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Abstract—The �fully protected backbone� (FPB) strategy has been efficiently adapted to the solid-phase synthesis of homothymine,
homocytosine and �mixed� pyrimidine PNAs. This versatile and simple method avoids the preparation of PNA monomers and relies
on easy available starting materials, highly efficient backbone elongations and effective nucleobase units condensations.
� 2005 Elsevier Ltd. All rights reserved.
Peptide (or polyamide) nucleic acids are acyclic and neu-
tral DNA or RNA surrogates, which recognize their
complementary sequence with a remarkably high affinity
and specificity.1 Moreover, owing to their high chemical
stability and resistance towards nucleases and pro-
teases, they are very attractive as antigene/antisense
agents, molecular biological tools and for genetic
diagnosis.2

PNA oligomer synthesis is more often performed fol-
lowing standard solid-phase procedures, starting from
suitable orthogonally protected PNA monomer building
blocks. The elongation process has been largely studied
and a variety of coupling reagents and various sets of
protecting groups have been tested, leading to improve-
ments in synthesis efficiency.3–7 Nevertheless, this
strategy requires the time-consuming and sometimes
laborious synthesis of PNA monomers bearing natural
or non-standard nucleobases. Moreover, reactivity and
coupling rate of PNA monomers depend on the nature
of the nucleobases and on the PNA sequence. To ensure
coupling efficiency, a double coupling step using a large
excess of PNA monomer is required. Side reactions spe-
cific to PNAs, such as intramolecular N-acyl migrations,
may also arise.3,7 Furthermore, in the case of chiral
PNAs, partial epimerization occurs during coupling.8
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Other convergent strategies, using submonomeric units
as building blocks rather than preformed PNA mono-
mers, have been applied to the solid-phase synthesis of
PNA. One of them requires N-Fmoc N-(Boc- amino-
ethyl) aminoacid (Boc[Fmoc]OH) precursors and it has
been successfully applied to the synthesis of chiral
PNAs9 as well as to the synthesis of labelled PNAs.10

This strategy consists first in linking one Boc[Fmoc]OH
monomer onto the growing PNA chain on the resin,
then in cleaving the Fmoc group and finally, in condens-
ing one carboxymethylnucleobase unit onto the second-
ary amine thus generated.

We have previously reported the liquid-phase synthesis
of linear or cyclic functionalized PNAs following the
�fully protected poly (aminoethylglycinamide) backbone�
(FPB) approach (Fig. 1).11,12

The principle consists in building a FPB bearing as
many different and orthogonal protecting groups as they
are different kinds of nucleobases to introduce. After
selective and sequential deprotection, the simultaneous
condensation of the required number of identical
nucleobase acetyl moieties onto the backbone can be
performed in one step. This FPB strategy avoids the
synthesis of the troublesome PNA monomers, and relies
on easy available starting materials (protected amino-
ethyglycine monomers), highly effective backbone
elongations and effective nucleobase units conden-
sations.
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Figure 1. Principle of the liquid-phase FPB strategy.
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Considering the high versatility of the FPB strategy, we
envisaged to adapt it to the solid-phase synthesis of
PNAs, as it could be an attractive alternative to classical
methods. In this letter, we report the first application of
the FPB strategy to the solid-phase synthesis of homo-
pyrimidine PNAs containing thymine (T) or cytosine
(C) nucleobases, and of a mixed (heteropyrimidine)
hexa-PNA (e.g., CTCTCT).

To evaluate the potential of this strategy in solid-phase,
we first focused on the synthesis of di-, penta- and deca-
PNAs ([T]n and [C]n with n = 2, 5 or 10), starting from
two differently Na-protected aminoethylglycine mono-
mers Boc[Fmoc]OH and Boc[Alloc]OH. The synthetic
routes to homo-T PNAs 5a–c and homo-C PNAs 6a–c
are described in Scheme 1.

The first step consists in building the fully protected [P]n
backbone on a MBHA-LL resin (P = Fmoc: 1a–c;
P = Alloc: 2a–c). Thus, the MBHA-LL resin was first
Scheme 1. Reagents and conditions: (a) (i) TFA/TIS (10%), (ii) Boc[Fmoc

HBTU/DIEA/NMP; (c) piperidine (20%)/DMF when P = Fmoc, or Pd(PPh

TIS (10%); (e) (i) TCH2COOH/HBTU/DIEA/NMP, (ii) TFMSA/TFA/10%

(10%).
half-loaded with an appropriate amount of Boc[P]OH
(Boc[Fmoc]OH or Boc[Alloc]OH), via a HBTU preacti-
vation, in the presence DIEA as base and NMP as
solvent (3 min of preactivation, then 30 min for coupling).
Then, capping of the unreacted amino groups was per-
formed by acetylation with acetic anhydride in NMP.

Fully protected backbones 1a–c and 2a–c were then pre-
pared by successive elongations with Boc[P]-OH units.
Typically, after TFA-mediated removal of the terminal
N-Boc protecting group, the coupling of the next
Boc-[P]OH submonomer was performed using 2 equiv
of HBTU-preactivated monomer. Each coupling step,
performed with Boc[Fmoc]OH or Boc[Alloc]OH, was
successful, as indicated by negative standard Kaiser
tests. Consequently, no capping was performed between
two coupling steps.

Next, the deprotection of all secondary amine functions
of the [P]n backbones to obtain 3a–c was performed by
]OH/HBTU/DIEA/NMP; (b) (i) TFA/TIS (10%), (ii) Boc[Alloc]OH/

3)4/DEA/NMP when P = Alloc; (d) (i) Ac2O/NMP, (ii) TFMSA/TFA/

TIS; (f) (i) CZCH2COOH/HBTU/DIEA/NMP, (ii) TFMSA/TFA/TIS



Scheme 2. Reagents and conditions: (a) (i) TFA/TIS (10%); (b) Boc[Alloc]OH or Boc[Fmoc]OH/HBTU/DIEA/NMP; (c) piperidine (20%)/DMF; (d)

TCH2COOH/HBTU/DIEA/NMP; (e) Pd(PPh3)4/DEA/NMP; (f) CZCH2COOH/HBTU/DIEA/NMP; (g) TFMSA/TFA/TIS (10%).
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means of piperidine in DMF for 1a–c (P = Fmoc), or
Pd(PPh3)4/DEA in NMP for 2a–c (P = Alloc).

In order to assess both the efficiency of the backbone
elongation and the Fmoc or Alloc deprotection
processes, HPLC and MS analyses13,14 were performed
on crude polyacetylated materials 4b–c obtained by
acetylation (Ac2O/NMP) of a small portion of the sup-
ported deprotected penta- and decamer backbones 3b–
c, followed by a TFA/TFMSA-mediated cleavage from
the resin. These analyses demonstrated high degrees of
Figure 2. HPLC chromatograms of (A) crude and (B) purified compound 12.

(0.1% TFA/H2O)/20% (0.1% TFA/CH3CN).
purity of 4b–c, indicating (i) no detectable deletions
during the elongation process, and (ii) quantitative
deprotection of backbones 1b–c and 2b–c.

Then, the simultaneous introduction of n thymine or N4-
benzyloxycarbonyl-(or Z)-cytosine acetic acid units onto
the backbone was carried out using 4n equivalents of
these base acetic acid units and HBTU as coupling
reagent (3 min of preactivation). Condensations were
monitored by a standard chloranil test, which turned
negative after one or two condensation cycles, even in
Gradient from 100% (0.1% TFA/H2O)/0% (0.1% TFA/CH3CN) to 80%



Figure 3. MALDI-TOF MS spectrum of purified compound 12.
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the case of the deca-PNAs. Nevertheless, a capping step
was performed by acetylation with acetic anhydride in
NMP (10 min).

Subsequently, the release of PNAs from the support, the
cleavage of the terminal N-Boc protecting group and,
when appropriate, of the N–Z exocyclic protecting
groups of cytosine were simultaneously performed with
TFMSA/TFA/TIS (1/3/0.1), yielding 5a–c and 6a–c as
crude products after Et2O precipitation (as an example,
120 mg of crude deca-PNA T10 were obtained starting
from 140 mg of resin, 95% yield).

Analysis by C18 reverse-phase HPLC of the crude pro-
ducts indicated that they consisted predominantly of
PNA 5 or 6, the degree of purity being dependent on
the number of PNA monomer units, as expected (from
about 70% to 95% yields). The structures were con-
firmed by ESI or MALDI-TOF mass spectrometry on
semi-preparative HPLC purified samples.14 The MS
spectra showed the absence of partially acetylated
backbones, which would result from an incomplete
condensation of nucleobase units.

The efficient �FPB�-supported synthesis of homo-PNAs 5
and 6 led us to examine the synthesis of a �mixed� hetero-
pyrimidine hexa-PNA CTCTCT 12 (Scheme 2).

Thus, the corresponding supported �mixed� protected
backbone Boc[Alloc-Fmoc]3 7 was prepared by six suc-
cessive elongations using alternatively Boc[Fmoc]OH,
then Boc[Alloc]OH units. The efficiency of each elong-
ation step was attested by a negative Kaiser test.

The selective cleavage of the three Fmoc groups was per-
formed using 20% piperidine in DMF to get supported
Boc[Alloc-H]3 backbone 8. Three thymine acetic acid
units (12 equiv) were then condensed onto 8 using
HBTU preactivation, to get Boc[Alloc-T]3 9. Two cou-
pling cycles were necessary to get a negative chloranil
test. A capping step (Ac2O in NMP) was performed
on 9 prior to the cleavage of the three Alloc protecting
groups by means of Pd(PPh3)4, leading Boc[H–T]3 10.
(Z)-protected cytosine acetic acid units (12 equiv) were
then condensed onto 10, to lead Boc[CZ-T]3 11. A last
capping step followed by treatment with TFMSA/TFA
gave the crude hexa-PNA CTCTCT 12 after precipita-
tion with Et2O, in 92% yield.

Analysis by C18 reverse-phase HPLC of this precipitate
indicated that it consisted predominantly of a single
derivative (about 75% of purity; Fig. 2). The structure
was confirmed by MALDI-TOF MS analysis, on a
semi-preparative HPLC purified sample (Fig. 3).14 As
previously, no trace of partially acetylated backbones
was detected, confirming very effective nucleobases
condensations.

In summary, the FPB strategy was successfully applied
to the solid-phase synthesis of di-, penta- and deca-
homopyrimidine PNAs as well as of a mixed-pyrimidine
hexamer. Fully protected backbones were built on the
resin by very effective elongation steps, starting from
easy available protected monomers. Backbone depro-
tections were selective and quantitative. Nucleobases
condensation steps were performed efficiently, even
when ten nucleobase units were condensed.

Generalization of this FPB strategy to the supported
synthesis of PNAs containing all four natural nucleo-
bases and non-natural ones is now under progress.
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