoding oligonucleotides. In
PNAs, the phosphoribose backbone of natural oligonucleotide
has been replaced byN-(2-aminoethyl)glycine whereby the

purine/pirimidine base pair is attached to the glycine nitrogen
via a methylene carbonyl linker. Their oligomerization is thus
carried out using standard peptide chemistry such as Fmoc
or Boc chemistry with suitable protecting groups for the
purine or pyrimidine heterocycles.3 Alternative protecting
groups for the terminal amino group include Mmt7 and DTS.8

A cornerstone of PNA-encoded libraries is the orthogonal-
ity of the PNA synthesis with respect to the reaction used to
introduce molecular diversity. Herein, we report the use of
an azide to mask the N-terminus of PNA oligomer and
demonstrate that this azide can be reduced and the PNA
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Figure 1. Libraries encoded with PNA tags (blue bars) present as
a mixture in solution can be converted into spatially addressable
arrays by hybridization to an oligonucleotide microarray.
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further oligomerized in rapid cycles and under mild condi-
tions.9

The preparation of the four required monomers is shown
in Scheme 1. The benzylN-(2-azidoethyl)glycinate2 is

prepared from 2-aminoethylbromide hydrobromide in one
pot by a displacement of the bromide with NaN3 in DMF
followed by the addition of benzyl 2-bromoacetate and Et3N
to obtain the desired amine in 64% yield. As a choice of
protecting group for the exocyclic nitrogen of the nucleo-
bases, we foundN-benzhydryloxycarbonyl (Bhoc)11 to be
ideal in terms of deactivating the nucleobase toward elec-
trophiles and ease of deprotection.12 Nevertheless, more
resistant groups such as Cbz should also prove to be
compatible with this strategy. The suitably protected nucleo-
bases3 were prepared according to minor modifications of
known procedures13 and coupled to amine2 (Scheme 1).
While acid3-T was coupled to amine2 in excellent yield
under standard carbodiimide coupling conditions (EDCI,
4-DMAP), the other acids gave poor results under these
conditions. Acid3-C and3-A could be effectively coupled
to amine2 via formation of the pivaloyl mixed anhydride
(50 and 80% yields, respectively), whereas TOTU15 coupling
was found to be most effective for3-G. The hydrolyses of
the benzyl esters4 were carried out with NaOH in H2O/
dioxane and proceeded smoothly to afford the four PNA
monomers5 as white solids in good to excellent yields.

We then turned our attention to the azide reduction/PNA
coupling cycle. The Staudinger14 reduction was deemed most
attractive due to its mildness; however, long reaction times
were considered to be impractical for oligomerization
purposes. To study the kinetics of aryl and alkylphosphine
addition to the azidoPNA, we converted monomer5-C to
the corresponding benzyl amide6 using an EDCI-mediated
coupling (Scheme 2). While the addition of triphenylphos-
phine to azidoPNA6 did not go to completion at room
temperature after 5 h, the addition of trimethyl and tributyl
phosphine was complete within 5 min. Nevertheless, the
hydrolysis of the iminophosphorane7 to the corresponding
amine8 was relatively slow in both cases. Inspired by the
direct elaboration of these azaylide intermediates into amides
with carboxylic acid15 or activated esters such as succinyl
ester16 or pentofluorophenyl ester,17 we asked ourselves if
iminophosphorane7 would react cleanly withN-hydroxy-
benzotriazole ester generated in situ. To this end, we loaded
monomer5-T onto Rink resin (Scheme 3) to obtain polymer-
bound azido monomer9, which was treated with a 1 M THF
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Scheme 1. Synthesis of AzidoPNA Monomers510 a

a Reagents and conditions: (a)1 (1.0 equiv), NaN3 (1.1 equiv),
DMF, 60 °C, 3 h; benzyl 2-bromoacetate (0.8 equiv), Et3N (2.0
equiv), 0°C, 2 h, 64%. (b)3-T (1.0 equiv),2 (1.0 equiv), EDCl
(1.2 equiv), 4-DMAP (0.1 equiv), DMF, 23°C, 2 h, 94%;3-C
(1.0 equiv), NMM (2.2 equiv), Piv-Cl (1.2 equiv),2 (1.0 equiv),
23 °C, 90 min, 50%;3-A (1.0 equiv), NMM (2.2 equiv), Piv-Cl
(1.2 equiv),2 (1.0 equiv), 23°C, 90 min, 80%;3-G (1.0 equiv),
TOTU (1.1 equiv), Et3N (1.7 equiv), 2 (1.0 equiv), 23°C, 2h, 49%.
(c) NaOH (4.0 equiv), dioxane/H2O, 23°C, 15 min, 77% for4-T,
95% for 4-C, 76% for4-A, 80% for4-G.

Scheme 2. Reduction of AzidoPNA10 a

a Reagents and conditions: (a)5-C (1.0 equiv), BnNH2 (1.0
equiv), EDCl (1.0 equiv), DMF 23°C, 30 min, 96%. (b) R3P, THF/
H2O (9:1).

Scheme 3. Coupling with Iminophosphorane10 a

a Reagents and conditions: (a)5-T (3.0 equiv), HOBt (3.0 equiv),
DIC (3.0 equiv), DMF 23°C, 3 h. (b) R3P (1.0 M), THF, 23°C,
5 min. (c) 5-T (3.0 equiv), HOBt (2.5 equiv), DIC (2.5 equiv),
DMF, 23 °C, 60 min. (d) DMF, 23°C, 60 min.
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solution of trimethyl phosphine and tributyl phosphine for 5
min. The azaylide10and11 thus obtained were treated with
N-hydroxybenzotriazole activated ester generated in situ
using DIC and HOBT for 60 min prior to addition. We were
pleased to observe that compound10 was completely
consumed after 1 h to yield the desired dimer12. It is
interesting to note that the tributyl azaylide11 did not react
under these reaction conditions.

With these results in hand, we proceeded to the solid-
phase synthesis of a 6-mer PNA containing all four nucle-

otides. As shown in Scheme 4, double coupling cycles of
60 min with 3 equiv of monomer followed by a 5 min
capping (acetic anhydride/pyridine) and 5 min trimethylphos-
phine deprotection were used. Aliquots of resin were
removed and cleaved at each step and analyzed by LC-MS.
The K-TCA-GCT-N3 was obtained as a single major
compound, eluting 6.1 min (Scheme 4, the solvent front being
at 1.7 min) with an estimated average yield in excess of 92%
per coupling/reduction cycle.18

In conclusion, we have developed an alternative strategy
for the synthesis of PNA oligomers. The mildness and
efficiency of the conditions reported herein complement the
standard Fmoc and Boc chemistry and should facilitate
cosynthesis of PNA with sensitive molecules.
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Scheme 4. Synthesis and LC-MS Analysis of 6-mer PNA
1410 a

a Reagents and conditions: (a)5 (3.0 equiv), HOBt (3.0 equiv),
DIC (2.5 equiv), DMF 23°C, 60 min (60 min of preactivation).
(b) Me3P (0.9 M) in THF/H2O (9:1), 23°C, 5 min. (c) Ac2O (4.0
equiv), pyridine (4.0 equiv), DMF, 23°C, 5 min. (d) TFA/m-cresol
(4:1), 23°C, 60 min.
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