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Chapter 8

Chiral Acyclic PNA Modifications: 
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INTRODUCTION

Intense studies in the field of nucleic acids (NAs), especially the development 
of antisense and antigen technologies [1–3], require new molecular tools that 
can interact with NAs and regulate their metabolism. Among such tools, peptide 
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nucleic acids (PNAs, Fig. 8.1), also termed PNA mimics, are of particular in-
terest. PNAs were discovered in 1991 by a Danish group headed by Nielsen 
[4]. PNAs are chimeric molecules containing purine or pyrimidine heterocyclic 
bases [5] attached to a backbone composed of amino acids [6].

Nucleic bases enable recognition of target ssDNA and single-stranded 
RNA (ssRNA) sequences by PNAs [7–9]. In addition to binding with single-
stranded NAs (ssNAs), PNAs are capable of displacing one DNA strand from 
double-stranded DNA (dsDNA) [10–12]. A polyamide N-(2-aminoethyl)glycine 
(aeg)-PNA backbone represents oligomerized units (Fig. 8.1) containing reduced 
amide bonds (the repeated unit is the aeg fragment). Nucleic bases are attached 
via carboxymethyl linkers. Such a structure renders aeg-PNAs resistant to nucle-
ases and proteases [13,14]. PNAs are incapable of activating RNase H and act 
by causing steric hindrance in transcription and translation processes [15]. The 
aeg-PNAs have proven to be efficient molecular biology instruments with a great 
number of in vitro applications in biosensor technologies and analytical chemis-
try [16–18]. One particularly important field of aeg-PNA application, which has 
emerged recently, is investigation of noncanonical DNA structures [19].

Detailed studies have shown that along with the above-mentioned advan-
tages, PNAs have certain significant drawbacks. These drawbacks include low 
water solubility, which limits in vivo applications of PNAs [20]; low bioavail-
ability [21], which necessitates development of PNA carriers for intracellular 
delivery [22,23]; and the propensity of long PNAs (more than 20 bp) for self-
aggregation, which results in decreased selectivity of binding with NAs due to 
nonspecific interactions [24].

Acyclic chiral PNAs containing various side chain functional groups appear 
to be a promising solution to the above-mentioned problems [25]. The usage 
of natural products, trans-4-hydroxy-l-proline or pyroglutamic acid, as initial 

FIGURE 8.1  Structure of chiral PNAs.
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structural templates allowed researchers to obtain chiral cyclic PNAs contain-
ing two chiral centers in a monomer unit [26,27]. The presence of a stereogenic 
center in a PNA molecule increases structural regularity by determining the 
spatial preorganization of PNA, which in turn has an impact on its hybridiza-
tion properties, that is, affinity toward complementary oligonucleotide (ON) 
sequences and sensitivity to single-nucleotide mismatches [28,29]. Functional 
groups in backbone side chains may also impart desired properties to PNAs, for 
example, they may improve their cellular uptake [30,31] and enable attachment 
of reporter groups [32,33] or introduction of thiol groups that can be used for 
subsequent ligations [34,35], etc. Thus, chiral PNAs are important objects of 
biochemical research and attractive molecular tools that meet all of the key re-
quirements of modern biotechnologies. The problems of chiral PNA application 
in medicine, molecular biology and nanotechnology, and, to some extent, chiral 
PNA synthesis are reviewed in Refs. [25,36,37].

The current review is focused on classical and contemporary methods of 
synthesis and properties of chiral acyclic PNAs – typical challenging structures 
based on natural products, amino acids. We pay particular attention to thorough 
systematization of strategies for chiral PNA monomer synthesis and to assess-
ment of the enantiomeric purity (EP) of the monomers. Considering that PNAs 
are artificial biopolymers, we also review solid-phase oligomerization strate-
gies. The design of PNA oligomers containing chiral monomers is discussed 
and comparative analysis of the properties of such oligomers (mostly the isose-
quential ones) is presented.

SYNTHESIS OF PNA MONOMERS

Synthesis of classical and modified PNA oligomers is usually carried out ac-
cording to known solid-phase protocols for peptides – tert-butyloxycarbonyl 
(Boc)/benzyloxycarbonyl (Cbz) [38], 9-fluorenylmethoxycarbonyl (Fmoc)/Boc 
[39,40], or Fmoc/benzhydryloxycarbonyl (Bhoc) [40] (Fig. 8.2).

In the synthesis of classical aeg-PNAs, nucleic bases function as side radicals 
in the polyamide chain. In the case of an extra functional group in the side chain 
moiety of an amino acid residue incorporated into the pseudopeptide backbone, 
an extra protecting group (PG) and a modification of the solid-phase synthesis 
protocol are required. The major steps of the synthesis include: (1) assembly of 
the pseudopeptide backbone; (2) attachment of the heterocyclic base via the car-
boxymethyl linker; and (3) removal of the C-terminal backbone PG. The pseu
dopeptide backbone monomer is usually obtained by conjugating two amino acid 
precursors. Basic methods of monomer synthesis are reductive N-alkylation, 
leading to a-Boc and g-Boc monomers; Mitsunobu alkylation with subsequent 
removal of the sulfamide group, leading to a-Boc and g-Boc monomers; reductive 
N-alkylation, leading to g-Fmoc monomers; and alkylation of the modified eth-
ylenediamine residues with chloro (bromo) acetates, leading to g-Boc or b-Fmoc  
monomers. The methods are discussed in detail in the following sections.
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Synthesis of a- and g-PNA Monomers for Boc-Protocol 
Oligomerization via Reductive N-Alkylation

A major advantage of the a-modification of aeg-PNAs is relative simplicity of 
monomer synthesis. The monomers can be obtained by reductive N-alkylation, 
a standard method of aeg-backbone synthesis. The typical synthesis of a-PNA 
monomers is shown in Scheme 8.1. The aldehyde component, N-Boc-amino ac-
etaldehyde, is commonly obtained in two steps from 1,2-aminopropandiol. PGs 
(R1) of the amino acid component typically used in the pseudopeptide synthesis 
are listed in Table 8.1.

FIGURE 8.2  Protecting group strategies, commonly used in the synthesis of chiral PNA 
oligomers. (A) Boc/Cbz-strategy; (B) Fmoc/Bhoc-strategy.

SCHEME 8.1  Synthesis of -PNA monomers for Boc-protocol oligomerization via reductive 
N-alkylation.
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TABLE 8.1 Protecting Groups and Overall Yields in the Syntheses of Chiral a-Monomers via Reductive N-Alkylation  
for the Boc-Protocol

No.
Start amino acid 
(a-configuration) R1 R2 B

Overall 
yield (%) References

1
2

l-Ala (a-S)
d-Ala (a-R)

–CH3 Me
sec-iBu
Bzl

Thy [41]
[41]

3 d-Glu (a-R) –(CH2)2COOBzl All Thy 46 [42]a

10 l-Val (a-S) –CH(CH3)2 Bzl Thy 72 [6]b

9
20
21

d-Lys (a-R) –(CH2)4NHCbz All Thy
CytCbz

AdeCbz

26
25
  9

[43]

8
22
23

l-Lys (a-S) –(CH2)4NHCbz All Thy
CytCbz

AdeCbz

[43]

17a l-Arg (a-S) –(CH2)3NH-C(NH)-NHTos All Thy [44]

17(a–d)
24(a–d)

l-Arg (a-S)
d-Arg (a-R)

–(CH2)3NH-C(NH)-NHTos All Thy
CytCbz

AdeCbz

GuaCbz

20
21
23
17

[45]

24e
24f

d-Arg (a-R)
d-Arg (a-R)

– (CH2)3NH-C(NH)-NHTos All UraS-MBzl

DapCbz
21
22

[45]

25 l-Glu (a-S) –(CH2)2COOBzl All Thy 21 [46]

(Continued)
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No.
Start amino acid 
(a-configuration) R1 R2 B

Overall 
yield (%) References

11
26

l-Leu (a-S)
d-Leu (a-R)

–CH2CH(CH3)2 Bzl Thy 19
10

[47]

27 a-S Me Thy 31 [48]

28 l-Asn (a-S) –CH2CONH2 transformed 
into 2-(N-Cbz)-amino-
methyl

Me ClCH2COCl/TEA, and then Thy, 
K2CO3, DMF

∼12 [49]

29 d-Asn (a-R) –CH2CONH2 transformed 
into 2-(N-Cbz)-amino-
methyl

Me ClCH2COCl/TEA, and then Thy, 
K2CO3, DMF

12.4 [49]

aIn Ref. [41], thymine monomers 4–9, based on l-Ile (a-S), d-Ser (a-R), l-Ser (a-S), l-Asp (a-S), l-Lys (a-S), and d-Lys (a-R), were also obtained in overall yields of 49%, 
41%, 44%, 42%, 45%, and 42%, respectively.
bIn Ref. [6], thymine monomers 11–19, based on l-Leu (a-S), l-Phe (a-S), l-Asn (a-S), l-Gln (a-S), l-Trp (a-S), l-Thr (a-S), l-Arg (a-S), l-His (a-S), and l-Tyr (a-S), were 
obtained in overall yields 39%, 71%, 48%, 35%, 26%, 53%, 40%, 51%, and 16%, respectively.

TABLE 8.1 Protecting groups and overall yields in the syntheses of chiral a-monomers via reductive N-alkylation  
for the Boc-protocol (cont.)
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In the case of the Boc N-terminal PG, the C-terminal backbone PGs (R2) are 
usually methyl (Me), ethyl (Et), benzyl (Bzl), or allyl (All). The former group 
can be removed by alkaline hydrolysis [LiOH, H2O–tetrahydrofuran (THF) 1:1, 
or K2CO3, 3:1 MeOH/H2O or Ba(OH)2, H2O]. However, it has been shown that 
under such conditions, partial racemization at the a-chiral center is possible (see 
the section “Enantiomeric Purity Tests for Chiral PNA Monomers”). For this rea-
son, Bzl C-terminal backbone PG is now used more commonly (standard removal 
conditions: H2/10% Pd/C), as it ensures a higher stability of the monomers with re-
spect to stereochemistry. However, the Bzl PG is applicable only to thymine (Thy) 
monomers. The All PG is regarded as universal (applicable to all monomers), but 
its removal requires a relatively expensive palladium complex [Pd(PPh3)4]

0, and 
the synthesis is usually carried out in THF in the presence of morpholine.

Reductive N-alkylation is typically preformed with NaBH3CN and AcOH 
in MeOH. [Only in a single case were alternative conditions used (H2, 5 atm 
Pd/C, MeOH, 67% yield) to avoid the reduction of a keto group in an asym-
metric side chain moiety [48].] Subsequent condensation of a carboxymethyl 
heterocycle with the pseudopeptide is usually carried out in the presence of 
dicyclohexylcarbodiimide (DCC), 3-hydroxy-1,2,3-benzotriazine-4(3H)-one 
(DhbtOH), and diisopropylethylamine (DIEA) in dimethylformamide (DMF). 
In our recent work on l-Glu-based monomers [46], isobutyl chloroformate 
(IBCF), N-methyl morpholine (NMM), and trimethylamine (TEA) (20 min, 
−20°C, 3 eq., 78% yield) were used because the l-Glu-based backbone is 
prone to cyclization [50]. Monomer yields generally vary from moderate 
(16%) to good (75%) relative to the initial pseudopeptide.

Published works on the synthesis of chiral a-PNA monomers are mainly fo-
cused on preparation of Thy monomers and their incorporation into oligomers. 
Properties of oligomers obtained in this manner have been widely studied. To 
date, only two research groups reported on monomers containing heterocycles 
other than Thy. The first group, Sforza et al. [43], obtained the Thy, CytCbz, and 
AdeCbz monomers from d- or l-Lys. The second group, Ly and coworkers [45], 
obtained d- and l-Arg-based monomers with native nucleobases (CytCbz, Ad-
eCbz, GuaCbz), as well with artificial heterocycles (Cbz-protected diaminopurine 
and 4-methoxybenzyl-thiouracile; see Fig. 8.2).

Some of the a-monomers were modified with carbohydrate moieties for the 
development of PNA intracellular transport systems [51]. Once again, only Thy de-
rivatives were described. Initial N-terminal-Boc-C-terminal-All-hydroxy-(OtBu) 
monomers were obtained by reductive alkylation of amines 30, 31 with Boc-
aminoacetaldehyde. Subsequent transformation of the pseudopeptide backbone 
and replacement of the PGs lead to corresponding N-terminal-Fmoc-C-terminal-
All monomers 32 (l-Ser-based) and 33 (l-Thr-based). These compounds were 
used to obtain carbohydrate-bearing monomers 34 and 35, in which the carbohy-
drate moieties were attached to the side chain via O-glycosidic bonds (Scheme 8.2).

Additional examples of this type of monomer are shown in Scheme 8.3. 
Monomers derived from l-Lys were synthesized following a similar scheme, that 
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is, by N-alkylation of the amino acid component with N-Boc-acetaldehyde, and 
the carbohydrate moieties were attached via either N-alkyl (36A–C) or N-acyl 
(37A–C) bonds.

Monomers 34, 35, 36(A–C), and 37(A–C) were introduced into PNA oligo-
mers, and the latter were tested for their ability to penetrate cellular membranes.

Mitra and Ganesh [49] described the synthesis of l- and d-Asn-based 
aminomethyl (Am) PNA monomers 28 and 29 (Scheme 8.4). l- and d-Boc-Asn 
(38, 39) were converted into orthogonal protected N-Cbz-Am derivatives 40 and 
41. After the removal of the Boc- PG, the derivatives were subjected to N-alkylation 

SCHEME 8.3  Synthesis of -PNA monomers based on l-Lys with carbohydrate moieties in 
the side residues.

SCHEME 8.2  Synthesis of -PNA monomers based on l-Ser and l-Thr with carbohydrate 
moieties in the side residues.
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with Boc-aminoacetaldehyde to produce secondary amines 42 and 43. The hetero-
cyclic base was introduced by an alternative method, which consisted of acylation 
of amines 42, 43 with chloroacetyl chloride and subsequent alkylation of Thy. This 
leads to the corresponding R- and S-monomers 28 and 29.

The synthetic strategy described earlier (reductive N-alkylation) can be 
employed to introduce a chiral center not only into the glycine part (C-a) but 
also into the aminoethyl (C-g) part of the aeg backbone (Scheme 8.5). In that 
case, the amino acid that constitutes the aminoethyl part of the pseudopeptide is 
termed “start amino acid” (Scheme 8.5; Table 8.2).

In most cases, monomer synthesis included the following steps:

l	 preparation of an aldehyde component; typical method: reduction of the 
Weinreb amide [56];

l	 reductive N-alkylation of glycine Et ester (hydroxychlorides and tosylates 
were preliminarily neutralized with a tertiary amine);

l	 condensation of the secondary amine thus obtained with carboxymethyl de-
rivatives of heterocycles.

The products of the latter reaction were converted into target protected mono-
mers by the removal of the C-terminal PG. PGs of the amino acid components 
(R1, R2) typically used in the pseudopeptide synthesis are listed in Table 8.2.

In 1994, Kosynkina et al. [52] reported the synthesis of a g-PNA Thy mono-
mer from l-Ala. A number of Thy monomers based on other amino acids (l-
Leu, l-Phe, l-Tyr, l-Thr, l-Ile, l-Pro, l-Ser, l-Trp, and l-Val) [53,54] were 
obtained by a Polish group. In those works, Bzl moiety was chosen as a PG for 

SCHEME 8.4  Synthesis of aminomethyl -PNA monomers based on l- and d-Asn.

SCHEME 8.5  Synthesis of -PNA monomers for Boc-protocol oligomerization via reductive 
N-alkylation.
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TABLE 8.2 Protecting Groups and Overall Yields in the Synthesis of Chiral g-Monomers via Reductive N-Alkylation

No. Start amino acid (g-configuration) R1 R2 B Overall yield References

44a l-Ala (g-S) –CH3 Me Thy 62% [52]

45 l-Ile (g-S) –CH(CH3)
CH2CH3

Me Thy 53% [53]a,b

47a
47b
47c
47d

l-Ser (g-S) –CH2OBzl Et Thy
CytCbz

AdeCbz

GuaO6-Bzl

40%
Nrc

Nrc

Nrc

[54]

44a
44b
44c
44d

l-Ala (g-S) –CH3 Et Thy
CytCbz

AdeCbz

GuaO6-Bzl

Nrc

Nrc

Nrc

Nrc

[55]

54 l-Cys (g-S) –CH2STrt Me AdeCbz 5% [35]

55 l-Cys (g-S) –CH2S-2-MBzl Et azidoglycine ethylester Thy 38% [34]

56a
56b

l-Lys (g-S) –(CH2)4NHFmoc Bzl Thy
CytCbz

13%
4%

[32]

MBzl, methoxy-benzyl.
aIn Ref. [53], thymine monomers 46–49 based on l-Pro (g-S), l-Ser (g-S), l-Trp (g-S), and l-Val (g-S) were also obtained in overall yields of 46%, 48%, 43%, and 51%, 
respectively.
bIn Ref. [54], thymine monomers 48–53 based on l-Leu (g-S), l-Phe (g-S), l-Tyr (g-S), and l-Thr (g-S) are described. The yields were not reported.
cNr, not reported.
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hydroxyl-bearing amino acids because it is commonly used in the Boc-protocol 
synthesis of peptides and a-PNAs.

Ly and coworkers [55] described the synthesis of g-PNA monomers from 
l-Ala and l-Ser. Derivatives of all nucleic bases were obtained. Subsequently, 
synthesis of g-PNA monomers from l-Cys [34,35] and l-Lys by reductive N-
alkylation was also reported [32].

As in the case of a-PNAs, NaBH3CN in the presence of AcOH [32,34,35, 
52–55] in methanol was used for reductive N-alkylation. In the case of azidogly-
cine Et ester alkylation [34], it was first activated with Me3P in THF and then 
reduced with NaBH3CN. On reduction of the neutralized glycine Et ester and the 
azidoglycine Et ester, the yields of target compounds were comparable. In the 
synthesis of a pseudopeptide based on an ε-Fmoc-protected l-Lys derivative, 
the reduction was performed with NaHB(OAc)3 in CH2Cl2 in the presence of 
DIEA [32], and the yield was relatively low (30%). Carboxymethyl derivatives 
of the heterocycles were condensed with secondary amines under the following 
conditions: isobutyl chloroformate (IBCF), NMM, −20°C, DMF [52]; 2-(1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU), TEA, 
scale 10 mmol, 42.5% [54]; 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide 
(EDC), DhbtOH, DIEA, DMF [34,54]; or DCC, DhbtOH, DMF, 50°C [55]. In 
the case of Et and Me esters, C-terminal PGs were removed by alkaline hy-
drolysis with NaOH [52,54], K2CO3 [53], or LiOH [34,35,55] with subsequent 
neutralization/acidation using acid or Dowex-H+ [34]. The Bzl C-terminal back-
bone PG was removed by a conventional method (H2, 10% Pd/C in methanol) 
[32]. In general, the reagents and PG strategies were basically similar to those 
used in the synthesis of a-PNA monomers for Boc-protocol oligomerization.

Synthesis of g-PNA Monomers for Fmoc-Protocol 
Oligomerization via Reductive N-Alkylation

The preparation of g-chiral PNA monomers for Fmoc-protocol oligomerization 
received considerable attention after the advantageous propensity of g-PNAs 
for right-hand helix formation became apparent. The synthesis of such com-
pounds (Scheme 8.6) required the development of distinct PG tactics, which 
depend on the functional groups of side residues (Table 8.3). The general PG 
strategy is very similar to that used in peptide synthesis.

In the case of Ser derivatives [57], hydroxyls were protected with tert-butyl 
(tBu) ether. In the case of l-Asp [58] and l-Glu [59] derivatives, tBu ester pro-
tection was used for side-chain carboxyl groups. Predictably, side-chain amino 
groups were Boc-protected [60], and the thiol group [34] was initially blocked 
with a trityl PG, which was later (during the monomer synthesis) replaced with 
a tBu residue. To this end, Thy monomers, a CytBhoc monomer derived from 
l-Lys and Bzl-protected [61–63] cytosine (Cyt), adenine (Ade), and tert-
butyl-guanine g-methylsulfate monomers have been obtained. However, only 
Thy monomers derived from l-Cys, l-Ser, and l-Asp have been subjected 
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to solid-phase oligomerization. Apart from the above-mentioned aspects, the 
synthesis of g-monomers for solid-phase Fmoc-protocol oligomerization was 
similar to that for the Boc-protocol oligomerization. Conventional reagents,  
NaBH3CN in methanol in the presence of AcOH or NaBH(OAc)3 in CH2Cl2 [60] 
also in the presence of AcOH, were used for reductive alkylation [58]. Chiral 
secondary amines were condensed with carboxymethyl heterocycles in the 
presence of EDC/4-dimethylaminopyridine (DMAP), DCC/DhbtOH in DMF, 
or O-(7-azabenzotriazol-yl)-1,1,3,3-tetramethyl uronium hexafluorophosphate 
(HATU) [22]. C-terminal PGs were removed by alkaline hydrolysis (NaOH 
solution [57,59,60]) in the case of Me or Et esters. The Bzl C-terminal PG was 
removed by a conventional method (H2, 10% Pd/C in methanol [58]), and the 
tBu group was removed by treatment with trifluoroacetic acid (TFA) in CH2Cl2 
[34]. To summarize, studies on g-Fmoc monomers appear to be incomplete. 
Thus, obtaining a full set of the monomers with all natural heterocyclic bases 
and l-Cys, l-Ser, l-Asp, or l-Lys residues remains a challenging synthetic task.

Synthesis of the Precursors of a- and g-PNA Monomers for 
Submonomer Oligomerization by Boc or Fmoc Protocols via 
Reductive N-Alkylation

The method of reductive alkylation has also been used to obtain precursors of 
PNA monomers for subsequent oligomerization via the submonomer strategy. 
After the synthesis of a pseudopeptide fragment, its secondary amino group was 
blocked with a PG, orthogonal to the N-terminal PG. It has been shown earlier 
that partial racemization of target compounds may occur during the synthesis 
of oligomers containing a-monomers based on l- or d-Lys [64]. To solve that 
problem, a “preventive” submonomer synthetic strategy [65] has been devel-
oped. This strategy ensures high optical purity of target chiral PNA oligomers. 

SCHEME 8.6  Synthesis of -PNA monomers for Fmoc-protocol oligomerization via reduc-
tive N-alkylation.
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TABLE 8.3 Synthesis of Chiral g-Monomers for Fmoc-Protocol Oligomerization via Reductive N-Alkylation

No.
Start amino acid 
(g-configuration) R1 R2 B Overall yield References

57 l-Cys (g-S) –CH2STrt (converted into –CH2StBu) tBu Thy 27% [34]

58 l-Ser (g-S) –CH2OtBu (converted into –CH2OH, and 
then into –CH2OH–OSO3

−)
Me Thy

AdeBzl

CytBzl

GuaiBu

Nra

24%
Nra

Nra

[57]

59 l-Asp (g-S) –CH2COOtBu Bzl Thy 24% [58]

60 l-Glu (g-S) –(CH2)2COOtBu Et Thy 43% [59]

61a
61b

l-Lys (g-S) –(CH2)4NHBoc Et Thy
CytBhoc

52%
Nra

[60]

iBu, iso-butyl.
aNr, not reported.
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To date, synthesis of a- and g-substituted, as well as a,g-disubstituted, PNA 
submonomers based on l-Lys, d-Lys [65–67], l-Arg, and d-Arg [66] has been 
reported (Scheme 8.7; Table 8.4). The submonomers were primarily designated 
for subsequent oligomerization by Boc protocol. A d-Lys-based a-monomer 
for Fmoc-protocol oligomerization has also been described.

Reductive alkylation was performed by a conventional method, that is, using 
NaBH3CN in methanol in the presence of AcOH, after the removal of the Me 
PG from the backbone C-terminus. The secondary amino group was protected 
with Fmoc after the preliminary silylation of the intermediate 74 [67].

It can be concluded that reductive N-alkylation can be employed for the 
preparation of various chiral PNA monomers and for various modifications of 
the PNA structure using a-aminoaldehydes and amino acid esters. This meth-
od enables the specific introduction of amino acid residues because LiAlH4 
and reductive amination do not affect chiral centers of amino acids. The dis-
advantage of the reductive amination method is instability of N-substituted 
a-aminoaldehydes, the key intermediates of the reductive amination reaction. 
In the case of Fmoc derivatives, these intermediates are particularly unstable. 
The yields of target compounds are not very high because the following side 
reactions may proceed on N-alkylation: aldol–crotone self-condensation of 
the  aldehyde; dialkylation of the initial amine; cyclization of the neutralized 
glycine esters leading to diketopiperazine; and reduction of the aldehyde to 
the respective alcohol, which is conditioned by pH dependence of the effect of 
NaBH3CN (rapid reduction of an aldehyde occurs at pH 3–4, while at pH 7–8, 
the Schiff base is reduced more rapidly than the aldehyde) [68].

In view of the above-mentioned factors, a different approach to building the 
pseudopeptide backbone, based on Mitsunobu N-alkylation with subsequent re-
moval of the sulfonamide residue, has become more common since early 2000s.

Monomer Synthesis via Mitsunobu Alkylation With Subsequent 
Removal of the Sulfonamide Residues, Leading to a-Boc and 
g-Boc Monomers

The Mitsunobu reaction between reduced and N-(2-nitrobenzenesulfonyl)- 
(2-NBS) amino acid derivatives is an alternative method for the synthesis of 
pseudopeptide fragments of PNA monomers [69] (Scheme 8.8; Table 8.5). After 

SCHEME 8.7  Synthesis of the precursors of - and -PNA monomers for submonomer 
oligomerization by Boc- or Fmoc-protocols via reductive N-alkylation.
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TABLE 8.4 Protecting Groups and Overall Yields in the Synthesis of Chiral a- or g-Monosubstituted and a,g-Disu bstituted 
Submonomers via Reductive N-Alkylation

No.

Amino acid, position in a 
pseudopeptide moiety (a, g, or 
a and g) and its configuration R1 R2 R3 R4 R5

Overall 
yield References

62 l-Lys (a-S) Boc H –(CH2)4NHCbz2-Cl Me Fmoc Nra [65,66]

63 d-Lys (a-R) Boc H –(CH2)4NH(2-ClCbz) Me Fmoc 34% [65,66]

64 l-Lys (g-S) Boc –(CH2)4NHCbz2-Cl H Me Fmoc Nra [66]

65 d-Lys (g-R) Boc –(CH2)4NHCbz2-Cl H Me Fmoc Nra [66]

66 l-Lys, (a-S, g-S) Boc –(CH2)4NHCbz2-Cl –(CH2)4NHCbz2-Cl Me Fmoc Nra [66]

67 d-Lys, l-Lys (a-R, g-S) Boc –(CH2)4NHCbz2-Cl –(CH2)4NHCbz2-Cl Me Fmoc Nra [66]

68 l-Lys, d-Lys (a-S, g-R) Boc –(CH2)4NHCbz2-Cl –(CH2)4NHCbz2-Cl Me Fmoc Nra [66]

69 d-Lys, (a-R, g-R) Boc –(CH2)4NHCbz2-Cl –(CH2)4NHCbz2-Cl Me Fmoc Nra [66]

70 d-Lys (a-R) Fmoc –(CH2)4NHBoc H H All 48% [67]

71 d-Arg (a-R) Boc –(CH2)3NH-
C(NH2)-NHTos

H Me Fmoc Nra [66]

72 l-Arg (g-S) Boc H –(CH2)3NH-
C(NH2)-NHTos

Me Fmoc Nra [66]

73 d-Arg, l-Arg (a-R, g-S) Boc –(CH2)3NH-
C(NH2)-NHTos

–(CH2)3NH-
C(NH2)-NHTos

Me Fmoc 13% [66]

aNr, not reported.
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the Mitsunobu condensation, sulfobenzyl group is removed, and the resulting 
secondary amines are condensed with carboxymethyl derivatives of heterocy-
cles. Subsequent removal of C-terminal PGs yields the target monomers.

This method was first described by a Polish research group. In 2001 
Falkiewicz et al. [70] conducted PNA monomer synthesis by a Mitsunobu 
reaction between the 2-NBS-amino acid ester and the N-Boc-protected b-
aminoalcohol. Initial protected b-amino alcohols of various structures can be 
obtained easily from their amino acid precursors [72–74]. Similarly to reduc-
tive N-alkylation, Mitsunobu alkylation yields products of high optical purity. 
Five chiral PNA monomers were obtained from Gly, l-Ala, l-Val, l-Leu, and 
l-Phe derivatives. The Mitsunobu reaction between the acid component, Me 
2-(2-nitrobenzenesulfonylamido)acetate (2-NBS-Gly-OMe), and the alcohol 
component, N-Boc-aminoalcohol (Boc-Xaa-ol), was conducted in dry THF 
with triphenylphosphine and diethyl azodicarboxylate (DEAD) or diisopro-
pyl azodicarboxylate (DIAD). In a later study, Ly and coworkers used 2-(2,4- 
dinitrobenzenesulfonylamido)glycine derivatives [20,30], which gave fully 
protected pseudopeptides. The NBS groups were removed by treatment with 
PhSH and K2CO3 in CH3CN at rt in the case of mononitro derivatives, and by 
treatment with n-PrNH2 at rt in CH2Cl2 (81% yield) in the case of dinitro deriva-
tives. Subsequent condensation with carboxymethyl heterocycles was performed 
using carbodiimides (EDC or DCC in the presence of DhbtOH). In our recent 
studies, we employed the mixed anhydride method (ThyCH2COOH, isobutyl 
chloroformate (IBCF), NMM, 3 eq. in DMF) for obtaining Thy g-monomers 
based on l-Glu and l-Asp [71] because of the propensity of the initial pseudo-
peptide for cyclization, which is similar to that of the a-isomer [50]. The Me/
Et C-terminal-PG was removed by alkaline hydrolysis, and the All group was 
removed by treatment with [Pd(PPh3)4]

0 in the presence of morpholine.
The only example of the a-monomer synthesis by the Mitsunobu reaction is 

our work on the preparation of the l-Glu-based Thy monomer 25 (Scheme 8.9) 
[46]. The overall yield was relatively high (33%) compared to an alternative 
synthetic route based on reductive N-alkylation (see previous text) due to the 
decrease in the lifetime of the intermediate 79, which is prone to cyclization 80.

SCHEME 8.8  Synthesis of -PNA monomers for Boc-protocol oligomerization via N-alkylation 
by Mitsunobu condensation.
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TABLE 8.5 Synthesis of Chiral g-Monomers for Boc-Protocol Oligomerization via N-Alkylation by Mitsunobu Condensation

No. Start amino acida R1 R2 R3 B Overall yield (%) References

Gly — Me –H Thy 53b [70]

44a l-Ala (g-S) –CH3 Me –H Thy 51b [70]

49 l-Val (g-S) –CH(CH3)2 Me –H Thy 48b [70]

50 l-Leu (g-S) –CH2CH(CH3)2 Me –H Thy 40b [70]

51 l-Phe (g-S) –CH2Ph Me –H Thy 39b [70]

75 l-Asp (g-S) –CH2COOBzl All –H Thy 18 [71]

76 l-Glu (g-S) –CH2CH2COOBzl All –H Thy 19 [71]

77 l-Lys converted into 
homo-l-Arg (g-S)

CH2CH2CH2NHC(NHCbz)
NHCbz

Et NO2 Thy
CytCbz

AdeCbz

GuaCbz

33
36
31
32

[30]

78 l-Ser (g-S) Et NO2 Thy
CytCbz

AdeCbz

GuaCbz

26
∼25–38

[20]

44a l-Ala (g-S) –CH3 Me NO2 Thy [28]

49 l-Val (g-S) –CH(CH3)2 Me NO2 Thy 7 [28]

45 l-Ile (g-S) –CH(CH3)CH2CH3 Me NO2 Thy 22 [28]

51 l-Phe (g-S) –CH2Ph Me NO2, Thy 33 [28]
aAmino acid used for preparation of the start amino alcohol in Scheme 8.8.
bWithout the removal of the a-protecting group.
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It should be mentioned that the Mitsunobu method also has limitations, that 
is, it cannot be used for the preparation of monomers for Fmoc-protocol oligo-
merization because the Fmoc PG is unstable under the conditions of nitro-/
dinitrobenzenesulfonyl group removal.

Synthesis of b- and g-PNA Monomers for Fmoc- and Boc-
Protocol Oligomerization via N-Alkylation of a Chiral Ethylene 
Diamine Derivative With Chloro(bromo)acetic Acid Derivatives

Synthesis of PNA monomers via alkylation of b- and g-substituted ethylene di-
amine derivatives has been reported recently. This approach has been employed 
in early works on the preparation of aeg-PNA [75], but it has also proven to be 
efficient in the case of chiral PNAs [49,76–78] (Scheme 8.10).

The general strategy proposed by Ganesh and coworkers [49,76] was 
employed to obtain g-S-monomers 81 (the Am derivative), 82 (the aminoeth-
yl derivative), and 83 (the guanidinoethyl derivative). Compounds 41 and 84, 
derived from l-Asp and l-Glu, respectively, were used in a four-step synthe-
sis of the corresponding mono-Boc-(Cbz-aminoalkyl)ethylenediamines 87 and 
88. Alkylation of the latter compounds with ethylbromacetate led to secondary 
amines 89 and 90 (the pseudopeptide fragments), which were subsequently con-
verted into the target monomers 81 and 82 by a method analogous to that used in 
the synthesis of a-(R)- and a-(S)-Am isomers 61 and 62. Selective removal of the 
Cbz group from the protected monomer 94, followed by treatment of the inter-
mediate 95 with N,N9-bis-di-Cbz-S-Me-isothiourea (96), gave a fully protected 
aminoethylguanidine derivative (monomer 97). Removal of the Et PG by alkaline 
hydrolysis gave target monomer 83. Overall yields of 81, 82, and 83 were 15%, 
14.7%, and 9.4%, respectively, relative to the initial intermediates 41 and 84.

SCHEME 8.9  Synthesis of thymine -PNA monomer based on l-Glu by the Mitsunobu reaction.
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In another work, an analogous strategy was employed to obtain azido-group-
bearing Thy monomers 98 and 99 [77] (Scheme 8.11).

The g-S-azidomethyl PNA monomer (98) was synthesized from commer-
cially available N-a-Boc-asparagine (39). The Hoffman rearrangement was 
used to convert the amide group in the side residue of 39 into a primary amine, 
and 3-(amino)-2-(N-Boc-amino)propionic acid 100, obtained thus, was then 
transformed into the azido derivative 102. Etherification of the carboxyl group 

SCHEME 8.10  Synthesis of the aminomethyl-, aminoethyl- and guanidinoethyl--PNA 
monomers via alkylation of ethylene diamine derivatives.

SCHEME 8.11  Synthesis of the azidobutyl--PNA monomers via alkylation of ethylene 
diamine derivatives.
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with subsequent reduction of the respective ether gave alcohol 106. The lat-
ter was treated with mesyl chloride and then with potassium phthalimide. The 
phthalyl group was removed by hydrazinolysis, and the resulting amine was al-
kylated with bromoacetyl bromide to give pseudopeptide 110. Monomer 98 was 
obtained from 110 following the previously developed method (Schemes 8.4 
and 8.10). The overall yield of 98 was 7.7%. The similar synthetic route was 
used to obtain the g-S-azidobutyl PNA monomer (99) from N-a-Boc-lysine 
(101). The overall yield of 99 was 19%.

One more example of methyldiamine alkylation reported in Ref. [78] is 
presented in Scheme 8.12. Treatment of chiral diamine 116 with 2 mol equiv-
alents of Cbz-OPh (117) in EtOH overnight lead to a mixture of isomers 118 
and 119 in a 92:8 ratio with an overall yield of 76%. The mixture of the iso-
mers was alkylated with 4 mol equivalents of bromoacetic Me ester, which 
led to dialkyl derivatives 120 and 121 and a monoalkyl derivative 122. The 
target amine could be easily separated from the resulting mixture. The sec-
ondary amine 122 was obtained in a yield of 77% (84% from 116) as a pure 
isomer. Subsequent condensation with thymine-1-yl-acetic acid proceeded in 
quantitative yield. Alkaline hydrolysis of the condensation product gave b-
(S) Cbz monomer 123. At the final stage of the synthesis, the N-Cbz-terminal 
PG was replaced with Fmoc by catalytic hydration and subsequent treatment 
with 9-fluorenylmethoxycarbonyl-N-hydroxysuccinimide (FmocOSu) (79% 
yield for three steps). The overall yield of the b-(S)-monomer 124 was 50%. 
The other enantiomer, b-(R) (125), was obtained analogously from (R)-1,2-
diaminopropane. These monomers (124 and 125) were later used for the syn-
thesis of PNA oligomers.

The strategies of monomer synthesis presented provide a diversity of chi-
ral PNA monomer composition. Thus far, most of the monomers have been 
developed for Boc-protocol oligomerization. However, it appears that chiral 
monomers for Fmoc-protocol oligomerization will also be developed in the 
near future.

SCHEME 8.12  Synthesis of the methyl--PNA monomers via alkylation of ethylene diamine 
derivatives.
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ESTIMATION OF THE ENANTIOMERIC PURITY 
OF PNA MONOMERS AND OLIGOMERS

It has been shown earlier that the configuration of chiral centers in amino acid res-
idues used for the synthesis of chiral PNA monomers and oligomers determines 
the properties of the latter (the direction of the helix twist, thermostability of the 
PNA complexes with NAs, etc.) [25]. Therefore, the stereochemical homogeneity 
of chiral PNAs must be verified prior to the investigation of their hybridization 
properties. In this regard, the development of reproducible methods for estimating 
and controlling the EP of PNA monomers and oligomers is of utmost importance. 
In the chemistry of chiral PNA, both direct EP estimation methods and the in-
direct methods which require preliminary monomer/oligomer derivatization are 
used. These methods are reviewed in the following subsections.

Enantiomeric Purity Tests for Chiral PNA Monomers

The development of PNA EP control methods began with testing a-derivatives 
because they were the first chiral PNA monomers that became available [41]. 
Dueholm et al. reported a method based on diastereomer synthesis for alanine-
derived a-PNA monomers. l-Ala-based (1) and d-Ala-based (2) monomers were 
reacted with l-alanine tBu ester in the presence of an activator (TBTU) to give 
diastereomers 126 and 127 (Scheme 8.13). Their separation by reverse-phase high-
performance liquid chromatography (HPLC) showed that optical purity of diaste-
reomer 127 was 94%, while in the case of diastereomer 126 (the l-Ala derivative) 
no impurity was detected. It should be noted that the reaction conditions influenced 
the optical purity of the diastereomers. The best results were obtained on the addi-
tion of DIEA to the reaction mixture, while the usage of DhbtOH or the absence of 
a base catalyst led to substantial racemization. This experimental finding was later 
employed in the solid-phase synthesis of oligomers with Ala-based monomers.

Nielsen and coworkers [42] employed a similar approach to estimate EP of 
monomers based on l-Glu (25), l-Lys (6), and l-Ser (8). For this, diastereomers 

SCHEME 8.13  Synthesis of C-terminal diastereomers composed of l-alanine tert-butyl ester 
and -PNA monomers.
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128–130a, b were obtained by reacting the target monomers with l-Ile and (l, d)-
Ile (Scheme 8.14). Separation of the diastereomer mixture derived from racemic 
isoleucine, and HPLC analysis of diastereomers 128–130a, b under optimized 
conditions, demonstrated that the optical purity of the diastereomers was >90%.

For g-monomers of guanidinium peptide nucleic acids (GPNAs), Ly and 
coworkers [30] employed the indirect EP control method based on 19F nuclear 
magnetic resonance (NMR) spectroscopy. N-terminal diastereomers were ob-
tained via condensation of the monomers with a Mosher reagent a-methoxy-a-
(trifluoromethyl)phenylacetyl chloride 131 (Scheme 8.15). Analysis of 19F-
NMR spectral data revealed that EP of the diastereomers 132 was >99%. An 
analogous strategy was used for mini-polyethylene glycol (PEG)–PNA mono-
mers 78, and the EP test results were similar to those obtained for GPNAs [20]. 
The same method was also reported in Ref. [49].

In the past several years, a number of direct chromatographic methods for 
estimating EP of PNA monomers have been described. The direct approach 

SCHEME 8.14  Synthesis of C-terminal diastereomers composed of l- or (l, d)-Ile and -PNA 
monomers based on l-Glu (25), l-Lys (6) or l-Ser (8).

SCHEME 8.15  Synthesis of N-terminal diastereomers via gamma-monomer condensation 
with a Mosher reagent (131).
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to testing EP involves synthesis of both enantiomers of a particular monomer 
(from l- and d-amino acids), selection of an optimal system for their separation 
on a column with a chiral sorbent, and EP estimation for the target monomer in 
a selected system. A Korean group headed by Lee employed the direct method 
for determining the EP of PNA monomers. Enantiomeric forms of Glu-based 
PNA monomers (60 and 134, Fig. 8.3A) were separated on Chiralpak IB sta-
tionary phase with immobilized polycarbohydrates. HPLC separation of the 
racemic mixture and subsequent chromatographic analysis of the target l-Glu-
based Thy monomer revealed that the EP of the target monomer was >99.9% 
[59]. Similar results were obtained in the case of l-Lys-based g-PNA mono-
mers (61a and 135, Fig. 8.3B) [60].

Thus, g-PNA monomers demonstrate generally high EP in both direct and 
indirect tests, while in the case of a-PNA monomers, the EP determined by 
indirect methods is ∼90%, which may be due to partial monomer racemization 
on derivatization.

Enantiomeric Purity Tests for Chiral PNA Oligomers

Corradini et al. [79] have shown that acid hydrolysis of PNAs followed by 
treatment of N-aminoethylamino acids with trifluoroacetic anhydride (TFAA), 
which gives volatile trifluoroacetylated piperazine-2-ones 136 (Scheme 8.16), 
can be used for estimating the EP of chiral PNAs. Chiral gas–liquid chroma-
tography (GLC) separation of the resulting PNA fragments on a Chirasil-Val 
column revealed the presence of the undesired enantiomer (5.5%) [80].

Use of the above-mentioned method in the synthesis of PNA oligomers 
containing the d-Lys-based a-“chiral box” enabled the development of a 

FIGURE 8.3  Fmoc monomers of g-PNAs based on glutamic acid (A) and lysine (B), respectively 
(60, 61a).

SCHEME 8.16  Synthesis of chiral trifluoroacetylated piperasin-2-ones.
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submonomer synthetic approach, which ensures acceptable stereochemical pu-
rity of a-modified PNA oligomers.

To summarize, there are several approaches to control the EP of chiral PNA 
monomers and related oligomers. The direct EP estimation method is the most 
accurate. In the indirect methods, N-terminal derivatization should be used 
for a-monomers to avoid racemization, while in the case of g-monomers both 
N-terminal derivatization and C-terminal derivatization are applicable.

SYNTHESIS OF CHIRAL PNA OLIGOMERS

The majority of methods for chiral PNA oligomer synthesis proposed thus far 
are based on the solid-phase strategy [81] and the usage of modern condensing 
reagents. However, universal methods and standard conditions applicable to 
various types of PNAs are yet to be developed. The most popular PG strategies 
are Boc/Cbz [38] and Fmoc/Bhoc [40] ones (Fig. 8.2).

Solid-phase synthesis of chiral PNAs usually includes the following steps: 
loading of polymer support, condensation with the first monomer, capping of the 
unreacted amino groups, deblocking of the N-terminal amino group, condensa-
tion with the second monomer (the latter two steps are repeated until the desired 
PNA length is achieved), and oligomer cleavage from the polymer support. Gen-
eral protocols of oligomer synthesis are rather similar for different types of chiral 
PNAs. A comparison of the two basic PG strategies is presented in Table 8.6.

To date, a number of Boc protocols for the synthesis of various oligomers 
[20,30], both achiral with point chiral monomer inclusions and fully chiral, 
with a full set of canonical nucleic bases have been reported. In Fmoc-protocol 
studies [34,57,58], introduction of only Thy chiral monomers into PNAs has 

TABLE 8.6 Comparison of Boc and Fmoc Strategies for Chiral PNA Synthesis

Polymer support

Conditions of oligomer 
cleavage from the 
polymer support References

Boc strategy MBHA HF; “low/high” TfOH 
method
m-Cresol/thioanisole/
TfOH/TFA
TfOH/TFA/TES
TfOH/TIS/TFA

[42] 
 

[20,30]
[82]
[34]

Fmoc strategy TentaGel (rink 
amide linker)
Fmoc-PAL-PEG-PS
NovaSyn TGR R

TFA/TIS/water
TFA/m-cresol
TFA/TIS/water

[34]
[57]
[58]

Fmoc-PAL-PEG-PS, [5-(4-Fmoc-aminomethyl-3,5-dimethoxyphenoxy) valeric acid]–polyethylene 
glycol–polystyrene resin; MBHA, (4-methylbenzhydrylamine) resin.
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been described. A fivefold excess of the monomer was used in the respective 
condensation step in the case of aeg-PNAs. However, the results of recent stud-
ies on chiral PNA synthesis suggest that a threefold monomer excess is adequate 
for efficient condensation [37,83], which is of significant importance consider-
ing the high cost and labor requirement of chiral PNA monomer preparation.

An alternative, submonomer approach [37,65] has been proposed for obtaining 
Lys-based chiral a-PNAs. This approach includes preliminary synthesis of mono-
mer precursors without heterocyclic bases (Scheme 8.17) and was first developed 
for aeg-PNAs [84]. The submonomer approach ensures high optical purity of tar-
get oligomers, which is crucial and particularly beneficial in the case of a-PNAs, 
considering their substantial racemization during standard solid-phase synthesis 
[64]. Within the scope of the submonomer approach, both Boc [65] and Fmoc pro-
tocols [66] have been described. The submonomer approach is currently also used 
for obtaining PNAs containing (a, g)-disubstituted monomers [67,85,86].

The conditions for PNA removal from the polymer support (cleavage) sig-
nificantly affect the overall efficiency of PNA synthesis, and optimization of 
those conditions may be a rather challenging tusk. We have studied the effects 
of various cleavage systems on the yield of l-Glu-based chiral a-PNAs, and the 
best results were obtained using trifluoromethanesulfonic acid (TfOH)/TFA/
triethylsilane (TES) [82], while the conventional method for oligomer cleav-
age (the “low/high” method) led to complete degradation of target oligomers 
[42]. Analogously, use of the triisopropylsilane (TIS)-based system improved 
the oligomer synthesis efficiency in the case of PNAs with l-Glu-based g-
monomer inclusions [83]. In this regard, synthesis of chiral PNAs bearing side 
chain functional groups should be designed taking into account the positions of 
the side radicals in the PNA backbone and the possibility of PNA degradation 
at the final step of the solid-phase synthesis.

PROPERTIES OF CHIRAL PNAs

The prospects of new PNA modifications and their application primarily de-
pend on their hybridization properties. The affinity of PNA for complemen-
tary NA fragments is usually studied by UV [circular dichroism (CD)] melting 

SCHEME 8.17  Synthesis of PNA oligomers by submonomer approach.
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experiments (Tm, melting temperature of a duplex or a triplex). Another impor-
tant factor is selectivity, and the quantitative parameter characterizing the sensi-
tivity toward mismatches in a complementary strand is ∆Tm (difference between 
the Tm values of a perfectly matched duplex and a mismatched one).

Structural analysis methods, for example, CD spectroscopy, are often em-
ployed to elucidate the geometry of ssPNAs and their complexes with ON com-
plements.

Aeg-PNAs have demonstrated extremely high (perhaps even too high) hy-
bridization affinity for NAs and remarkable selectivity (∆Tm = 15°C). Aeg-PNAs 
per se are not preorganized into helixes, but they easily form helixes in com-
plexes with DNA or RNA. The formation of parallel duplexes with aeg-PNAs 
has been reported, but those duplexes are substantially less thermostable (by 
10–15°C) than the antiparallel ones. As we have already mentioned, aeg-PNAs 
are poorly soluble compared with polyanionic ONs and their analogues due to 
the absence of a negative charge. Aeg-PNAs are prone to aggregation, and the 
stability of their complexes with NAs exhibits no dependence on the solution 
ionic strength. One more noteworthy property is the ability of homopyrimidine 
aeg-PNAs to invade DNA:DNA duplexes and displace one of the DNA strands, 
which results in the formation of PNA:DNA duplexes. Double-stranded aeg-
PNAs can also invade DNA:DNA duplexes and displace one of the strands, 
which results in PNA:PNA:DNA triplexes [13].

To date, many PNA oligomers containing chiral acyclic monomer residues 
have been described. Oligomers with all-chiral monomers throughout the chain 
are rare. Only a few chiral residues are usually introduced into the oligomer 
chain. The few studies of fully modified chiral PNAs are reported in Refs. 
[25,36,37].

Although various PNA sequences have been used in hybridization studies, the 
decamer sequence proposed by Nielsen and coworkers [13] [R1-GTAGATCACT-R2 
(149), where R1 = H or l-Lys, and R2 = NH2 or l-Lys] is particularly popular. For 
such decamers, a significant number of PNA modifications have been described, 
CD spectra have been obtained, and Tm (∆Tm) values have been determined. The 
N-terminal and C-terminal substituents (R1 and R2) can be different and have no 
effect on PNA affinity and selectivity. In many PNA decamers, only one or a few 
more chiral monomers have been incorporated, but even in those cases the effects of 
monomer inclusions could be evaluated by comparing the properties of the result-
ing PNAs with those of the initial aeg-PNA. Decamers containing exclusively chiral 
monomers and even chiral monomers with modified heterocyclic bases have also 
been described.

Systematic studies of the impact of the configuration (R- or S-) of a-chiral 
monomers on PNA properties have been reported by Nielsen and coworkers, 
Haaima et al., and Sforza et al. [6,42,43]. The researchers showed that a particular 
spatial organization of the monomers is required for efficient PNA binding with 
complementary ONs. CD data suggest that the PNAs R1-GTxAGATxCACTx-R

2 
derived from d-amino acids adopt the right-handed helix geometry, whereas 
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l-amino acid derivatives adopt the left-handed helix geometry. Initially, chi-
ral a-PNAs derived from d-Ala, d-Asp, and d-Lys exhibited the best affinities 
for DNA. PNAs bearing nonpolar groups in the amino acid side residues (Val, 
Trp, and Phe derivatives) were inferior to Ala, Ser, Lys, and Arg derivatives 
in terms of affinity. Thus, steric hindrance may cause some destabilization of 
a-PNA:DNA duplexes. Later, it was shown that the presence of a chiral box com-
posed of three monomers in the a-R-configuration in the middle of the oligomer 
increases the structural rigidity, which is favorable for a-PNA:DNA thermosta-
bility in terms of entropy; however, in general, the duplex was less stable than 
its aeg-PNA:DNA analogue due to steric hindrance. Negatively charged PNAs 
generally formed less stable duplexes with DNA than did positively charged 
PNAs. The authors attributed this fact to strong interactions (repulsion) between 
the carboxyl groups in PNA side residues and the negatively charged phosphate 
residues in DNA [6,42,43]. However, selectivity studies revealed that the sen-
sitivity of the R1-GTxAGATxCACTx-R

2 oligomer containing d-Glu-based Thy 
monomers to mismatches in a DNA complement was similar to the sensitivity 
of the d-Lys-based oligomer (∆Tm = −20°C for the d-Glu derivative and −19°C 
for the d-Lys derivative). The authors concluded that affinity of a-PNAs toward 
DNA complements is determined by several factors: electrostatic interactions, 
steric hindrance, and the configuration of the initial a-monomers.

The studies of PNAs containing d- and l-Lys-based monomers were con-
tinued by Corradini and coworkers [85,86], who employed synthetic approach-
es that guarantee the maintenance of high optical purity [65]. It was shown 
that the presence of a “chiral box” (three chiral monomers in succession) in 
R1-GTAGAxTxCxACT-R2 PNA ensures exceptional specificity for the anti-
parallel DNA orientation and sensitivity to mismatches. The crystal structure 
of the a-PNA:DNA duplex in which three successive d-Lys-based monomers 
(the chiral box) were positioned in the middle of the PNA chain was investi-
gated by X-ray diffraction (XRD) measurements [87]. It was shown that the 
d-configuration allows the lysine side chain to occupy the optimal position for 
a right-handed helix, whereas the l-configuration would result in substantial 
intrachain steric hindrance.

In the early 2000s, Ly and coworkers reported the development of l- and 
d-Arg-based chiral a-PNAs with improved bioavailability [44,45,88]. The 
inclusion of propyl-guanidine residues into PNAs significantly facilitated their 
intracellular transport. The hybridization properties of d-Arg-based a-PNAs 
were comparable to those of aeg-PNAs, whereas l-Arg-based a-PNAs were un-
able to form stable duplexes with ONs. [Data for H-GCATGTTTGA-R1 (R1 = H 
or l-Lys) are summarized in Table 8.7.]

The selectivity of GPNA8 145 (H-GDCADTGDTTDTGDA-NH2) binding to 
NA was also assessed and was comparable to that of the initial aeg-PNA (∆Tm 
ranging from −11 to −18°C) H-GCATGTTTGA-LLys-NH2 137.

The studies of l-Ser- and l-Ala-based g-S-PNAs reported in Ref. [55] 
are of major interest. CD data suggest that g-S-configuration of the monomer 
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induces oligomer preorganization into a right-handed helix. The right-handed 
geometry was additionally confirmed by 2D NMR experiments on model 
dimer 146 (Fig. 8.4).

The hybridization characteristics obtained for g-S-PNA oligomers con-
firmed high affinity and selectivity toward complementary ONs (Table 8.8).

As evident from Table 8.8, the inclusion of greater numbers of chiral mono-
mers in the PNA oligomer leads to a higher Tm of the g-PNA:DNA (RNA) 
duplex. Each monomer unit increases the Tm on average by ∼2°C in the case 
of PNA:RNA duplexes and by ∼3°C in the case of the PNA:DNA duplexes; 
these changes indicate the high affinity of g-PNAs toward DNA. High selectiv-
ity (superior to that of aeg-PNAs) was demonstrated for l-Ser-based g-S-PNAs 
with respect to both DNA (∆Tm from −16 to −19°C) and RNA (∆Tm from −12 
to −18°C). Importantly, the hybridization properties of oligomer P3 (alternat-
ing chiral and achiral monomers in the middle of the chain) and oligomer P4 
(three chiral monomers in succession) turned out to be very similar.

In a more recent work, homo-l-Arg-based g-S-PNAs of the same sequence 
(H-GCATGTTTGA-R1) were studied [30]. The obtained Tm (Table 8.9) and 
∆Tm values were also high.

Analogously to the data presented in Table 8.8, the Tm of the duplex increased 
with the addition of each chiral monomer unit in a PNA oligomer structure. 

FIGURE 8.4  Chemical structure of model dimer 146.

TABLE 8.8 Hybridization Properties of l-Ser-Based g-S-PNAs [55]

No. Structure Codea Sequence

Tm (°C)

DNA RNA

137 P1a H-GCATGTTTGA-LLys-NH2 44 54

147 P2 H-GCATGgTTTGA-LLys-
NH2

48 57

148 P3 H-GCAgTGgTTgTGA-LLys-
NH2

53 60

149 P4 H-GCATGgTgTgTGA-LLys-
NH2

53 59

150 P5 H-gGgCgAgTgGgTgTgTgGgA-
LLys-NH2

63 64

aThe codes of the oligomers were taken from the original paper [55].
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Interestingly, the Tm of the duplex formed by DNA and gGPNA4 oligomer 154 
(contains alternating chiral and achiral monomers in the middle of the chain) 
was higher than that of the duplex formed by DNA and gGPNA3 oligomer 153 
(contains three chiral monomers in succession). For gGPNA5 oligomer 155, 
preliminary studies of the selectivity toward RNA and DNA complements were 
conducted, and the results suggest that the selectivity is close to that of aeg-
PNAs (∆Tm from −11 to −18°C) and d-Arg-based a-PNAs. In the same work, 
efficient penetration of homo-l-Arg-based g-S-PNAs through membranes was 
demonstrated using HeLa cell lines.

To investigate the role of steric factors in g-S-PNA hybridization with NAs, 
oligomers containing l-Ala-, l-Ile-, l-Phe-, and l-Val-based monomers were 
synthesized and analyzed (Table 8.10).

The substitution of a single aeg-Thy monomer for the g-S-monomer in the 
middle of a decamer had no effect on the Tm of the PNA:DNA duplex. Only 
introduction of three chiral monomers led to noticeable Tm changes (PNA6 vs. 
PNA8 and PNA7 vs. PNA 9). l-Val derivatives resulted in somewhat lower Tm 
values than those of l-Phe derivatives, which can be explained by steric hindrance 
similarly to the case of a-PNAs. Apart from the remarkable hybridization affinity, 
oligomers described in Ref. [28] exhibited high hybridization selectivity.

g-S-Oligomers also turned out to be capable of intruding into DNA:DNA 
duplexes and displacing one DNA strand to yield PNA:DNA duplexes. Such 
heteroduplexes were stabilized by acridine residues [89]. Acridine was included 
because prior studies showed that it causes significant stabilization of DNA du-
plexes on intercalation due to efficient stacking with heterocyclic bases [90–92].

TABLE 8.9 Hybridization Properties of Homo-l-Arg-Based g-S-PNAs [30]

No. Structure Codea Sequence
DNA, 
Tm (°C)

137 PNA1 H-GCATGTTTGA-
LLys-NH2

43

151 gGPNA1 H-GCATGTTTGA-
NH2

45

152 gGPNA2 H-GCATGTTTGA-
NH2

47

153 gGPNA3 H-GCATGTTTGA-
NH2

49

154 gGPNA4 H-GCATGTTTGA-
NH2

51

155 gGPNA5 H-GCATGTTTGA-
NH2

59

aThe codes of the oligomers were taken from the original paper [30].
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Alternatively, stabilization can be achieved by increasing the ssPNA length 
[29] or by incorporating a modified Cyt residue (Fig. 8.5), which can form five 
H-bonds with an opposing guanine (Gua), in the PNA chain [93,94].

Recent XRD studies of the g-S-PNA:DNA duplex revealed that although 
g-S-PNAs remain rather flexible, they easily adopt the beneficial P-helical con-
formation on hybridization with complementary DNA [95].

Another recent paper in this field was focused on mini-PEG–PNAs [20]. 
Unlike positively charged NA mimics, PNAs carrying PEG moieties in the 
g-positions of the PNA backbone were not prone to nonspecific interaction with 
NAs, and high hybridization selectivity was retained (Tables 8.11 and 8.12).

Along with selective hybridization, g-S-mini-PEG–PNAs demonstrated ad-
vantageous properties, such as good solubility in aqueous solutions, right heli-
cal preorganization, and ability to displace ssDNA from dsDNA (although the 

TABLE 8.10 Hybridization Properties of g-S-PNAs Based on l-Ala, l-Ile,  
l-Phe, and l-Val [28]

No. Structure Codea Sequence
DNA, 
Tm (°C)

156 PNA2 (Ala) H-GCATGTTTGA-
LLys-NH2

51

157 PNA4 (Ile) H-GCATGTTTGA-
LLys-NH2

51

158 PNA5 (Phe) H-GCATGTTTGA-
LLys-NH2

51

159 PNA6 (Phe 
3alt)

H-GCATGTTTGA-
LLys-NH2

58

160 PNA7 (Phe 
3con)

H-GCATGTTTGA-
LLys-NH2

60

161 PNA3 (Val) H-GCATGTTTGA-
LLys-NH2

51

162 PNA8 (Val 
3alt)

H-GCATGTTTGA-
LLys-NH2

55

163 PNA9 (Val 
3con)

H-GCATGTTTGA-
LLys-NH2

55

aThe codes of the oligomers were taken from the original paper [28].
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FIGURE 8.5  H-bonding in (A) C–G and modified (B) C(X)–G base pairs.

TABLE 8.11 Hybridization Properties of g-S-Mini-PEG–PNAs [20]

No. Structure Codea Sequence

Tm (°C)

DNA RNA

137 PNA1 H-GCATGTTTGA-
NH2

45 55

164 PNA2 H-GCATGTTTGA-
NH2

49 58

165 PNA3 H-GCATGTTTGA-
NH2

54 62

166 PNA4 H-GCATGTTTGA-
NH2

57 64

167 PNA5 H-GCATGTTTGA-
NH2

68 68

aThe codes of oligomers were taken from the original paper [20].

TABLE 8.12 Mismatch Discrimination for g-S-Mini-PEG–PNAs (167) [20]

X-T

Tm, °C (∆Tm, °C)

PNA1 
(137):DNAa

PNA5 
(167):DNA

PNA1 
(147):RNAb

PNA5 
(167):RNA

A-T 45 68 55 68

C<>T 31 (−14)c 47 (−21) 37 (−18) 48 (−20)

G<>T 31 (−14) 48 (−20) 44 (−11) 52 (−16)

T(U)<>T 35 (−10) 51 (−17) 40 (−15) 48 (−20)

aPNA1: H-GCATGTTTGA-LLys-NH2; PNA5: H-GCATGTTTGA-LLys-NH2; DNA: 39-CGTACAXACT-59, 
X = A, C, G, T; RNA: 39-CGUACAXACU-59, X = A, C, G, U.
bData for the PNA1–DNA and PNA1–RNA mismatched duplexes were taken from Ref. [55].
cTm difference between the perfect and mismatched duplexes (∆Tm) is given in parentheses.
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latter occurred only in low-ionic-strength solutions, which limits the application 
of g-S-mini-PEG–PNAs under physiological conditions) [23].

Several studies performed in parallel to the works of Ly et al. also con-
firmed the advantages of the g-S-configuration of acyclic monomers. Tedeschi 
et al. [85] synthesized a series of R1-GTAGATCACT-R2 oligomers (Fig. 8.6; 
Table 8.13). As evident from the data in Table 8.13, the oligomer containing a 
single l-Lys-based g-S-monomer formed a more stable duplex (Tm = 56°C) than 
that of the oligomer containing a chiral box, that is, three adjacent monomers 
with a-R-configuration (Tm = 43°C), whereas the oligomer with a consistent 
a-R-g-S-configuration formed the most stable duplex.

FIGURE 8.6  Structures of the achiral and chiral (types I, II, and III) PNAs. R, amino acid 
side chain; B, nucleobase.

TABLE 8.13 Melting Temperatures of Antiparallel PNA:DNA duplexes [85]

No. PNA type PNAa

Tm, PNA:DNA 
(°C)b

168 I H-GTAGAT(a-S-ab)CACT-NH2 47

169 I H-GTAGAT(a-R-ab)CACT-NH2 52

170 II H-GTAGAT(a-R-ab,g-R-ab)CACT-NH2 52

171 II H-GTAGAT(a-S-ab,g-S-ab)CACT-NH2 31

172 II H-GTAGAT(a-R-ab,g-S-ab)CACT-NH2 57

173 II H-GTAGAT(a-S-ab,g-R-ab)CACT-NH2 <15

174 III H-GTAGAT(g-S-ab)CACT-NH2 56

175 III H-GTAGAT(g-R-ab)CACT-NH2 32

176 Achiral H-GTAGATCACT-NH2 50c

177 “l-Chiral box” H-GTAGA(a-S-ab)T(a-S-ab)C(a-S-ab)ACT-NH2 30d

178 “d-Chiral box” H-GTAGA(a-R-ab)T(a-R-ab)C(a-R-ab)ACT-NH2 43e

aab, aminobutyl, side chain of Lys residue.
bTm values were determined as the minimum of the first derivative of the CD melting curves at 
260 nm [80].
cData for the PNA1–DNA duplexes were taken from Refs. [85,86].
dData for the PNA1–DNA duplexes were taken from Ref. [96].
eData for the PNA1–DNA duplexes were taken from Ref. [43].
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Later, the same group reported oligomer 179, which contained the amino 
acid residues of the Pro–Lys–Lys–Lys–Arg–Lys–Val peptide [nuclear localiza-
tion signal (NLS)] in the side chains (Fig. 8.7) [97].

The respective monomers were obtained from l-Lys, l-Val, and l-Arg. 
Receptor-dependent transport of oligomer 179 through membranes, similar to 
NLS transport, was demonstrated.

Another study in this field was devoted to the synthesis of two R1-
GTAGATCACT-R2 oligomers (180, 181) based on l- and d-Arg (Fig. 8.8) [67].

The first oligomer (180) contained a monomer with a consistent -[g-S-a-R-]-
configuration of the chiral centers. In the other oligomer (181), the chiral cen-
ters adjacent to the disubstituted monomer were also stereochemically consis-
tent (a-R-[g-S-a-R-]-g-S-); such a construct was termed “extended chiral box.” 
The hybridization properties of the oligomers are summarized in Table 8.14. 
Both oligomers exhibited high affinity for DNA and RNA. The oligomer with 
the extended chiral box demonstrated high sensitivity to mismatches in RNA 
(∆Tm was 37°C). Thus, these oligomers may be promising molecular tools for 
single-nucleotide polymorphism (SNP) detection.

Comparative studies of molecular recognition and the analysis of the respective 
stereochemical requirements were reported by Mitra and Ganesh [49] and Sugiya
ma and Kittaka [36]. The former group described Am oligomers containing Thy 
monomers with a-R-, a-S-, and g-S-configurations (Fig. 8.9). An investigation of 

FIGURE 8.7  Chemical structure of oligomer 179.

FIGURE 8.8  Chemical structure of oligomers 180 (one a-R-g-S-Arg monomer) and 181 (ad-
jacent a-R-Arg, a-R-g-S-Arg, and g-S-Arg monomers).
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TABLE 8.14 Melting Temperatures of the PNA:DNA and PNA:RNA Antiparallel Fully Matched/Mismatched Duplexes [67]

PNAa

Tm (°C)

∆Tm (°C)

Tm (°C)

∆Tm (°C)
PNA/DNA 
full match

PNA/DNA 
mismatch

PNA/RNA 
full match

PNA/RNA 
mismatch

H-GTAGAT(a-R-ab,g-S-ab)CACT-NH2 172 57b 35c 22 — — —

H-GTAGAT(a-R-gp,g-S-gp)CACT-NH2 180 59b 36c 23 60d 36e 24

H-GTAGA(a-R-gp)T(aR-gp,g-S-gp)C(g-S-gp)ACT-
NH2 181

58b 35c 23 60d 23e 37

Conditions: phosphate buffer (pH 7); 5 mm concentration of each strand.
agp, guanidinopropyl (side chain of Arg residue).
bFully matched ON: 59-AGTGATCTAC-39.
cMismatched ON: 59-AGTGCTCTAC-39.
dFully matched ON: 59-AGUGAUCUAC-39.
eMismatched ON: 59-AGUGCUCUAC-39.
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the properties of Am PNA revealed that the efficiency of complementary binding 
decreases in the following order: g-S- > a-R- ≫ 2(a)-S-derivatives.

Sugiyama and Kittaka [36] investigated how the configuration of a chiral 
center in the b-position (Fig. 8.10) of the pseudopeptide backbone affected the 
binding between PNA and NAs, and the researchers demonstrated unmistak-
able stereochemical selectivity. The hybridization affinities of the oligomers 
containing Thy monomers with the b-S-Me configuration were close to those of 
aeg-PNAs, whereas isomeric oligomers, containing b-R-Me monomers, were 
incapable of forming stable duplexes with ONs.

The introduction of a negative charge into the g-position of the backbone 
via sulfate groups (Fig. 8.11A) [57] or carboxyl groups (Fig. 8.11B) [58] was 
reported to facilitate PNA binding with ONs, presumably due to the preorgani-
zation of such charged PNA oligomers.

Oligopyrimidine methylsulfate PNAs formed stable (PNA)2DNA triplexes 
with complementary DNAs. Those modified PNAs also exhibited antigene 
activity against the ErbB2 gene [57].

Heemstra and coworkers [58] performed comparative studies of a series of 
R1-GTxAGATxCACTx-R

2 oligomers containing Thy g-S-monomers based on 

FIGURE 8.9  Structures of aminomethyl PNAs [46].

FIGURE 8.10  Structures of b-methyl-PNAs [70].

FIGURE 8.11  Fragments of methylsulfate PNAs (A) and carboxymethyl PNAs (B).
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l-Asp and l-Lys. Increasing the solution ionic strength was shown to stabi-
lize duplexes with negatively charged PNA oligomers and destabilize duplexes 
with the positively charged oligomers. Nielsen's buffer [100 mM NaCl, 10 mM 
phosphate, and 0.1 mM ethylenediaminetetraacetic acid (EDTA); pH 7.0] was 
used in most of the hybridization experiments discussed thus far, and a simi-
lar buffer (10 mM sodium phosphate, 100 mM NaCl, and 0.1 mM EDTA; pH 
7.4) was used in the works of Ly et al. Comparative hybridization studies of 
g-S-positively charged and g-S-negatively charged oligomers were performed 
in a different buffer: 3 mM PNA, 3 mM DNA, and 10 mM sodium phosphate 
(pH 7.2) with varying concentrations of NaCl (0 M, 50 mM, 100 mM, 250 mM, 
500 mM, and 1 M).

The RNA affinity of g-carboxymethyl PNAs was greater than the affinities 
of aeg-PNAs and positively charged PNAs under physiological pH conditions 
[54]. Analysis of their sensitivity to mismatches in DNA, which was performed 
on g-Me oligomers with three negatively charged l-Asp-based monomer res-
idues, revealed that these oligomers are inferior to aeg-PNA analogues and 
l-Lys-based positively charged PNAs. However, their sensitivity to mismatch-
es in RNA was significantly higher [98] than the sensitivities of aeg-PNAs and 
positively charged PNAs. Taken together, the results reported in Refs. [57,58] 
argue against a key role of PNA charge in the efficient binding to NAs.

A number of papers reported the formation of parallel chiral PNA:DNA 
duplexes. Similarly to the case of aeg-PNAs, these duplexes were substantially 
less stable than the antiparallel ones.

To summarize, the configuration of chiral centers and their positions in PNA 
oligomers, rather than the charge and volume of the side residues, appear to 
play the major role in the accurate and selective recognition of ON targets. The 
preorganization of ssPNAs is determined by the positions of the chiral centers 
in the pseudopeptide fragment, the number of chiral monomers, and their ar-
rangement. The following chiral PNA constructs have been described to date:

l	 oligomer composed of alternating achiral monomers and chiral monomers 
with the g-S- and/or a-R-configuration [20,30];

l	 oligomer composed of alternating pairs of achiral monomers and chiral 
monomers with the g-S- and/or a-R-configuration [43,57,58];

l	 oligomer containing a chiral box (three or more monomers with the g-S- and/
or a-R-configurations) in the middle of the chain [30,42,43,45,55,85,86,88];

l	 oligomer containing an extended chiral box, that is, three adjacent mono-
mers with consistent stereochemistry (-a-R-[a-R-g-S]-5-g-S-), in the middle 
of the chain [67];

l	 oligomer containing an expanded chiral box, composed of alternating three-
monomer boxes with the g-S-configuration and aeg monomers [20,28, 
30,45,88];

l	 oligomer composed of chiral monomers exclusively [20,29,44,45,55,89, 
93,94].
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As follows from the data in the literature, three to five chiral monomers in 
a decamer with “correct” stereochemistry are sufficient to ensure the desired 
hybridization properties. However, alternating chiral monomers with aeg mono-
mers reduces the rigidity of PNA, which may also turn out to be beneficial.

In general, a more flexible molecule (aeg-PNA with a “compliant” backbone) 
adopts the geometry of the more rigid molecule (DNA or RNA, whose rigidity 
is caused by chiral centers). The flexible strand winds around the rigid one and 
adjusts its spatial parameters (helix pitch) to fit the complementary strand (the 
“rigid spring”/“soft wire” model). Once chiral monomers are incorporated into 
the PNA strand, the rigidity increases; in the case of incorrect stereochemistry, 
which causes geometrical incompatibility (poor fitting), complementary bind-
ing may be disrupted and selectivity may be lost. Affinity and selectivity might 
also be lost if the PNA strand is preorganized per se, and conformational adjust-
ments are impossible.

APPLICATIONS OF CHIRAL PNAs

Similar to aeg-PNA, chiral PNAs are used in microarrays for SNP detection, 
and they are more promising than aeg analogues due to a higher hybridization 
affinity for NAs and due to their improved mismatch discrimination.

Tedeschi et al. reported the application of PNAs with a chiral box composed 
of three a-(d-Arg) monomers [99]. A PNA microarray platform containing 
seven such oligomers was developed for genotyping of seven tomato sorts, dif-
fering in fruit shapes. It was shown that five of the seven sorts can be identified 
using the chiral-PNA microarray platform. The efficiency of identification did 
not depend on the distance between the fluorescent label and the PNA, while in 
the case of DNA-based arrays, that distance was an important factor. A similar 
technology has proven to be efficient for detecting uncommon additives in olive 
oil [100].

PNAs containing Arg residues have been reported to penetrate easily through 
cellular membranes [25] and regulate NA metabolism in various cell lines, and 
thus show great promise potential as antigene and antisense agents [101,102].

Armitage and coworkers used miniprobes composed of 6 or 12 g-mini-
PEG–PNA monomers for the analysis of telomeres [103]. Fluorescence in 
situ hybridization (FISH) was performed with U2OS osteosarcoma and Jurkat 
T-lymphocyte cell lines. The results suggest that the probe containing six PNA 
residues formed a stable duplex with DNA in the U2OS cell line, while in Jurkat 
T-lymphocytes, the chiral PNA 12-mer appeared more efficient. The miniprobes 
stained chromosomal DNA at the mitosis stage of the cell cycle. This example 
illustrates applicability of chiral PNAs in diagnostics.

The high sensitivity of chiral g-mini-PEG–PNAs to mismatches in ON 
complements have been used for genotyping closely related human immuno-
deficiency virus (HIV) subtypes. The usage of a solid-phase nanopore platform 
in combination with g-PNAs allowed discrimination between the two HIV sub-
types [104].
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Other recently reported PNA applications include PNA-based mimics of cy-
clic peptide antibiotics, in which H-bonds between nucleic base pairs substitute 
for the disulfide bridge between cysteine residues. Ly and coworkers reported 
the synthesis of a g-PNA/peptide hybrid. Cyclization of the hybrid gave a mim-
ic of the peptide antibiotic rhesus theta defensin-1M (RTD-1M), which exhib-
ited biological activity comparable with that of RTD-1M [105].

Another undoubtedly promising application is related to structural (conforma-
tional) studies of NAs. Chiral PNAs can be used for investigating noncanonical NA 
architectures, such as G-quadruplexes [106–108]. For instance, G-rich g-S-PNAs 
were reported to form hybrid quadruplexes with homologous RNA and DNA, and 
the impact of the chiral modification on the equilibrium between PNA:DNA or 
PNA:RNA heteroduplexes and heteroquadruplexes was assessed [109].

Thus, chirality does not only improve PNA affinity toward NA (which is the 
key factor in the development of genotyping probes) but also open up opportu-
nities for some new technological applications, which were not possible in the 
case of aeg-PNA. High-level intracellular uptake of Arg-based PNAs suggests 
that such compounds can be used in the development of new molecular tools 
for medicinal chemistry and in gene therapy. Although none of the therapeutics 
currently present at the pharmaceutical market contains chiral PNA as a reac-
tant, it is likely that chiral PNA technologies will play a significant role in the 
treatment of various diseases in the near future.

CONCLUSIONS

Several strategies for synthesizing PNA monomers and oligomers have been 
developed. Although the Boc protocol is currently used most often, it is likely 
that studies on the Fmoc-protocol synthesis of complex chiral PNA oligomers 
bearing functional groups will be reported shortly. One important finding in 
the field of chiral PNAs is that a particular architecture and stereochemistry 
ensure efficient and selective hybridization with complementary NA fragments. 
Preorganization, which is required for efficient hybridization, may be achieved 
by introducing particular chiral monomers into the PNA oligomer structure. The 
monomers must contain chiral centers in the S-configuration in the g-position of 
the pseudopeptide backbone. a-R-Monomers are less advantageous. However, 
a combination of g-S- and a-R-substituents in a single monomer or introduction 
of extended chiral boxes (eg, a box of three monomers with consistent -a-R-[a-
R-g-S]-g-S- stereochemistry) into PNA oligomers may be beneficial. Oligomers 
containing three or more boxes composed of alternating aeg monomers and chi-
ral monomers with the g-S-configuration of the pseudopeptide backbone have 
also demonstrated rather efficient hybridization. It should be taken into account 
that g-S-derivatives can be obtained with high optical purity and are more stable 
than a-derivatives in terms of configuration (ie, less prone to racemization dur-
ing the terminal stages of the synthesis and during solid-phase oligomerization). 
Thus, g-derivatives appear to be generally superior to a-isomers with respect to 
constructing NA mimics with a predetermined structure.
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In view of the above-mentioned regularities, it would be reasonable to 
develop general principles of PNA oligomer design. A specific arrangement 
of chiral and achiral monomers could yield PNAs with a desired hybridization 
affinity toward a particular ON target. Functional groups in chiral monomer 
side residues may impart additional favorable properties to PNAs, for example, 
improved solubility and cell permeability. Moreover, these groups allow ionic 
interactions with carrier molecules and can be used for the fluorescence labeling 
of PNAs, among other benefits.

In conclusion, further progress and more detailed studies of chiral PNAs are 
expected in the near future. Recent findings open up opportunities for new ap-
plications of such PNAs in molecular biology, biomedicine, or nanotechnology.

ABBREVIATIONS

Ab	 aminobutyl-
Ade	 adenine
Aeg	 N-(2-aminoethyl)glycine
Am	 aminomethyl-
Bhoc	 benzhydryloxycarbonyl-
Boc	 tert-butyloxycarbonyl-
Bzl	 benzyl-
Cbz	 benzyloxycarbonyl-
CD	 circular dichroism
Cyt	 cytosine
Dap	 2,6-diaminopurine
DCC	 dicyclohexylcarbodiimide
DCM	 dichloromethane
Dde	 1-(4,4-dimethyl-2,6-dioxocyclohexylidene)ethyl
DEAD	 diethyl azodicarboxylate
DhbtOH	 3-hydroxy-1,2,3-benzotriazine-4(3H)-one
DIAD	 diisopropyl azodicarboxylate
DIEA	 diisopropylethylamine
DMAP	 4-dimethylaminopyridine
DMF	 dimethylformamide
EDC	 1-ethyl-3-(3-(dimethylamino)-propyl)carbodiimide
EDTA	 ethylenediaminetetraacetic acid
EP	 enantiomeric purity
Et	 ethyl-
FISH	 fluorescence in situ hybridization
Fmoc	 9-fluorenylmethoxycarbonyl-
Fmoc-PAL-PEG-PS	� [5-(4-Fmoc-aminomethyl-3,5-dimethoxyphenoxy) valeric acid]–

polyethylene glycol–polystyrene resin
FmocOSu	 9-fluorenylmethoxycarbonyl-N-hydroxysuccinimide
GLC	 gas–liquid chromatography
Gp	 guanidinopropyl-
GPNA	 guanidinium peptide nucleic acid
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Gua	 guanine
HATU	� O-(7-azabenzotriazol-yl)-1,1,3,3-tetramethyl uronium hexafluoro-

phosphate
HIV	 human immunodeficiency virus
HPLC	 high-performance liquid chromatography
IBCF	 isobutyl chloroformate
iBu	 iso-butyl-
MBHA	 (4-methylbenzhydrylamine) resin
MBzl	 methoxy-benzyl-
Me	 methyl-
Ms	 methanesulfonyl-
NA	 nucleic acid
2-NBS	 N-(2-nitrobenzenesulfonyl)-
NLS	 nuclear localization signal
NMM	 N-methyl morpholine
NMR	 nuclear magnetic resonance
Nr	 not reported
ON	 oligonucleotide
PEG	 polyethylene glycol
PG	 protecting group
PNAs	 peptide nucleic acids (polyamide nucleic acids)
RTD-1M	 rhesus theta defensin-1M
SNP	 single-nucleotide polymorphism
TBTU	� 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluorob-

orate
tBu	 tert-butyl-
TEA	 trimethylamine
TES	 triethylsilane
Tf	 triflyl
TFA	 trifluoroacetic acid
TFAA	 trifluoroacetic anhydride
TfOH	 trifluoromethanesulfonic acid
THF	 tetrahydrofuran
Thy	 thymine
TIS	 triisopropylsilane
Tos	 4-toluenesulfonyl
Ura	 uracil
XRD	 X-ray diffraction
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