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Two new, constrained PNA monomers, each containing a thi-
azolidine ring, were synthesized and incorporated into a
central position in a PNA. It was shown by UV melting ex-

Introduction

Since their introduction in 1991 by Nielsen et al.,[1] Pep-
tide Nucleic Acids (PNAs) have reenergized the area of
antisense and antigene strategies and have found applica-
tions as tools in molecular biology and genetic diagnost-
ics.[2] PNAs are DNA mimics in which the nucleobases are
attached by means of a methylenecarbonyl linker to an
achiral and neutral polyamide backbone composed of N-
(2-aminoethyl)glycine (aeg) units (Figure 1, A). These poly-
mers are resistant to cellular nucleases and proteases, and
bind to DNA and RNA with higher sequence specificity
and affinity than unmodified oligonucleotides do. However,
application of PNAs as gene targeting agents is limited by
their low aqueous solubility, poor cellular uptake and ambi-
guity in their binding orientations to nucleic acids.[3] Many
chemical modifications to improve PNAs’ properties, re-
cently reviewed by Ganesh et al.,[4] have been proposed.
Some of these modifications involve the rigidification of the
PNA backbone (by cyclisation of the monomeric units) to
favour the structure observed in PNA/DNA or PNA/RNA
complexes and improve hybridization properties. Those
conformationally constrained PNAs that have been re-
ported can be classified into five groups, depending on the
restrained torsion angles (Figure 1):

2 β (cyclohexyl PNA),[5]

2 β, γ and δ (4-aminoprolyl PNA),[6,7]

2 δ, χ1 and χ2 [N-(2-aminoethyl)propyl PNA],[8]

2 γ, χ1 and χ2 (pyrrolidine[9] and pyrrolidinone[10] PNAs)
2 γ, δ, χ1 and χ2 (glycyl prolyl PNA).[7,11]

Enhanced DNA affinity has been obtained with 4-amino-
prolyl-PNA, N-(2-aminoethyl)propyl-PNA and pyrrolidine
PNA. On the basis of analyses of the aegPNA complexes’
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periments that the presence of a single constrained unit does
not prevent the cooperative association of the PNA but does
significantly destabilize PNA/DNA and PNA/RNA triplexes.

Figure 1. Structure of the PNA units with dihedral angle and atom
nomenclature; the atom labelling convention of Betts et al. is
used;[25b] torsion angles: α: Ci21-N-CD-CG; β: N-CD-CG-NB; γ:
CD-CG-NB-CA; δ: CG-NB-CA-C; ε: NB-CA-C-Ni11; χ1: CG-
NB-CE-CF; χ2: NB-CE-CF-N1(pyr); χ3: CE-CF-N1(pyr)-C2(pyr)
(pyr 5 pyrimidine); A: N-(2-aminoethyl)glycine unit (aeg units); B:
syn- and anti-(aminomethyl)thiazolidine units (amt units)

structures,[12] we have designed two novel constrained PNA
units, each containing a thiazolidine ring, which restrains
the fluctuation domain of the γ and δ torsion angles (Fig-
ure 1, B). The anti-(aminomethyl)thiazolidine unit mimics
the γ and δ torsion angle values observed in the aegPNA/
DNA, aegPNA2/DNA and aegPNA/RNA complexes. In
contrast, the γ and δ torsion angle values obtained with the
syn-(aminomethyl)thiazolidine unit are observed only in the
aegPNA/DNA duplexes. Thiazolidine rings have been ex-
ploited in several areas of chemistry: as masked aldehydes
in peptide chemistry,[13] as pseudo-prolines to promote pep-
tide solubilization during solid-phase synthesis[14] or to con-
strain peptide bonds,[15] as scaffolds in combinatorial chem-
istry,[16] and also as building blocks in the synthesis of bi-
otin.[17] Thiazolidines are generally obtained by condensa-
tion of (β-mercaptoalkyl)amines with aldehydes and
ketones. This introduces an additional chiral centre, the ste-
reochemistry of which is difficult to control. In this paper,
we report the novel syntheses of the (2S,4R) and (2R,4R)
diastereomers of 2-(aminomethyl)-3-(thyminylacetyl)thiazo-
lidine-4-carboxylic acid. Incorporation of the constrained
monomers into a PNA sequence by solid-phase synthesis
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and hybridization studies with DNA and RNA are also pre-
sented.

Results and Discussion

Synthesis of the (Aminomethyl)thiazolidine PNA Monomers

The syntheses of the syn- and anti-(aminomethyl)thiazoli-
dine (amt) units were achieved by two different synthetic
pathways, both starting from the thiazolidine derivative 2
(Scheme 1). Thiazolidine 2 was obtained by condensation
of N-Boc-glycine aldehyde[18] with -cysteine methyl ester
as a mixture of C-2 epimers (75% yield), which could not
be separated by column chromatography. Their respective
1H and 13C resonances were assigned by 2D NMR experi-
ments performed on the mixture. The two compounds were
found to be present in a 65:35 ratio. A nuclear Overhauser
effect between protons 2-H and 4-H was observed only in
the case of the less abundant diastereomer, indicating that
this corresponds to the syn-substituted thiazolidine. When
the condensation was performed under different conditions
(in the presence of triethylamine in dichloromethane con-
taining MgSO4), a 10:90 ratio of anti/syn diastereomers was
found in the crude mixture. However, the 65:35 ratio was
recovered after flash chromatographic purification of the
crude mixture. These observations suggest that the syn dias-
tereomer is the kinetic product. The 65:35 ratio of anti/syn
diastereomers corresponds to the thermodynamic equilib-
rium state, the two diastereomers being in equilibrium
through a ring-opened intermediate.[19] In an attempt to in-
crease the proportion of the anti diastereomer, di-Boc-gly-
cine aldehyde was substituted for Boc-glycine aldehyde in
the thiazolidine condensation. This modification was ex-
pected to destabilize the syn diastereomer by introducing
steric interactions between the C-2 and C-4 substituents or
by preventing the formation of a hydrogen bond between
these substituents. However, no significant change of the
equilibrium ratio was observed.

The use of a highly reactive and nonhindered electrophile
was necessary in order to obtain an N-acylated thiazolidine
derivative featuring an anti relationship between the C-2
and C-4 substituents (vide infra). The anti-amtPNA mono-
mer was prepared using the synthetic strategy outlined in
Scheme 1. The mixture of thiazolidine 2 diastereomers was
treated with chloroacetyl chloride in dichloromethane in the
presence of pyridine at 278 °C to give a mixture of the syn-
and anti-acylated products. These were separated by flash
chromatography and found to be present in a 60:40 ratio
(88% global yield). The more abundant product, 3a, was
crystallized, and X-ray analysis revealed an anti relationship
between its C-2 and C-4 substituents (Figure 2). The NMR
spectrum of compound 3a showed the presence of the cis
and trans isomers (about the amide bond) in equal propor-
tions. In contrast, the existence of a major amide bond iso-
mer (. 90%) was observed in the NMR spectrum of the
syn compound 3b. The conformation of the amide bond in
the major and minor isomers could not be determined by
NOESY experiments because of exchange-mediated mag-
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Scheme 1. a) Cys-OMe, pyridine, MeOH; b) ClCH2COCl, pyridine,
CH2Cl2, 278 °C; c) thymine, K2CO3, DMF; d) LiOH, H2O/diox-
ane, then KHSO4

netization transfer. In the next step, thymine was alkylated
with 3a and 3b separately, in the presence of K2CO3 in an-
hydrous DMF, to give compounds 4a and 4b, respectively.
The hydrolysis of the methyl ester was achieved by treat-
ment with LiOH in dioxane/H2O. After neutralization with
KHSO4, the Boc-protected amtPNA monomers Boc-amt-
Tanti and Boc-amt-Tsyn were obtained. No isomerization at
the C-2 chiral centre during the last two steps was observed.
The anti-amt monomer was isolated by precipitation from
methanol (50% yield from 3a) whereas the syn monomer
needed a further flash chromatographic purification step
(54% yield from 3b). The NMR-spectroscopic data showed
a 70:30 ratio of the two amide bond isomers for Boc-amt-
Tanti and a 50:50 ratio for Boc-amt-Tsyn.

Figure 2. Cameron view[31] of one of the two crystallographically
inequivalent molecules of 3a

The syn compound 4b was also obtained directly by treat-
ment of thionyl chloride activated (1-thyminyl)acetic acid
with the mixture of thiazolidine 2 diastereomers
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(Scheme 2). Only the syn-acylated product was formed
(78% yield), showing that the syn-thiazolidine 2 has a more
favourable conformation for acylation by a hindered elec-
trophile than the anti-thiazolidine 2 does. Compound 4b
was treated as described in Scheme 1 to give Boc-amt-Tsyn.

Scheme 2. a) (1-thyminyl)acetic acid, NaH, SOCl2, DMF (278 °C)

The abasic syn- and anti-amt monomers were also syn-
thesized (Scheme 3). Compounds 5a and 5b were prepared
by acetylation of a mixture of thiazolidine 2 diastereomers
with acetyl chloride in the presence of pyridine at 278 °C.
The two diastereomers were separated by flash chromato-
graphy and obtained in a 65:35 ratio (88% global yield). To
investigate their respective stereochemistries, the Boc pro-
tecting groups were removed and the products treated
with triethylamine (Scheme 3). Intramolecular cyclisation
occurred only in the case of the less abundant product 5b,
to which syn stereochemistry, the only one that allows
cyclisation, was assigned. Hydrolysis of 5b gave the abasic
amt monomer Boc-amt-Absyn (94%). Remarkably, during
hydrolysis of the anti compound 5a, isomerization at the C-
2 chiral centre occurred. Hence, the expected product Boc-
amt-Abanti was obtained in an equal proportion with a se-
cond compound, which was identified as Boc-amt-Absyn by
its NMR-spectroscopic data and comparison of αD values.
The two diastereomers were separated by flash chromato-
graphy (67% global yield).

Scheme 3. a) CH3COCl, pyridine, CH2Cl2, 278 °C; b) LiOH, H2O/
dioxane, then KHSO4; c) TFA, CH2Cl2; d) Et3N, CH2Cl2
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PNA Solid-Phase Synthesis

To investigate the effect of the backbone constraint in-
duced by the amt units on the stabilities of the PNA/DNA
and PNA/RNA hybrids, a single modified unit was intro-
duced into a central position of a 10-mer homothymine
aegPNA (Table 1). Lysine was introduced at the C-terminus
of the PNAs to reduce their self-aggregation after cleavage
from resin.[20] PNAs were assembled manually on solid sup-
port. We applied, with minor modifications, the in situ
neutralization protocol described by Schnölzer et al.[21] for
Boc chemistry solid-phase peptide synthesis and used by
Baird et al.[22] for the polymerization of DNA minor groove
binding polyamides. Each coupling cycle consisted of: (1)
treatment with TFA/m-cresol (95:5, v/v) to remove the Boc
protecting group of the previously coupled monomer; (2)
rapid flow wash with N-methylpyrrolidone (NMP); (3)
simultaneous deprotonation of the terminal amino group
of the polymer undergoing elongation and coupling of the
next preactivated Boc-protected monomer (using high
monomer concentration); (4) resin wash with NMP. A sim-
ilar protocol has been applied by Christensen et al. to im-
prove PNA polymerization by minimization of the N-acyl
transfer side-reaction.[23] In a first series of experiments, we
compared aeg-T unit coupling efficiencies when PNA as-
sembly was performed on MBHA-PS or BHA-PEG-PS
supports with similar low loading. In both cases we fol-
lowed the coupling cycle described, and monomer activa-
tion was performed with HBTU/DIEA in NMP. Higher
coupling yields were obtained with the MBHA-PS resin
(97.5% HPLC average coupling yield, compared with 95%
for the PEG-PS resin). Similar coupling efficiencies were
observed when HBTU was replaced by HATU for assembly
on PEG-PS support. In our hands, the introduction of a
pyridine wash after Boc removal in the coupling cycle de-
scribed above (as per Christensen et al.)[23] slightly reduced
the coupling yield. MBHA-PS and active esters formed
from HBTU/DIEA were used for the synthesis of the
PNAs. The modified units were activated in the same way.
Cleavage of the PNAs from the solid support was accomp-
lished by the standard HF procedure. PNAs were purified
by reverse phase HPLC and characterized by MALDI-TOF
mass spectrometry. HPLC analyses of crude PNAs showed
that the amt monomers had been incorporated efficiently.
However, a drop in the coupling efficiency was observed for
the incorporation of the N-terminal aeg-T unit during the
assembly of PNA-Tanti and PNA-Abanti, which contain the
anti-amt units. This was not observed in the synthesis of the
PNAs containing the syn-amt units.

Thermal Stabilities of PNA/DNA and PNA/RNA Hybrids

Homopyrimidine aegPNAs are known to form PNA2/
DNA or PNA2/RNA triplexes involving both Hoogsteen
and Watson2Crick hydrogen bonding interactions;
aegPNAs can bind to the DNA or RNA target in the paral-
lel mode (N-terminus of the PNA facing the 59-end of the
target) or in the antiparallel mode (N/39).[3] However, the
triplex’s stability is slightly increased when the
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Table 1. Melting and half reassociation temperatures of the complexes[a]

DNA or RNA PNA-Tanti PNA-Abanti PNA-Tsyn PNA-Absyn PNAref
X 5 amt-Tanti X 5 amt-Abanti X 5 amt-Tsyn X 5 amt-Absyn X 5 aeg-T

d(A10) 55 (38.5) 45.5 (38.5) 50 (40.5) 50 (38.5) 72 (64)
d(A4TA5) 41.5 (26) 2 38 (29.5) 2 61.5 (45)
d(A5TA4) 41.5 (25.5) 2 36.5 (30) 2 62 (48)
poly(rA) 70.5 (68) 72 (67) 70 (68) 67 (63) . 85

[a] Temperatures are given in °C. Half reassociation temperatures are indicated in brackets. PNAs sequence from N- to C-terminus:
H2(aeg-T)42X2(aeg-T)52Lys2NH2, X is specified in the table.

Watson2Crick PNA strand is in an antiparallel orientation
relative to the oligonucleotide and the Hoogsteen PNA
strand is in a parallel orientation.[24] The triplex formation
is slow, which results in pronounced hystereses between the
heating (triplex dissociation) and cooling (reassociation)
UV absorbance curves.[3]

The stabilities of the modified PNA/DNA hybrids were
estimated by UV melting experiments. Well-defined heating
and cooling curves were obtained for all the modified hy-
brids, indicating that the presence of an amt unit in the
centre of the PNA does not prevent the cooperative strands’
dissociation and association. Significant hysteresis between
the melting temperatures (Tm) and the half reassociation
temperatures was observed, in agreement with the forma-
tion of PNA2/DNA triplexes (Table 1). The UV melting ex-
periments were performed using a 2:1 ratio of PNA/DNA.

When PNA-Tanti containing a single amt-Tanti unit was
allowed to anneal to d(A10) for 15 h at room temperature, a
melting curve with a main sigmoid transition was obtained
(Figure 3, A), as observed for the reference triplex PNAref/
d(A10) and indicating a simultaneous dissociation of both
PNA strands from DNA. The Tm value for the modified
triplex was found to be 55 °C, corresponding to a 17 °C
decrease with respect to the Tm of the reference triplex
(Table 1). When the annealing period was shorter (1 h), the
melting curve for the modified triplex exhibited a double
transition (Figure 3, B) whereas a single transition was still
observed for the reference. The corresponding first derivat-
ive curve gave two peaks of comparable areas, with maxima
at 40 °C and 55 °C (Figure 3, B). When the experiment was
repeated with increasingly long annealing periods, the first
peak (40 °C) progressively disappeared. The same observa-
tion was made when the PNA/DNA ratio was increased
while the annealing period was kept constant (2 h) (data
not shown). The results obtained with the modified PNA,
together with the observation of particularly pronounced
hysteresis (∆T 5 16.5 °C), suggest very slow triplex forma-
tion relative to duplex formation, the 40 and 55 °C peaks
corresponding to the duplex and triplex melting temper-
atures, respectively. The presence of the amt-Tsyn unit in the
PNA (PNA-Tsyn) also significantly reduced the thermal
stability of the triplex formed with d(A10) (22 °C decrease
in Tm compared to the reference, Table 1). In this case, how-
ever, a single transition in the melting curve was observed
after 1 h annealing time (Figure 3) while the hysteresis was
close to that measured for the reference triplex (∆T 5 9.5
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°C), suggesting that the amt-Tsyn unit does not significantly
affect the relative rate of triplex/duplex association.

Two sets of experiments were performed in order to test
the stability and selectivity of the amt units base pairing.
The hybridization of the PNAs containing the abasic amt
units with d(A10) was examined, and a thymine was intro-
duced into the DNA strand opposite to the amt-T units. As
the presence of the chiral amt unit in the PNA can influence
its binding orientation to DNA, two mismatched DNA se-
quences, d(A4TA5) and d(A5TA4), were used to test both
Hoogsteen and Watson2Crick amt-T units base pairing. In
the case of the anti-amt unit, the removal of the nucleobase
induced a 9.5 °C decrease in the Tm [Table 1, comparison
of PNA-Abanti/d(A10) and PNA-Tanti/d(A10)] suggesting that
the amt-Tanti unit binds more strongly to the opposite aden-
ine than the corresponding abasic unit. The observed trip-
lex destabilization might be due to the loss of both hydro-
gen bonding and stacking interactions. Hybridization of
PNA-Tanti to either mismatched DNA sequences resulted in
a 13.5 °C decrease in the Tm, relative to the Tm of the PNA-
Tanti/d(A10) triplex (Table 1). An analogous effect was ob-
served with PNAref, showing that base pairing selectivities
are similar for the amt-Tanti unit and the nonmodified aeg-
T unit. In the case of the syn-amt unit, the removal of the
nucleobase had no effect on the triplex thermal stability
[Table 1, comparison of PNA-Absyn/d(A10) and PNA-Tsyn/
d(A10)]. In contrast, hybridization of PNA-Tsyn to d(A4TA5)
and d(A5TA4) caused reductions in the Tm, relative to hy-
bridization to d(A10), of 12 and 13.5 °C, respectively. One
possible interpretation of the data obtained with the base
removal experiment is that the nucleobase of the amt-Tsyn

unit is not hybridized to the opposite adenine and has no
stacking interactions with the adjacent nucleobases. Steric
hindrance, rather than hydrogen bonding loss, could be re-
sponsible for the destabilization observed when mismatch
opposite to the modified unit is introduced.

As can be seen in Table 1, the hysteresis between the melt-
ing and the half reassociation temperatures depends on the
PNA sequence. As mentioned before, this shows the differ-
ent influences of the amt units on the kinetics of PNA asso-
ciation. The half reassociation temperature (Tas) reflects a
phenomenon that discards more strongly from the thermo-
dynamic equilibrium than the Tm, and so comparison of
the complex stabilities on the basis of the Tas analysis is dif-
ficult.



Synthesis and Hybridization Properties of Thiazolidine PNAs FULL PAPER

Figure 3. Melting curves and corresponding first derivative curves (insets) for the PNA-Tanti/d(A10) complex (a) and the PNA-Tsyn/d(A10)
complex (b); a 2:1 ratio of PNA/DNA was used; A: 15 h annealing time at room temperature; B: 1 h annealing time at room temperature

Binding of the modified PNA with poly(rA) was also
tested. PNAref forms a very stable complex with poly(rA):
hypochromicity was observed on mixing the PNA with the
RNA, but no dissociation was observed when the sample
was heated to 90 °C (Tm . 85 °C). The complexes formed
with PNA-Tanti and PNA-Tsyn exhibited lower thermal
stabilities (Tm 5 70271 °C) (Table 1). The removal of the
nucleobase of the anti-amt unit had no effect on the com-
plex stability, suggesting that there is no base pairing of
the modified unit. Hybridization of PNA-Absyn to poly(rA)
induced a 3 °C decrease in the Tm relative to that of the
PNA-Tsyn/poly(rA) complex, suggesting that the base pair-
ing of the amt-Tsyn unit in the PNA/RNA complex is not ef-
ficient.

Table 2. Comparison of the sets of (β, γ, δ) backbone torsion angles values observed in the different aegPNA complexes[12] and in the
amt units

Range of torsion angles [°]/Rotamers
β γ δ

aegPNA in: 80620 180630 2100630 90630 2100630 80630 290630

PNA2/DNA
PNA/DNA g1 g1 g1

PNA/RNA

PNA/DNA t g2 g1

PNA/DNA g2 g2 g2

60620 180630 120630 120630
anti-amt unit g1 g1 g1

t g1 g1

60620 180630 2120630 120630
syn-amt unit g1 g2 g1

t g2 g1
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Molecular Recognition
Examination of the 3D structures of the complexes invol-

ving aegPNAs,[25] supplemented with molecular dynamics
simulation studies,[26] have demonstrated the high flexibility
of the aegPNA backbone. Six conformational states for the
aegPNA backbone in the different types of complexes
(PNA/DNA, PNA2/DNA or PNA/RNA) have been charac-
terized.[12] Three sets of values are observed for the (β, γ,
δ) backbone torsion angles (Figure 1): (g1, g1, g1), (t, g2,
g1) and (g2, g2, g2) (Table 2). The presence of the thiazoli-
dine ring in the amt units restrains the backbone dihedral
angles γ and δ (Figure 1). The fluctuation domains of the
backbone torsion angle β and the side chain torsion angle
χ2 are also limited, due to steric interactions between
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methylenes CD and CF (Figure 1). Each amt unit gives two
possible sets for the β, γ and δ dihedral angles (Table 2).
The anti amt unit is able to mimic the (g1, g1, g1) rotamer
observed in all different types of complexes mentioned
above (Table 2). In contrast, the syn-amt unit is able to
mimic the (t, g2, g1) rotamer, which is observed only in the
PNA/DNA duplex (Table 2). Contradicting the expected ef-
fect, the experimental data show that the presence of an
anti-amt unit in the PNA induces a significant destabiliza-
tion of the PNA/DNA or PNA/RNA triplexes. No informa-
tion about the effect of the syn-amt unit on the PNA/DNA
duplex stability has been obtained in this study, but desta-
bilization of the triplex has been observed. Surprisingly,
similar PNA/DNA or PNA/RNA triplex stabilities are ob-
served when the syn-and the anti-amt units are incorporated
in the PNA.

The global destabilization of the modified complexes
could be due to two effects: a local effect corresponding to
the amt-T units’ base pairing, and long-range effects corres-
ponding to the adjacent aeg-T units’ base pairing. The ex-
perimental data suggest that in the PNA/DNA triplex, base
pairing occurs for the amt-Tanti unit but not for the amt-
Tsyn unit. However, the base pairing of the flanking aeg-T
units seems to be more disturbed when the anti-amt unit is
present, as suggested by the slightly lower thermal stability
of the PNA-Abanti/d(A10) triplex in comparison with that of
the PNA-Absyn/d(A10) triplex (Table 1). This study high-
lights the fact that restriction of the β, γ, and δ torsion
angles is not sufficient to control correct pre-organisation
of the PNA; the backbone topology must also be taken into
account for any further modifications.

Conclusion

In this study we have presented the synthesis of two novel
constrained PNA units. We have shown that their incorp-
oration in a central position of the PNA strongly reduces
the thermal stability of the PNA/DNA and PNA/RNA trip-
lexes. Work using PNAs containing both purine and pyrimi-
dine nucleobases to evaluate the effect of the amt units on
PNA/DNA duplex stability and also on the PNA binding
mode (parallel or antiparallel) to oligonucleotides is in pro-
gress.

Experimental Section

General Remarks: Standard reagents were of commercial quality
(Acros, Aldrich, Merck, Senn Chemicals, SDS), O-(benzotriazol-1-
yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU)
(Senn Chemicals), O-(7-azabenzotriazolyl)-1,1,3,3-tetramethyl-
uronium hexafluorophosphate (HATU) (Millipore), benzhydrylam-
ine polyethylene glycol polystyrene support (BHA-PEG-PS),
0.145 mmol/g (Millipore), 4-methylbenzhydrylamine polystyrene
support (MBHA-PS), 0.9 mmol/g (Senn Chemicals). Oligonucleo-
tides were purchased from Genset France. 2 Flash chromatography:
Silica gel 60 (40260 µm) (Merck). 2 Thin layer chromatography:
Silica gel 60 F254 (Merck). 2 1H, 13C NMR: DRX400, DRX500
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instruments (Bruker). 2 NMR chemical shifts (δ) are given in ppm
relative to solvent peak (1H NMR: CHCl3, δ 5 7.27; CH3OH, δ 5

3.31; DMSO, δ 5 2.50. 2 13C NMR: 13CDCl3, δ 5 77.23;
13CD3OD, δ 5 49.15; [D6]DMSO, δ 5 39.51). 2 Numbering of
the thiazolidines is used to describe the NMR spectra. 2 CI mass
spectra were performed using a triple quadrupole tandem mass
spectrometer (R-30-10 Nemag). 2 MALDI-TOF mass spectro-
metry: Voyager Elite (PerSeptive Biosystems). 2 Microanalyses
were performed by the ‘‘Service de Microanalyse de l’Université P.
et M. Curie’’. Some of the compounds synthesized were found to
be hygroscopic and no correct elemental analyses could be ob-
tained. 2 UV melting curves were recorded using a UV/Vis spec-
trometer (Lambda 40, Perkin2Elmer) with a Peltier temperature
programmer (PTP-6 Perkin2Elmer). 2 Other abbreviations used:
diisopropylethylamine (DIEA), N,N-dimethylformamide (DMF),
N-methylpyrrolidone-2 (NMP), T (thymine), trifluoroacetic acid
(TFA).

Thiazolidine (2): -Cysteine methyl ester hydrochloride (11.19 g,
65 mmol) was dissolved in methanol, and then pyridine (7.16 mL,
89 mmol) was added. This solution was quickly added to aldehyde
1 (9.42 g, 59 mmol) and the reaction mixture was stirred at room
temperature overnight. The solution was concentrated under re-
duced pressure; the resulting residue was dissolved in CH2Cl2 and
washed consecutively with a 10% aqueous NaHCO3 solution and
brine. The organic layer was dried with MgSO4, filtered and con-
centrated to dryness. The residue was purified by flash chromato-
graphy on silica gel (EtOAc/cyclohexane, 4:6) to give the mixture
of diastereomers 2 (12.2 g, 75%) as a colourless, viscous oil. 2 Rf 5

0.5 (EtOAc/cyclohexane, 1:1). 2 1H NMR (400 MHz, CDCl3, mix-
ture of 2 diastereomers anti/syn 65:35): δ 5 5.22 (m, 1 H, Boc-NH,
anti), 5.12 (m, 1 H, Boc-NH, syn), 4.72 (dd, J 5 8.2, 5.1 Hz, 1 H,
2-H anti), 4.60 (dd, J 5 5.0 Hz, 1 H, 2-H, syn), 3.90 (dd, J 5 7.6,
6.5 Hz, 1 H, 4-H, anti), 3.81 (dd, J 5 9.2, 6.5 Hz, 1 H, 4-H, syn),
3.71 (s, 6 H, OCH3), 3.1922.79 (m, 8 H, 5-H, HNCH2), 1.37, 1.36
(2 s, 18 H, CH3 Boc). 2 13C NMR (62.9 MHz, CDCl3, mixture of
diastereomers): δ 5 171.6, 171.4, 155.9, 155.7 (CO), 69.5 (C-2, syn),
68.2 (C-2, anti), 65.4 (C-4, syn), 63.3 (C-4, anti), 52.5 (OCH3), 45.9
(HNCH2, anti), 43.5 (HNCH2, syn), 37.9 (C-5, syn), 37.7 (C-5,
anti), 28.3 (CH3 Boc). 2 CI-MS (NH3): m/z 5 277 [M 1 H]1. 2

C11H20N2O4S (276.35): calcd. C 47.80, H 7.294, N 10.13; found C
47.81, H 7.35, N 10.09.

Chloro Compounds 3a and 3b: Chloroacetyl chloride (5.1 mL,
37 mmol) was added dropwise over a period of 10 min to a mixture
of 2 (8.66 g, 31 mmol) and pyridine (3.80 mL, 47 mmol) in CH2Cl2
at 278 °C, and the reaction mixture was stirred vigorously at this
temperature. After 1 h, the mixture was diluted with dichlorome-
thane and washed with 10% aqueous citric acid solution and brine.
After drying with MgSO4, the organic layer was filtered and con-
centrated. The resulting residue was purified by flash chromato-
graphy on silica gel. Elution with EtOAc/cyclohexane (3:7) permit-
ted the isolation of compounds 3a (5.83 g) and 3b (3.89 g) (60:40
ratio of 3a/3b, 88% global yield). Compound 3a was crystallized
from ethyl acetate, 3b was obtained as yellow foam.

Compound 3a: Rf 5 0.36 (EtOAc/cyclohexane, 1:1). 2 1H NMR
(400 MHz, CDCl3): (mixture of two amide bond isomers: 50:50)
δ 5 5.30 (m, 1 H, 2-H), 5.15 (m, 2 H, 2-H, Boc-NH), 4.94 (m, 2
H, 4-H, Boc-NH), 4.90 (d, J 5 7.1 Hz, 1 H, 4-H), 4.42 (2 d, 2 H,
J 5 13.0 Hz, ClCH2), 3.97 (2 d, 2 H, J 5 13.0 Hz, ClCH2), 3.79,
3.76 (2 s, 6 H, OCH3), 3.6122.90 (m, 8 H, 5-H, HNCH2), 1.42 (s,
18 H, CH3 Boc). 2 13C NMR (62.9 MHz, CDCl3): δ 5 170.1,
169.4, 166.5, 165.6, 155.94, 155.93 (CO), 64.7, 63.3 (C-2), 63.3, 63.1
(C-4), 53.6, 52.9 (OCH3), 46.6, 44.2 (HNCH2), 42.8, 41.5 (ClCH2),
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33.4, 30.7 (C-5), 28.3 (CH3 Boc). 2 CI-MS (NH3): m/z 5 353 [M
1 H]1. 2 C13H21ClN2O5S (352.84): calcd. C 44.15, H 5.99, N 7.94;
found C 44.43, H 6.03, N 7.81. 2 [α]D20 5 2142 (c 5 1, CH2Cl2).

Compound 3b: Rf 5 0.50 (EtOAc/cyclohexane, 1:1). 2 1H NMR
(400 MHz, CDCl3): δ 5 5.38 (m, 1 H, Boc-NH), 5.28 (t, J 5

8.4 Hz, 1 H, 2-H), 5.00 (t, J 5 8.4 Hz, 1 H, 4-H), 4.32, 4.14 (2 d,
2 H, J 5 13.1 Hz, ClCH2), 3.79 (s, 3 H, OCH3), 3.5623.10 (m, 4
H, 5-H, HNCH2), 1.41 (s, 9 H, CH3 Boc). 2 13C NMR (62.9 MHz,
CDCl3): δ 5 171.6, 165.0, 156.0 (CO), 62.8 (C-2), 62.0 (C-4), 53.1
(OCH3), 45.9 (HNCH2), 41.4 (ClCH2), 31.4 (C-5), 28.3 (CH3 Boc).
2 CI-MS (NH3): m/z 5 353 [M 1 H]1. 2 C13H21ClN2O5S
(352.84): calcd. C 44.15, H 5.99, N 7.94; found C 44.38, H 6.01, N
7.83. 2 [α]D20 5 2117 (c 5 1, CH2Cl2).

Boc-amt-Tanti-methyl Ester (4a) and Boc-amt-Tsyn-methyl Ester (4b):
A mixture of thymine (2.03 g, 16.06 mmol), pulverized K2CO3

(9.25 g, 67 mmol) and 3a (4.72 g, 13.4 mmol) in anhydrous DMF
was stirred at room temperature for 5 h. K2CO3 was removed by
filtration through Celite and DMF was evaporated under reduced
pressure. The resulting residue was purified by flash chromato-
graphy on silica gel (EtOAc/cyclohexane, 9:1) to give 4a (3.95 g,
67%) as an amorphous white solid. The same procedure was ap-
plied starting from 3b (2.50 g, 7.09 mmol), thymine (1.07 g,
8.5 mmol) and K2CO3 (4.9 g, 35 mmol). Purification was per-
formed by flash chromatography (EtOAc) to afford 4b (2.20 g,
70%) as an amorphous, white solid. Access to 4b according to
Scheme 2: NaH (230 mg, 9.6 mmol) was added to (1-thyminyl)-
acetic acid (1.6 g, 8.7 mmol) in DMF. The mixture was sonicated
until complete formation of the sodium salt (15 min), cooled in an
ice bath, and thionyl chloride (635µL, 8.7 mmol) was added drop-
wise. Agitation was maintained over 2 min at 0 °C, followed by
sonication until a yellow solution was obtained. This solution was
then cooled to 278 °C and thiazolidine 2 (2 g, 7.2 mmol), dissolved
in DMF in the presence of pyridine (700 µL, 8.7 mmol), was added
slowly. The mixture was stirred at room temperature for 1 h 30.
DMF was removed by evaporation under reduced pressure and the
resulting residue was dissolved in EtOAc. The organic layer was
washed with an aqueous citric acid solution. After drying with
MgSO4, the solvent was removed under vacuum and the resulting
residue was purified by flash chromatography on silica gel (EtOAc)
to afford 4b (2.5 g, 78%).

Compound 4a: Rf 5 0.25 (EtOAc). 2 1H NMR (500 MHz,
[D6]DMSO) (mixture of two amide bond isomers, 60:40): δ 5 7.38,
7.26 (2 s, 2 H, CH T), 7.29, 6.86 (2 m, 2 H, Boc-NH), 5.24 (m, 2
H, 2-H maj., 4-H min.), 5.13 (dd, J 5 7.3, 2.9 Hz, 1 H, 2-H min.),
4.79 (s, 2 H, T-CH2 maj.), 4.67 (d, J 5 7.7 Hz, 1 H, 4-H maj.),
4.56, 4.34 (2 d, 2 H, J 5 16.8 Hz, T-CH2 min.), 3.74, 3.60 (2 s, 6
H, OCH3), 3.5523.10 (m, 8 H, 5-H, HNCH2), 1.76, 1.75 (2 s, 6
H, CH3 T), 1.38 (s, 18 H, CH3 Boc). 2 13C NMR (125.7 MHz,
[D6]DMSO): δ 5 170.3, 169.3, 166.5, 165.2, 164.33, 164.30, 155.9,
155.7 (CO), 141.9, 141.7 (CH T), 108.3, 108.2 (H3C-C T), 64.1 (C-
2), 62.2 (C-2), 62.2 (C-4), 61.9 (C-4), 53.1, 52.0 (OCH3), 49.1, 48.5
(T-CH2), 45.0, 43.0 (HNCH2), 32.7, 30.2 (C-5), 28.2, 28.1 (CH3

Boc), 11.9 (CH3 T). 2 CI-MS (NH3): m/z 5 443 [M 1 H]1. 2

C18H26N4O7S (442.49): calcd. C 48.85, H 5.92, N 12.66; found C
48.69, H 5.95, N 12.51. 2 [α]D20 5 2105 (c 5 1, DMF).

Compound 4b: Rf 5 0.35 (EtOAc). 2 1H NMR (400 MHz, CDCl3):
δ 5 9.67 (s, 1 H, NH T), 6.97 (s, 1 H, CH T), 5.59 (m, 1 H, Boc-
NH), 5.30 (t, J 5 7.1 Hz, 1 H, 2-H), 4.94 (t, J 5 8.6 Hz, 1 H, 4-
H), 4.89, 4.35 (2 d, 2 H, J 5 16.0 Hz, T-CH2), 3.73 (s, 3 H, OCH3),
3.6023.10 (m, 4 H, 5-H and HNCH2), 1.86 (s, 3 H, CH3 T), 1.40
(s, 9 H, CH3 Boc). 2 13C NMR (62.9 MHz, CDCl3): δ 5 171.4,
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165.1, 164.4, 156.0, 151.1 (CO), 140.8 (CH T), 110.7 (H3C-C T),
62.5 (C-2), 62.3 (C-4), 53.0 (OCH3), 48.7 (T-CH2), 47.8 (HNCH2),
33.0 (C-5), 28.3 (CH3 Boc), 12.3 (CH3 T). 2 CI-MS (NH3): m/z 5

443 [M 1 H]1. 2 [α]D20 5 2135 (c 5 1.5, CH2Cl2).

PNA Monomers (Boc-amt-Tanti and Boc-amt-Tsyn): LiOH hydrate
(631 mg, 15.05 mmol) was added in portions to a solution of 4a
(5.55 g, 12.54 mmol) in dioxane/H2O (3:2) (20 mL). The reaction
mixture was stirred at room temperature until all the starting mat-
erial had been consumed. The dioxane was evaporated and water
was added. The aqueous layer was washed twice with CH2Cl2,
neutralized with KHSO4 (2.05 g, 15.05 mmol) and concentrated
under vacuum. The resulting residue was triturated with MeOH
and the sulfate salts were removed by filtration. The filtrate was
concentrated to a small volume and left at 210 °C overnight to
allow precipitation. The solid was filtered, and washed with ethanol
and ether to afford Boc-amt-Tanti (4.03 g, 75%) as a white solid.
The same procedure was applied starting from 4b (1.2 g, 2.7 mmol)
and LiOH hydrate (136 mg, 3.25 mmol). After neutralization with
KHSO4 (442 mg, 3.25 mmol) and filtration of the sulfate salts, no
precipitation had occurred, even at low temperature. Purification
was performed by flash chromatography on silica gel (CH2Cl2/
MeOH/AcOH, 85:15:0.5) to afford Boc-amt-Tsyn (890 mg, 77%) as
an amorphous white solid.

Boc-amt-Tanti: 1H NMR (400 MHz, [D6]DMSO): δ 5 11.35, 11.30
(2 s, 1 H, NH T), 7.38, 7.29 (2 s, 1 H, CH T), 6.86, 6.52 (2 m, 1
H, Boc-NH), 5.17 (dd, 0.3 H, J 5 8.6, 3.6 Hz, 2-H), 5.32 (dd, 0.7
H, J 5 7.6, 3.6 Hz, 2-H), 4.96 (t, 0.7 H, 4-H), 4.2224.91 (m, 2.3
H, 4-H, T-CH2), 3.0123.55 (m, 4 H, 5-H, HNCH2), 1.75, 1.74 (2
s, 3 H, CH3 T), 1.37 (2 s, 9 H, CH3 Boc). 2 13C NMR (62.9 MHz,
[D6]DMSO): δ 5 171.4, 170.3, 166.8, 165.2, 164.4, 155.9, 155.7
(CO), 142.2, 141.8 (CH T), 108.3, 108.2 (H3C-C T), 78.3, 77.8 (Cq

Boc), 64.0 (C-2), 62.9 (C-4), 62.4 (C-4), 62.1 (C-2), 49.1, 48.7 (T-
CH2), 45.2, 43.2 (HNCH2), 33.0, 30.4 (C-5), 28.2 (CH3 Boc), 11.9
(CH3 T). 2 [α]D20 5 295 (c 5 1, DMF).

Boc-amt-Tsyn: 1H NMR (400 MHz, [D6]DMSO): δ 5 11.35, 11.31
(2 s, 1 H, NH T), 7.41, 7.33 (2 s, 1 H, CH T), 7.07, 6.87 (2 m, 1
H, Boc-NH), 5.38 (dd, 0.5 H, J 5 7.6, 5.1 Hz, 2-H), 5.32 (dd, 0.5
H, J 5 8.6, 5.1 Hz, 2-H), 4.3024.90 (m, 3 H, 4-H, T-CH2),
3.0423.48 (m, 4 H, 5-H, HNCH2), 1.74, 1.73 (2 s, 3 H, CH3 T),
1.37, 1.34 (2 s, 9 H, CH3 Boc). 2 13C NMR (62.9 MHz,
[D6]DMSO): δ 5 173.0, 172.2, 165.7, 165.1, 164.6, 155.9, 155.7
(CO), 142.2, 142.2 (CH T), 108.4, 108.3 (H3C-C T), 78.5, 77.9 (Cq

Boc), 63.6 (C-2), 63.2 (C-4), 62.8 (C-4), 62.5 (C-2), 48.8, 48.4 (T-
CH2), 45.1, 43.5 (HNCH2), 33.6, 31.0 (C-5), 28.32, 28.28 (CH3

Boc), 12.1 (CH3 T). 2 [α]D20 5 278 (c 5 0.75, MeOH).

Boc-amt-Abanti-methyl Ester (5a) and Boc-amt-Absyn-methyl Ester
(5b): Acetyl chloride (1.7 mL, 24 mmol) was added dropwise over
a period of 10 min to a mixture of 2 (5.55 g, 20 mmol) and pyridine
(2.43 mL, 30 mmol) in CH2Cl2 at 278 °C. The reaction mixture
was stirred vigorously for 30 min at this temperature. Dichlorome-
thane was added and the organic layer was washed with a 10%
aqueous citric acid solution and brine. After drying with MgSO4,
the organic phase was filtered and concentrated. The resulting res-
idue was purified by flash chromatography on silica gel. Elution
with EtOAc/cyclohexane (4:6) permitted the isolation of com-
pounds 5a (3.37 g) and 5b (1.81 g) (65:35 ratio of 5a/5b, 76%
global yield).

Compound 5a: Rf 5 0.20 (EtOAc/cyclohexane, 7:3). 2 1H NMR
(400 MHz, CDCl3) (mixture of two amide bond isomers 60:40):
δ 5 5.25 (m, 2 H, 2-H min., Boc-NH maj.), 5.12 (s, 1 H, Boc-NH
min.), 5.06 (dd, J 5 9.1, 4.0 Hz, 1 H, 2-H maj.), 4.80 (d, J 5



S. Bregant, F. Burlina, J. Vaissermann, G. ChassaingFULL PAPER
7.2 Hz, 1 H, 4-H maj.), 4.69 (d, J 5 6.1 Hz, 1 H, 4-H min.), 3.73,
3.67 (2 s, 6 H, OCH3), 3.6222.89 (m, 8 H, 5-H, HNCH2), 2.28,
1.97 (2 s, 6 H, CH3 Ac), 1.37 (s, 18 H, CH3 Boc). 2 13C NMR
(62.9 MHz, CDCl3): δ 5 170.3, 170.1, 169.9, 169.5, 155.9, 155.8
(CO), 64.1, 64.1 (C-2), 64.1, 62.4 (C-4), 53.1, 52.5 (OCH3), 45.6,
44.7 (HNCH2), 33.4, 30.9 (C-5), 28.2 (CH3 Boc), 23.5, 22.2 (CH3

Ac). 2 CI-MS (NH3): m/z 5 319 [M 1 H]1. 2 C13H22N2O5S
(318.39): calcd. C 49.04, H 6.96, N 8.80; found C 49.19, H 7.21, N
8.69. 2 [α]D20 5 286 (c 5 1, CH2Cl2).

Compound 5b: Rf 5 0.40 (EtOAc/cyclohexane, 7:3). 2 1H NMR
(400 MHz, CDCl3): δ 5 5.45 (m, 1 H, Boc-NH), 5.04 (t, J 5

7.1 Hz, 1 H, 2-H), 4.80 (t, J 5 8.2 Hz, 1 H, 4-H), 3.59 (s, 3 H,
OCH3), 3.3522.99 (m, 4 H, 5-H, HNCH2), 2.04 (s, 3 H, CH3 Ac),
1.26 (s, 9 H, CH3 Boc). 2 13C NMR (62.9 MHz, CDCl3): δ 5

170.7, 168.6, 155.6 (CO), 63.2 (C-2), 61.0 (C-4), 53.0 (OCH3), 45.2
(HNCH2), 31.2 (C-5), 28.0 (CH3 Boc), 21.5 (CH3 Ac). 2 CI-MS
(NH3): m/z 5 319 [M 1 H]1. 2 C13H22N2O5S: calcd. C 49.04, H
6.96, N 8.80; found C 49.05, H 7.23, N 8.62. 2 [α]D20 5 2141 (c 5

0.75, CH2Cl2).

Abasic PNA Monomers (Boc-amt-Abanti and Boc-amt-Absyn): LiOH
hydrate (16.3 mg, 389 µmol) was added in portions to a solution
of 5b (103 mg, 324 µmol) in dioxane/H2O (3:2) (1 mL). The suspen-
sion was stirred at room temperature until all the starting material
was consumed, the dioxane was then evaporated and water was
added. The aqueous layer was washed twice with CH2Cl2, neutral-
ized with KHSO4 (52 mg, 389 µmol) and concentrated. The re-
sulting residue was triturated with MeOH, the sulfate salts were
filtered and the filtrate was concentrated under reduced pressure to
give pure Boc-amt-Absyn (92 mg, 94%) as an amorphous solid. The
same procedure was applied to compound 5a (253 mg, 795 µmol),
using LiOH hydrate (40 mg, 954 µmol) and KHSO4 (130 mg, 954
µmol), to give a mixture of Boc-amt-Abanti and Boc-amt-Absyn,
which were separated by flash chromatography on silica gel. Elu-
tion with CH2Cl2/MeOH (9:1) gave Boc-amt-Abanti (82 mg) and
Boc-amt-Absyn (80 mg) (67% total yield).

Boc-amt-Abanti: 1H NMR (400 MHz, CD3OD) (mixture of two
amide bond isomers 70:30): δ 5 5.28 (dd, J 5 3.3, 6.7 Hz, 1 H, 2-
H maj.), 5.16 (dd, J 5 7.9, 4.5 Hz, 1 H, 2-H min.), 4.68 (m, 2 H,
4-H min., 4-H maj.), 3.6023.10 (m, 8 H, 5-H, HNCH2), 2.33, 2.10
(2 s, 6 H, CH3 Ac), 1.46, 1.45 (2 s, 18 H, CH3 Boc). 2 13C NMR
(62.9 MHz, CD3OD): δ 5 177.8, 173.9, 172.5, 159.1, 158.8 (CO),
68.1, 66.1 (C-4), 66.4, 66.1 (C-2), 47.1, 45.3 (HNCH2), 35.2, 33.3
(C-5), 29.3 (CH3 Boc), 24.5, 23.2 (CH3 Ac). 2 CI-MS (NH3):
m/z 5 305 [M 1 H]1. 2 [α]D20 5 291 (c 5 0.75, MeOH).

Boc-amt-Absyn: 1H NMR (400 MHz, CD3OD) (mixture of two
amide bond isomers 50:50): δ 5 5.50 (t, J 5 6.0 Hz, 1 H, 2-H),
5.27 (t, J 5 7.0 Hz, 1 H, 2-H), 4.80 (t, J 5 8.6 Hz, 1 H, 4-H), 4.68
(t, J 5 7.3 Hz, 1 H, 4-H), 3.6523.21 (m, 8 H, 5-H, HNCH2), 2.24,
2.10 (2 s, 6 H, CH3 Ac), 1.46, 1.45 (2 s, 18 H, CH3 Boc). 2 13C
NMR (62.9 MHz, CD3OD): δ 5 177.2, 176.6, 172.8, 171.8, 159.0,
158.7 (CO), 67.4, 65.8 (C-4), 65.5, 64.8 (C-2), 46.79, 45.76
(HNCH2), 35.8, 33.5 (C-5), 29.2 (CH3 Boc), 23.2, 22.7 (CH3 Ac).
2 CI-MS (NH3): m/z 5 305 [M 1 H]1. 2 [α]D20 5 254 (c 5 1,
DMF).

Compound 6: Compound 5b (235 mg, 739 µmol) was treated with
a mixture of TFA and CH2Cl2 (1:1, 1 mL) for 10 min. The solution
was concentrated, the resulting residue was dissolved in CH2Cl2
and Et3N (0.5 mL) was added slowly. The mixture was stirred at
room temperature for 24 h and concentrated to dryness, and the
residue was purified by flash chromatography on silica gel (EtOAc)
to give 6 (90 mg, 65%) as an amorphous solid. 2 1H NMR
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(400 MHz, CDCl3) (mixture of two amide bond isomers 60:40):
δ 5 7.40, 7.21 (2 s, 2 H, NH), 6.07 (s, 1 H, 2-H maj.), 5.46 (s, 1 H,
2-H min.), 5.46 (d, J 5 3.9 Hz, 1 H, 4-H min.), 5.76 (d, J 5 5.1 Hz,
1 H, 4-H maj.), 3.9023.05 (m, 8 H, 5-H, HNCH2), 2.13, 2.07 (2 s,
6 H, CH3 Ac). 2 13C NMR (62.9 MHz, CDCl3): δ 5 169.3, 168.7,
168.1, 167.1 (CO), 61.0, 57.7 (C-2), 57.5, 53.5 (C-4), 50.8, 49.9
(HNCH2), 38.6, 37.6 (C-5), 21.5 (CH3 Ac). 2 CI-MS (NH3):
m/z 5 187 [M 1 H]1. 2 C7H10N2O2S (186.23): calcd. C 45.15, H
5.41, N 15.04; found C 45.39, H 5.55, N 14.81. 2 [α]D20 5 281 (c 5

1, CH2Cl2).

PNA Assembly: PNAs were synthesized manually on a 10-µmol
scale. Typically, dry MBHA-PS resin (22.2 mg, 0.9 mmol NH2/g)
was placed in a fritted funnel and swollen overnight in CH2Cl2
(0.5 mL). It was washed successively with 10% triethylamine in
CH2Cl2 (0.5 mL), CH2Cl2 (2 3 1 mL) and NMP (2 3 1 mL). It
was treated with a limited amount of activated Boc-Lys-(Z-Cl-2)
to achieve a loading of 0.45 mmol NH2/g: the Boc-Lys-(Z-Cl-2)
(5 mg, 0.012 mmol) was pre-activated for 1 min with HBTU (4 mg,
0.01 mmol) and DIEA (21 µL, 0.12 mmol) in NMP (200 µL final
volume) and then added to the resin. Coupling was allowed to pro-
ceed for 30 min. Capping of unchanged amino groups was per-
formed by acetylation with 1 mL 10% acetic anhydride in NMP.
The resin was washed with NMP (30 s flow wash). For assembly
of the PNA monomers, the following coupling cycle was used: (1)
Boc removal: addition of 0.5 mL of TFA/m-cresol (95:5, v/v), stir-
ring with argon bubbling for 30 s and draining, addition of 1 mL
of TFA/m-cresol, stirring for 5 min and draining, NMP flow wash-
ing for 30 s, stirring with NMP for 20 s, draining carefully. (2)
Preactivation of the Boc-protected monomer (0.25  final concen-
tration) for 2 min at 40 °C: 180 µL of a 0.25  solution of HBTU
in NMP (0.045 mmol, 4.5 equiv. based on the amount of resin)
were added to the monomer (0.05 mmol, 5 equiv./resin) followed
by addition of 21 µL of DIEA (0.12 mmol, 12 equiv./resin). (3)
Addition of the activated monomer to the resin and stirring with
argon bubbling for 15 min, draining and washing with NMP (20 s
stirring, 20 s flow washing), draining. At the end of the synthesis,
the resin was washed twice each with 2 mL NMP, 2 mL CH2Cl2
and 2 mL methanol and dried in vacuum. Cleavage from the resin
was performed by treatment with HF with addition of anisole
(1.5 mL/g of resin) and dimethyl sulfide (250 µL/g of resin) for 1 h
at 0 °C. PNAs were purified by reversed-phase HPLC using an RP-
8 column (5 µm) heated at 55 °C (monitoring at 220 nm). Separa-
tion was performed using a linear gradient of buffer B in A (20 to
45% B in A over 40 min at a flow rate of 1.5 mL/min) with buffer
A 5 0.1% aqueous TFA and buffer B 5 acetonitrile/buffer A (1:1).
2 PNAs were characterized by MALDI-TOF mass spectrometry
in the positive-ion mode using α-cyano-4-hydroxycinnamic acid as
matrix; m/z: PNA-Tanti: 2851.9 [M 1 H]1 (calcd. 2851.9); PNA-
Tsyn: 2852.1 [M 1 H]1 (calcd. 2851.9); PNA-Abanti: 2727.2 [M 1

H]1 (calcd. 2727.8); PNA-Absyn: 2727.0 [M 1 H]1 (calcd. 2727.8);
PNAref: 2807.4 [M 1 H]1 (calcd. 2807.8).

UV Melting Experiments: PNA concentrations were determined by
measuring the absorbance at 260 nm of a sample heated at 80 °C,
using a molar extinction coefficient at 260 nm for T 5 8.8
m21cm21. UV melting experiments were carried out in 10 m

sodium phosphate buffer (pH 5 7) containing 100 m NaCl and
0.1 m EDTA. The PNA strand (4 µ) and DNA strand (2 µ)
were mixed in the buffer, heated at 90 °C for 10 min, then cooled
to room temperature and stored overnight at room temperature. If
the starting temperature for Tm measurement was 10 °C, samples
were stored at 10 °C for at least 30 min before starting the experi-
ment. Samples were heated from 10 or 20 °C to 90° and cooled
back to 10 or 20 °C at a rate of 0.5 °C/min.
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X-ray Crystallographic Study of Compound 3a: Crystal data and
data collection information are summarized in Table 3. Data were
corrected for Lorentz and polarization effects. No absorption cor-
rection was applied. The structure was solved by direct methods
using SHELXS,[27] all other calculations used CRYSTALS.[28]

Atomic scattering factors and anomalous dispersion terms were
taken from D. T. Cromer.[29] Full-matrix, least-squares refinement
based on |F| and a Chebychev weighting scheme[30] were performed.
All non-hydrogen atoms were anisotropically refined. Hydrogen
atoms were introduced in calculated positions and were allocated
one overall refinable isotropic thermal parameter. Crystallographic
data (excluding structure factors) for the structure reported in this
paper have been deposited with the Cambridge Crystallographic
Data Centre as supplementary publication no. CCDC-158700.
Copies of the data can be obtained free of charge on application
to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK [Fax: (in-
ternat.) 1 44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].

Table 3. Crystal data and data collection information for
C13H21ClN2O5S

Molecular mass 352.8
Crystal size [mm] 0.4 3 0.4 3 0.6
a [Å] 6.897(4)
b [Å] 10.168(5)
c [Å] 13.740(6)
α [°] 93.01(4)
β [°] 104.67(4)
γ [°] 109.86(5)
V [Å3] 866.5(9)
Z 2
Crystal system triclinic
Space group P1
Linear absorption 3.55
coefficient µ [cm21]
ρ [g cm23] 1.35
Diffractometer Enraf2Nonius MACH3
Radiation Mo-Kα (λ 5 0.71069 Å)
Scan type ω/2θ
Scan range [°] 0.8 1 0.345 tgθ
θ limits [°] 1225
Temperature [K] 295
Octants collected h: 0, 8; k: 212, 11; l: 216, 15
No. of data collected 3308
No. of unique data collected 3031 (Rint 5 0.01)
No. of unique data 2150 (Fo)2 . 3σ(Fo)2

used for refinement
R 5 Σ||Fo| 2 |Fc||/Σ|Fo| 0.0773
Rw[a] 5 [Σw(|Fo| 2 |Fc|)2/ΣwFo

2]1/2 0.0912
S 1.07
Extinction parameter none
No. of variables 398
∆ρmin [e·Å23] 20.51
∆ρmax [e·Å23] 0.70

[a] w 5 w9·[1-[(||Fo| 2 |Fc||)/6·σ(Fo)]2]2 with w9 5 1/Σr·ArTr(X) with
3 coefficients 5.56, 1.52 and 3.68 for a Chebyshev series, for which
X is Fc/Fc(max).
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