
Synthesis of novel analogs of aromatic peptide nucleic acids
(APNAs) with modified conformational

and electrostatic properties

Lee D. Fader,a Eddie L. Myersa and Youla S. Tsantrizosa,b,*

aDepartment of Chemistry, McGill University, Montreal, Quebec, Canada H3A 2K6
bDepartment of Chemistry, Boehringer Ingelheim (Canada) Ltd, 2100 Cunard Street, Laval, Quebec, Canada H7S 2G5

Received 5 November 2003; revised 13 January 2004; accepted 13 January 2004

Abstract—Aromatic peptide nucleic acid analogs having an N-(2-aminobenzyl)glycine backbone (APNA 1) were previously identified as
promising new leads for the design of polyaromatic DNA mimics. Structural modifications of 1, which lock the aromatic backbone into a
unique conformation, while maintaining the same space distribution between the nucleobases as in 1, were investigated. The electrostatic
potential of the aromatic backbone was also modified in an attempt to improve the solubility of these compounds in aqueous media and to
evaluate how the quadrapole of the aromatic backbone may influence the biophysical properties of the APNA oligomers. PNA hexamers
containing a single monomer insert of each new APNA monomer were used to explore the hybridization properties of these analogs with poly
rA and poly dA. Preliminary results indicated that these modifications do not seriously alter the molecular recognition properties of APNAs
towards DNA and RNA.
q 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Peptide nucleic acids (PNAs, I) are mimics of natural
oligonucleotides where the phosphate/deoxyribose back-
bone has been replaced by repeating 2-aminoethylglycine
units and the nucleic acid base is attached to the backbone
via an acetate linker.1 These molecules exhibit several
unique and unexpected molecular recognition properties,
including enhanced hybridization affinity for DNA and
RNA, in both the antiparallel and parallel binding modes,2

and formation of invasion duplexes or triplexes when
targeted to double stranded DNA3 or RNA.4 Another unique
property of PNAs is the monophasic thermal denaturation
profile of triplex structures which form between poly-
pyrimidine PNAs and polypurine complementary strands,
which indicate exclusive triplex to a random coil
dissociation of the complex.5 Although PNAs hold many
promises as potential therapeutic agents6 and as diagnostic
tools,7 this class of oligonucleotide analogs suffer from poor
solubility in aqueous media and poor cell membrane
permeability.8

In an attempt to improve the solubility of PNAs in
biological fluids, a number of structural modifications
have been reported which have incorporated charged or
hydrophilic functional groups along the backbone.
Promising examples of this type include the oxy-PNAs
(II),9 the phosphono-PNAs (III)10 and various substituted
forms of the original 2-aminoethylglycine backbone (IV).11

In addition, a significant amount of effort has been devoted
to developing analogs and conjugates with good cell
membrane permeability. Although some types of cells,
including nerve cells12 and various strains of Escherichia
coli,13 appear to be permeable to PNAs, most mammalian
cells are fairly impermeable to these molecules. Efforts to
overcome this problem include covalent cross-linking of the
oligomer to nuclear internalizing peptides and structural
modifications.14 In a recent example, Meir and co-workers15

reported on the biological properties of a PNA-peptide
conjugate using the cyclic peptide octreotate, a mimic of
somatostatin.16 In vivo data in rat suggested that this
conjugate was selectively recognized and internalized by
somatostatin-receptors, which are usually widely displayed
on the cell membranes of cancer cells.15 A more general
approach for transporting PNA oligomers across cell
membranes could be by chemical modification. This
approach was recently exemplified by Zhou and co-
workers,17 who demonstrated that a polycationic, guani-
dine-based backbone (i.e. IV, R0¼–(CH2)3NH(CvNH)
NH2, RvH) could dramatically alter the uptake and
localization of the PNA oligomer in the cell nucleus of

0040–4020/$ - see front matter q 2004 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tet.2004.01.026

Tetrahedron 60 (2004) 2235–2246

* Corresponding author. Address: Department of Chemistry, Boehringer
Ingelheim (Canada) Ltd, 2100 Cunard Street, Laval Québec, Canada H7S
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cultured HCT116 cells, possibly by involvement of a TAT
transduction pathway.17,18

During our previous investigations in this field,19,20 we
focused our attention on the design of novel peptide nucleic
acid analogs having an aromatic moiety as an integral part
of their backbone; we termed these derivatives as aromatic
peptide nucleic acids (APNAs).19,20 Preliminary hybridiz-
ation experiments with DNA and RNA identified monomer
1 as the most promising lead structure from this class of
analogs.20 Unfortunately, the poor solubility observed with
homopolymers of 1 prevented an in-depth evaluation of
these analogs as potential antisense agents or as ligands for
nucleic acid processing enzymes.20b In this study, we
describe the synthesis and some preliminary hybridization
properties of four new derivatives of 1 which were designed
in order to (a) lock the aromatic backbone into a
conformationally unique structure, while maintaining the
same space distribution between the nucleobases and (b)
modulate the electrostatic potential of the aromatic back-
bone of 1 in an attempt to improve the solubility of its
homopolymers in aqueous media.

2. Results and discussion

Structural pre-organization of a synthetic oligomer into a
conformation that closely resembles its DNA- or RNA-
bound conformation is expected to increase the thermal
stability of the complex (duplex or triplex) it would form
with its complementary natural oligonucleotide. In recent
years, a number of rigidified PNA analogs have been
described in the literature, aiming to address the confor-

mational flexibility of the original PNA analogs.21 The
tertiary amide moiety of the PNA monomer unit that tethers
the nucleic acid base to the backbone has received much
attention as a target for these modifications. Early molecular
modeling investigations suggested that the carbonyl oxygen
of the tertiary amide might participate in an intramolecular
hydrogen bond, helping to preorganize PNA oligomers for
duplex formation.22 Nielsen23 and Leumann24 further
examined the importance of this carbonyl moiety and
suggested that the amide geometry and/or its electrostatic
interaction with adjacent residues contribute to the molecu-
lar recognition of PNAs for natural oligonucleotides. In
addition, NMR and X-ray crystallographic data have
independently shown that in the bound conformation the
amide bond favors the rotamer, which orients the carbonyl
oxygen toward the C-terminal of the peptide (formally the
Z(O) geometry) in PNA/DNA,25 PNA/RNA,26 as well as the
PNA/PNA27 complexes. However, the two rotamers of the
amide are in rapid equilibrium in the free state of a single
stranded PNA oligomer.25a Based on this literature
precedence, we focused our attention on replacing the
2-aminobenzyl glycyl backbone of the APNA monomer 1
with a conformationally more rigid backbone such as the
N-phenyl-N-alkyl amide derivatives 2 and 3. In most cases,
N-phenyl-N-alkyl amides would be expected to adopt
exclusively the E(O) geometry, with the plane of the phenyl
moiety oriented perpendicularly to the plane of the amide
bond.28 Consequently, the N-alkyl unit of monomers 2 and 3
would be expected to extend in the C-terminal direction,
having an amide conformation analogous to the Z(O)
rotamer preferred by PNAs for binding to natural oligo-
nucleotides in either a duplex or triplex structure.25 – 27

However, these new analogs were designed so as to
maintain the space distribution between nucleobases the
same as in the lead structure 1 (total of a 6-bond spacing
between units, 5 s-bonds and 1 p-bond) in homopolymers
of APNA. Furthermore, modifications to the electrostatic
character of the 2-aminobenzyl ring of the lead structure 1
by the incorporation of an anionic carboxylate substituent or
possibly a cationic pyridyl backbone (4 and 5, respectively),
was expected to improve the solubility of APNAs in
aqueous media, and possibly alter their binding properties.

2.1. Synthesis of APNA monomers

The synthesis of the APNA monomer 2 was accomplished
as outlined in Scheme 1. The previously reported mono-Boc
protected aromatic diamine 620b was reacted with allyl
bromide in the presence of DIPEA to give the secondary
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aniline 7 in good yield. The thymine derivative 8 was then
attached to the backbone via EDC mediated amide bond
formation to give the amide intermediate 9. The 1H NMR
spectrum of this compound revealed the presence of non-
equivalent geminal protons for each methylene group,
confirming that amide 9 was intrinsically chiral. This
observation suggested that the plane of the phenyl moiety
was oriented perpendicularly to the plane of the amide bond,
thus leading to a chiral molecule. Importantly, only one
resonance was observed for each non-equivalent proton,
suggesting that the amide rotamer equilibrium favored only
one isomer. Upon dihydroxylation of the terminal olefin of 9
with OsO4 a diastereomeric mixture of the corresponding
diol (10) was formed. This diol was subsequently oxida-
tively cleaved to the aldehyde 11 which was in turn oxidized
to the desired APNA monomer 2, having a free carboxylic
acid moiety (Scheme 1).

The synthesis of the APNA monomer 3 was accomplished
using the protocol illustrated in Scheme 2. Commercially
available diamine 12 was first selectively protected as the
mono N-Boc carbamate 13 in good yield.29 Under neutral
conditions, alkylation of 13 with methyl 3-bromoproprio-
nate could only be achieved at high temperature, giving the
secondary aniline 14 in a very modest yield. The thymine
acetate derivative 8 was then coupled to 14 to obtain
the fully protected APNA monomer 15, which was
then deprotected with HCl/dioxane to the free aniline
momomer 3.

The synthesis of monomer 4 was achieved following a
scheme similar to that previously described for the
preparation of 1 (Scheme 3).20a 3-Methyl-2-nitrobenzoic
acid was converted to the ester 17 under acidic conditions in

methanol which was then brominated to give the benzylic
bromide 18 in modest yield. The backbone fragment 20 was
obtained in nearly quantitative yield after alkylation of
glycine t-butyl ester (19) with the bromide 18 under basic
conditions (Scheme 3). The thymine acetate 8 was then
coupled to the backbone moiety and the nitro group of the
amide intermediate 21 was reduced under catalytic
hydrogenation conditions to give the differentially protected
diester monomer 4 in good overall yield from the acid 16.

For the synthesis of the pyridyl analog 5, the aldehyde
intermediate 22 was first prepared by ortho lithiation of the
Boc protected 4-amino pyridine, followed by formylation

Scheme 1. Synthesis of APNA monomer 2. Conditions: (a) BrCH2CHCH2,
DIPEA, DMF 76%; (b) 8, EDC, DMF, 89%; (c) OsO4, NMO, tBuOH/H2O/
THF, 86%; (d) NaIO4, THF/H2O, .98%; (e) NaClO2, NaH2PO4, 2-methyl-
2-butene, tBuOH/THF/H2O, 60%.

Scheme 2. Synthesis of APNA monomer 3. Conditions: (a) Boc2O, THF,
75%; (b) BrCH2CH2CO2Me, DMF, D, 36%; (c) Compound 8 EDC, DMF,
49%; (d) HCl/dioxane, quant.

Scheme 3. Synthesis of APNA monomer 4. Conditions: (a) MeOH, H2SO4,
D, 89–100%; (b) NBS, Bz2O2, D, 49%; (c) NH2CH2CO2tBu (19), DIPEA,
DMF, 98%; (d) Compound 8, EDC, DMF, 93%; (e) HCO2H, DIPEA, Pd/C,
DMF, 89%.

L. D. Fader et al. / Tetrahedron 60 (2004) 2235–2246 2237



with DMF as previously described.30 Reductive alkylation
of the aldehyde with the benzyl ester of glycine gave the
backbone intermediate 23 in modest yield (Scheme 4).
Coupling of 23 with the thymine derivative 8 in the usual
manner, followed by removal of the carbamate protecting
group under acidic conditions, gave monomer 5 in good
overall yield from aldehyde 22.

2.2. Conformational analysis of the N-phenyl APNA
monomers

The preferred conformation of each new APNA monomer
was investigated by NMR. A mixture of two thermo-
dynamically stable rotamers of each compound was clearly
evident in both their 1H and 13C NMR spectra of monomers
1, 4 and 5. For each APNA monomer, as well as each key
intermediate leading to its synthesis, variable temperature
(VT) 1H NMR was used to confirm that the two sets of
resonances observed at RT were due to the presence of
rotamers and not due to the presence of undesired impurities
in the samples. Rapid equilibrium (on the NMR time scale)

between the two rotamers of the tertiary amides, and
consequent coalescence of the two sets of resonances into
one set, was usually observed at temperatures greater than
90–100 8C (e.g. compound 25, Fig. 1(b)).

As we had anticipated, however, only one set of resonances
was observed for each non-equivalent proton and carbon (in
the 1H and 13C NMR spectra acquired at RT) of the APNA
monomers 2 and 3, strongly suggesting that these com-
pounds adopted predominantly only one conformation.
Similar NMR data were also obtained for all of the synthetic
precursors of these analogs (e.g. compound 9, Scheme 1,
Fig. 1(a)). Unfortunately, due to the extensive overlap of the
aromatic resonances in the 1H NMR spectra of monomers 2
and 3, detailed investigations of these analogs by NMR
experiments proved to be very challenging. In order to gain
some insight into the conformation of these compounds, the
model compound 26 (the adenine analog of the synthetic
intermediate 9, Scheme 1), was subsequently used for
structural studies. It should be noted that all of the 1H NMR
resonances of compound 26 could be unambiguous assigned
and VT 1H NMR experiments did not reveal any significant
changes in these signals.31 Chemical shift assignments for
both Ha and Hb were confirmed by the NOE correlations
observed (Fig. 2), which included a strong NOE between
both Ha and Hb and H8 of the adenine base. Strong NOE was
also observed between Ha and aromatic Hc proton but not
between Hb and Hc. Furthermore, a significant difference in
chemical shifts was observed for the two diastereotopic
protons Ha and Hb. The complete set of NMR data from
compound 26 were consistent with a mixture of atrop-
isomers which preferentially adopted the desired E(O)
rotamer conformation (Fig. 2). Based on this data and
literature precedence on other N-phenyl-N-alkyl amides,28 it
is reasonable to assume that the single conformation
observed for the pyrimidine analogs 2 and 3 is also that of
the E(O) rotamer.

2.3. Comparison of the hybridization properties of the
APNA units 1–5 in a PNA/APNA chimera

We previously observed that the coupling of PNA
monomers to a polymer-bound ortho-substituted aniline

Scheme 4. Synthesis of APNA monomer 5. Conditions: (a) TsOH·H2

NCH2CO2Bn, NaBH3CN, EtOH, 43%; (b) Compound 8, EDC, DMF, 73%;
(c) HCl, 4 M in 1,4-dioxqane, quant.

Figure 1. Temperature dependence of selected regions of the 270 MHz 1H NMR spectra of intermediates 9 and 25.
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monomer (1) was problematic, resulting in poor coupling
yields and difficult separations of the desired final products
from the shorted oligomers often formed as side products.
This problem was overcome by using PNA/APNA dimers as
the building blocks in our protocol for the solid-phase
synthesis. Based on this protocol, single inserts of mono-
mers 3–5 were incorporated into PNA-T6 oligomers via the
dimer building blocks 30–32 and previously established
solid-phase chemistry (Scheme 5).20a,32 In contrast, a PNA
monomer could be efficiently coupled to a resin-bound
APNA monomer 2, presumably due to the superior
nucleophilicity and lower steric hindrance of the benzylic

amine N-terminal derived from 2 vs. the aniline nitrogen
derived from monomers 1, 3–5.

In order to gain some insight into the binding properties of
the APNA units 2–5, the hybridization stability of triplex
structures formed between each of the Lys-PNA2-APNA-
PNA3-R chimeras (Table 1, oligomers 35–38) and poly(rA)
or poly(dA) were examined by UV-thermal melting (Tm)
experiments and compared to those of the control PNA
hexamer 33 and the previously described APNA/PNA
chimera 34.20a,33 In all cases, introduction of one APNA
unit into the PNA hexamer led to destabilization of the
triplexes relative to the PNA control (Table 1). As
previously reported, a destabilization of approximately
13 8C (or ,6.5 8C per APNA monomer of the triplex) was
observed for hexamer 34 as compared to the unmodified
PNA hexamer 33.20a Incorporation of monomer 2 into the
PNA oligomers (hexamer 35) resulted in only a slight
decrease of Tm value for the triplex with RNA
(DTm¼23 8C) compared to hexamer 34, whereas a more
significant difference was observed with DNA
(DTm¼26 8C). Interestingly, no binding was observed
between chimera 36 (with an insert of monomer 3) and
poly dA or poly rA. Perhaps this was to be expected, since

Figure 2. Key NOE correlations from NOESY spectra of amide 26.

Scheme 5. Synthesis of APNA/PNA dimers 29–31. Conditions: (a) PG-
PNA-Thy-OH, coupling conditions, see Section 4; (b) conversion of ester to
carboxylic acid, see Section 4.

Table 1. Results of thermal denaturation experimentsa for complexes of
hexamers 33–38 with poly rA and poly dA

Monomer insert Hexamer Complex with
poly rA (Tm, 8C)

Complex with
poly dA (Tm, 8C)

PNA 33 65 56
1 34 50 45
2 35 47 39
3 36 n.o. n.o.
4 37 48 42
5 38 47 39

n.o.—a clear sigmoidal transition was not observed.
a Melting temperatures of triplexes were determined on a Cary 3 UV–vis

spectrophotometer. All Tm solutions were 150 mM in NaCl, 10 mM in
NaH2PO4, 1 mM in EDTA, the pH was adjusted to 7.1. The solutions
were heated to 90 8C for 10 min then cooled slowly to 4 8C and stored at
that temperature for at least 1 h. The melting curves were recorded by
heating the solutions from 5 to 90 8C in steps of 0.5 8C/min. Tm values are
the maxima of the first derivative plots obtained from each melting curve.
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incorporation of monomer 3 into the PNA oligomer
(hexamer 36), significantly alters the space distribution
between adjacent nucleic acid bases, in particular at the
junction points between the APNA and PNA units,
presumably leading to a dramatic destabilization of any
complex that could potentially form with DNA or RNA.

Since insertion of 1 into PNA gave the PNA/APNA chimera
with the best hybridization properties, structural modifi-
cations which would increase the solubility of oligomers
derived from 1 in aqueous media were subsequently
investigated. The binding properties of chimeras 37 and
38 composed in part of APNA units 4 and 5, respectively,
were initially explored by evaluating the thermal stability of
the triplexes formed by these hexamers and poly dA or poly
rA (Table 1). In both cases, a slightly detrimental effect on
the RNA recognition properties of the APNA/PNA
chimeras (DTm¼,2 8C) were observed, and a more
significant destabilization was observed for the triplexes
formed with DNA (DTm¼3–6 8C). Nonetheless, APNA
homopolymers composed of monomers 4 and 5 are
expected to exhibit better solubility in aqueous buffer than
the corresponding homopolymers of monomer 1.34 There-
fore, these new analogs represent two potential new lead
structures, with improved solubility properties that could
facilitate our future studies into the structural and biological
properties of aromatic peptide nucleic acids.34

3. Conclusions

Previously, we reported that insertion of monomer 1 into a
PNA oligomer was well tolerated in both triplex and duplex
structures, allowing for selective Watson-Crick and/or
Höogsteen base pairing recognition and hybridization with
complementary DNA or RNA strands.20 In this report, we
have used monomer 1 as a lead structure for further
optimization of the 2-aminobenzyl glycyl backbone.
Conformationally pre-organized monomers having the
amide bond in the preferred E(O) conformation (purine 26
and most likely pyrimidine 2) and analogs with a modified
electrostatic potential along the backbone34 (analogs 4 and
5) were synthesized. PNA/APNA chimeras containing a
monomer unit of 2, 4 or 5 (oligomers 35, 37 and 38,
respectively) were prepared and their hybridization proper-
ties with DNA and RNA were evaluated. Based on the
preliminary data, these structural alterations appear to be
well tolerated, leading to only a minor decrease in the
thermal stability of the triplexes formed with DNA or RNA.
However, these minor effects may not accurately reflect the
hybridization properties of the corresponding APNA
homopolymers.17,20b,24b,35 Thus, the synthesis and evalu-
ation of the biophysical properties of homopolymers
composed of 2, 4 or 5 are in progress and will be reported
in the near future. The more polar compounds 4 and 5 are of
special interest, since their homopolymers are expected to
be fairly soluble in aqueous media.34 These oligomers may
be valuable tools in exploring possible inter-residue p–p
interactions,36 such as those observed in protein folding,37

DNA duplex structures38 or protein/nucleic acid inter-
actions.39 Plausible dipole/quadrapole interactions (i.e.
p-cation or X–H–p hydrogen bonds)40 along the backbone
of these oligomers may also contribute to the pre-organizing

forces that favor helix formation, or binding to proteins, and
will be explored. Ultimately, our ability to affect the
biophysical properties of synthetic oligomers by modifying
their structure and electrostatic potential is critical to our
endeavour towards achieving a better understanding of the
factors, which dictate molecular recognition between
synthetic oligomers and natural oligonucleotides.

4. Experimental

4.1. General methods

Solvents were purchased from Fischer Scientific and
purified as follows: THF was distilled from sodium/benzo-
phenone ketyl; CH2Cl2 distilled from P2O5 or CaH2; DMF
treated with KOH overnight at RT, then vacuum distilled
from CaO or BaO and stored over activated 4 Å molecular
sieves; MeCN distilled from CaH2; pyridine distilled from
CaH2. HATU was purchased from PerSeptive Biosystems
Ltd. Hexane used for chromatography was reagent grade
n-hexane that contained small amounts of hexane isomers.
MBHA resin was purchased from Nova Biochem Ltd. All
other starting materials and reagents were purchased from
Sigma/Aldrich Canada and were used without further
purification, except for DIPEA and Et3N which were
refluxed over CaH2 and then distilled and stored over
activated 4 Å molecular sieves. Thin-layer chromatography
was carried out on aluminum-backed silica gel 60 F254

plates (EM Science, Germany) using the solvent systems
indicated. HPLC solvents were HPLC grade and were
filtered through 0.45 mm filters (Supelco, Bellefonte, PA)
prior to use. Analytical HPLC analysis was carried out using
one of the following sets of conditions: Condition A: HP
Hypersil ODS-C18 reversed phase column (4.6£250 mm,
5 mm), flow rate 1.2 mL/min, linear gradient from 100% A
to 60% A/40% (v/v) B in 40 min, UV monitored at l¼266
and 254 nm, at 55 8C. Condition B: Waters Symmetryw C18
reversed phase column (4.6£150 mm, 5 mm), flow rate
1.2 mL/min, linear gradient from 95% A/5% B to 70%
A/30% (v/v) B in 55 min, UV monitored at l¼266 and
254 nm, at 55 8C. Condition C: Waters Symmetryw C18
reversed phase column (4.6£150 mm, 5 mm), flow rate
1.2 mL/min, linear gradient from 95% A/5% B to 100%
(v/v) B in 18 min, UV monitored at l¼266 and 254 nm, at
55 8C. Semipreparative HPLC was carried out using the
following set of conditions: HP Zorbaxw C18 reversed
phase column (9.4£250 mm, 5 mm), flow rate 4.2 mL/min,
linear gradient from 95% A/5% B to 70% A/30% (v/v) B in
55 min, UV monitored at l¼266 and 254 nm, at 55 8C.
All compounds were purified to .95% homogeneity as
determined by C18 reversed phase analytical HPLC using
the conditions described above.

Deuterated NMR solvents were purchased from Isotec Inc.
(Miamisburg, OH). NMR spectra were obtained at ambient
temperature unless otherwise indicated. 1H and 13C NMR
chemical shifts are quoted in ppm and are referenced to the
internal deuterated solvent. Mixtures of rotamers were often
observed by NMR; in those cases the signals are denoted as
major (ma.) and minor (mi.). All 1H NMR spectra were
recorded on Varian Mercury (300 or 400 MHz) or JEOL
(270 MHz) Spectrometers. 13C NMR spectra were recorded
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on a JEOL spectrometer (67.7 MHz) or Varian Mercury
spectrometers (75 MHz).

4.1.1. Synthesis of {[2-(tert-butoxycarbonylamino-
methyl)-phenyl]-[2-(5-methyl-2,4-dioxo-3,4-dihydro-2H-
pyrimidin-1-yl)-acetyl]-amino}-acetic acid (2). A solution
of NaClO2 (310 mg, 3.44 mmol) and NaH2PO4 (257 mg,
2.14 mmol) in H2O (1 mL) was added to a solution of
aldehyde 12 (184 mg, 0.43 mmol) dissolved in a 1:8:4
mixture of 2-methyl-2-butene/tBuOH/THF (5.5 mL). After
complete consumption of the aldehyde as determined by
TLC, the reaction was partitioned between aqueous NaOH
(5 mL, 0.5 M) and EtOAc (5 mL). The aqueous phase was
then acidified to pH¼3 by addition of HCl (3 M) and then
extracted with EtOAc (3£5 mL). The organic layer was then
dried over anhydrous MgSO4 and concentrated to a white
foam. Residual H2O and acetic acid were removed by
suspending the product in toluene and concentrating to
dryness (3£). Yield: 60%. 1H NMR (300 MHz, DMSO-d6)
d: 1.37 (s, 9H), 1.71 (m, 3H), 3.81–4.63 (m, 6H), 7.13–7.55
(m, 5H), 11.30 (br, 1H). 13C NMR (75 MHz, DMSO-d6) d:
11.9, 28.2, 48.3, 50.4, 78.1, 107.8, 125.1, 128.0, 128.7,
128.8, 129.1, 129.2, 137.8, 138.0, 141.7, 150.6, 155.7,
164.1, 166.6.

ESþ MS m/z: 469.2 (MþNa)þ; ES2 MS m/z: 445.2
(M2H)2.

4.1.2. Synthesis of 2-amino-3-({tert-butoxycarbonyl-
methyl-[2-(5-methyl-2,4-dioxo-3,4-dihydro-2H-pyrimi-
din-1-yl)-acetyl]-amino}-methyl)-benzoic acid methyl
ester (4). To a solution of compound 21 (578 mg,
1.16 mmol) dissolved in DMF (5 mL) was added Pd/C
(75 mg) followed by DIPEA (670 mL, 3.85 mmol) and
HCO2H (120 mL, 3.50 mmol). After stirring for 2.5 h, the
reaction was diluted with EtOH (10£) and filtered through
celite. The filtrate was then evaporated to dryness and the
residue purified by flash column chromatography (2–5%
(v/v) MeOH/CH2Cl2) to give 480 mg of aniline 5 (89%). 1H
NMR (400 MHz, DMSO-d6, mixture of rotamers as
determined by VT 1H NMR experiments) d: 1.25 (ma.)
and 1.37 (mi.) (s, 9H), 1.74 (mi.) and 1.76 (ma.) (s, 3H), 3.77
(ma.) and 3.80 (mi.) (s, 3H), 3.88 (mi.) and 4.19 (ma.) (s,
2H), 4.44 (ma.) and 4.51 (mi.) (s, 2H), 4.56 (br, 2H), 6.50–
6.70 (m, 3H), 7.22–7.40 (m, 2H), 7.69–7.74 (m, 1H), 11.28
(mi.) and 11.31 (ma.) (br, 1H). 13C NMR (67.7 MHz,
acetone-d6) d: 12.4, 27.8, 28.1, 47.8, 48.0, 48.5, 48.9, 49.3,
52.1, 81.4, 82.2, 108.5, 108.7, 109.7, 114.8, 115.6, 121.4,
130.6, 131.3, 132.5, 136.2, 142.5, 142.8, 149.2, 150.0,
151.5, 164.9, 167.9, 168.5, 169.2.

ESþ MS m/z: 483.1 (MþNa)þ; ES2 MS m/z: 459.0
(M2H)2.

4.1.3. Synthesis of (2-allylamino-benzyl)-carbamic acid
tert-butyl ester (7). To a solution of aniline 6 (9.6 g,
43 mmol) in anhydrous DMF (420 mL) was added DIPEA
(3.7 mL, 21 mmol) and allyl bromide (25.8 g, 21 mmol).
The reaction was stirred overnight under N2 and then
concentrated to an oil. The residue was then taken up in
EtOAc (400 mL) and washed with H2O (3£300 mL). The
organic layer was dried over Na2SO4 (anhydrous) and the
solvent removed under reduced pressure. The product was

obtained as an off-white solid after silica gel chromatog-
raphy (10% (v/v) EtOAc/hexanes) in 76% yield. 1H NMR
(300 MHz, CDCl3). d: 1.44 (s, 9H), 3.83 (m, 2H), 4.27 (d,
2H, J¼6.6 Hz), 4.82 (br, 1H), 5.18 (m, 1H), 5.29 (m, 1H),
5.90–6.03 (m, 1H), 6.67–6.72 (m, 2H), 7.06 (d, 1H, J¼
6.3 Hz), 7.21 (t, 1H, J¼7.7 Hz). 13C NMR (67.7 MHz,
DMSO-d6) d: 14.4, 22.5, 28.7, 31.4, 45.8, 78.5, 110.4,
115.7, 115.9, 123.9, 128.4, 136.4, 146.2, 156.7.

ESþ MS m/z: 263.1 (MþH)þ; ES2 MS m/z: 261.2 (M2H)2.

4.1.4. Synthesis of (2-{allyl-[2-(5-methyl-2,4-dioxo-3,4-
dihydro-2H-pyrimidin-1-yl)-acetyl]-amino}-benzyl)-car-
bamic acid tert-butyl ester (9). Secondary aniline 7
(600 mg, 2.29 mmol) was dissolved in anhydrous DMF
(2.3 mL). To the solution was added carboxylic acid 8
(843 mg, 4.58 mmol) followed by EDC (875 mg,
4.58 mmol). The reaction was stirred for 5–7 h under N2

and then concentrated to a yellow oil. The residue was
partitioned between EtOAc (8 mL) and sat. aq. NaHCO3

(8 mL). The organic layer was further extracted with sat. aq.
NaHCO3 (1£8 mL) and H2O (1£8 mL). The organic layer
was concentrated to give a yellowish solid and the product
was purified by dissolution in a minimal amount of EtOAc,
followed by precipitation by slow addition of hexanes.
Yield: 89% (white solid). 1H NMR (400 MHz, DMSO-d6)
d: 1.38 (s, 9H), 1.72 (s, 3H), 3.72 (dd, 1H, J¼14.4, 7.2 Hz),
3.91 (d, 1H, J¼16.8 Hz), 4.07 (dd, 1H, J¼16.0, 6.0 Hz),
4.14–4.22 (m, 2H), 4.60 (dd, 1H, J¼14.4, 5.6 Hz),
5.06–5.11 (m, 4H), 5.74–5.85 (m, 1H), 7.20–7.59 (m,
5H), 11.29 (br, 1H). 13C NMR (67.7 MHz, DMSO-d6) d:
12.3, 28.7, 49.2, 51.7, 78.7, 108.4, 119.0, 128.6, 129.3,
129.7, 130.0, 133.2, 137.9, 138.7, 142.5, 151.4, 156.5,
164.8, 166.6.

ESþ MS m/z: 429.3 (MþH)þ; ES2 MS m/z: 427.2 (M2H)2.

4.1.5. Synthesis of (2-{(2,3-dihydroxy-propyl)-[2-(5-
methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-
acetyl]-amino}-benzyl)-carbamic acid tert-butyl ester
(10). Compound 9 (261 mg, 0.61 mmol) was dissolved in
1:1:1 H2O/THF/tBuOH (1.8 mL). To the solution was added
OsO4 (583 mL, 0.052 M in benzene) followed by NMO
(80 mg, 0.67 mmol) and the reaction was stirred for 10 h.
The reaction was then quenched by addition of a 1:1 mixture
of saturated Na2SO3/sat. aq. NaHCO3 (2 mL for every 1 mL
of reaction mixture). This mixture was stirred for 30–
60 min and then extracted with EtOAc (1£8 mL). The
desired tertiary amide 10 was then purified by silica gel
chromatography using a gradient from 0 to 10% (v/v)
MeOH/CH2Cl2. Yield: 86%. 1H NMR (400 MHz, DMSO-
d6) d: 1.39 (s, 9H), 1.72 (s, 3H), 3.27–4.76 (m, 6H), 7.16–
7.58 (m, 5H), 11.26 (s, 1H). 13C NMR (67.7 MHz, CDCl3)
d: 11.9, 28.5, (40.2, 40.5), 50.4, (52.7, 53.6), (64.9, 65.1),
(70.4, 70.5), 80.0, (110.3, 110.4), 129.2, (129.7, 129.8),
(130.2, 130.3), 130.4, (138.7, 138.7), 139.7, (143.3, 143.3),
152.6, 158.0, 166.4, (169.0, 169.4).

ESþ MS m/z: 463.3 (MþH)þ; ES2 MS m/z: 461.2 (M2H)2.

4.1.6. Synthesis of {2-[[2-(5-methyl-2,4-dioxo-3,4-dihy-
dro-2H-pyrimidin-1-yl)-acetyl]-(2-oxo-ethyl)-amino]-
benzyl}-carbamic acid tert-butyl ester (11). An aqueous
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solution of NaIO4 (1.8 mL, 0.25 M) was added to a solution
of diol 10 (200 mg, 0.43 mmol) dissolved in THF (0.8 mL)
and the reaction was carefully monitored by TLC. Upon
complete consumption of the starting material, the reaction
was filtered and the product was extracted from the reaction
mixture with EtOAc (3£5 mL). The combined organic
layers were dried over anhydrous MgSO4, concentrated to
dryness and the resulting white foam was used immediately
in the next step. Yield (crude): .98%. 1H NMR (400 MHz,
DMSO-d6) d: 1.38 (s, 9H), 1.72 (s, 3H), 4.04–4.34 (m, 4H),
4.68 (d, 1H, J¼18.0 Hz), 5.16 (d, 1H, J¼6.8 Hz), 7.34–7.56
(m, 5H), 9.51 (s, 1H).

ESþ MS m/z: 431.2 (MþH)þ; ES2 MS m/z: 429.2 (M2H)2.

4.1.7. Synthesis of 3-(2-tert-butoxycarbonylamino-phenyl-
amino)-propionic acid methyl ester (14). A flask contain-
ing mono-Boc protected diamine 13 (711 mg, 3.4 mmol)
was charged with anhydrous DMF (750 mL) and methyl
3-bromoproprionate (230 mg, 1.4 mmol). The mixture was
rapidly (over ,5 min) heated to ,110–130 8C and then
allowed to cool to RT with stirring over 1 h. The reaction
was then evaporated to dryness and the mixture purified by
silica gel chromatography (gradient of 25–50% (v/v)
EtOAc/hexanes as eluant) to give the desired secondary
aniline 14 in 36% yields (in addition, Boc-deprotected
backbone and some unreacted starting aniline 13 were also
recovered). 1H NMR (300 MHz, CDCl3) d: 1.52 (s, 9H),
2.66 (t, 2H, J¼6.6 Hz), 3.44 (t, 2H, J¼6.3 Hz), 3.72 (s, 3H),
6.76–6.83 (m, 2H), 7.08 (dt, 1H, J¼7.5, 1.8 Hz), 7.37 (d,
1H, J¼7.8 Hz). 13C NMR (75 MHz, DMSO-d6) d: 28.3,
33.8, 39.9, 51.8, 80.4, 113.1, 118.7, 124.9, 125.2, 126.2,
141.2, 154.1, 172.8.

ESþ MS m/z: 295.2 (MþH)þ; ES2 MS m/z: 293.3 (M2H)2.

4.1.8. Synthesis of 3-{(2-tert-butoxycarbonylamino-
phenyl)-[2-(5-methyl-2,4-dioxo-3,4-dihydro-2H-pyrimi-
din-1-yl)-acetyl]-amino}-propionic acid methyl ester
(15). Secondary aniline 14 (40 mg, 0.136 mmol) and
thymine derivative 8 (50 mg, 0.27 mmol) were dissolved
in anhydrous DMF (500 mL). To the solution was added
EDC (52 mg, 0.27 mmol) and the reaction was stirred
overnight under N2. The reaction mixture was diluted with
EtOAc (5 mL) and extracted with sat. aq. NaHCO3

(2£5 mL) and H2O (1£5 mL). The organic layer was
dried over MgSO4 and then concentrated to dryness. The
desired amide 15 was isolated as a white foam after
purification by silica gel chromatography (EtOAc as eluant)
in 49% yield. 1H NMR (300 MHz, DMSO-d6) d: 1.53 (s,
9H), 1.91 (m, 3H), 2.48–2.56 (m, 1H), 2.60–2.67 (m, 1H),
3.66 (sw, 3H), 3.83–3.90 (m, 1H), 4.06–4.14 (m, 3H), 6.94
(m, 1H), 7.15–7.22 (m, 2H), 7.41–7.45 (m, 1H), 8.00 (br,
1H), 8.05 (d, 1H, J¼7.2 Hz). 13C NMR (67.7 MHz, DMSO-
d6) d: 12.2, 28.2, 32.1, 44.6, 49.5, 52.0, 81.2, 110.4, 123.4,
124.7, 129.4, 130.0, 130.1, 135.7, 141.3, 151.3, 153.3,
164.8, 167.4, 172.0.

ESþ MS m/z: 461.4 (MþH)þ; ES2 MS m/z: 459.2 (M2H)2.

4.1.9. Synthesis of 3-methyl-2-nitrobenzoic acid methyl
ester (17). Commercially available 3-methyl-2-nitro-
benzoic acid 16 (52.0 g, 287 mmol) was dissolved in

500 mL reagent grade methanol and concentrated H2SO4

(3 mL) was added to the solution. This mixture was heated
to reflux for 24 h, cooled to RT and concentrated to 1:10 the
original volume on a rotary evaporator. The mixture was
diluted with EtOAc (500 mL) and washed with sat. aq.
NaHCO3 (2£500 mL) and H2O (1£500 mL). The organic
layer was dried over Na2SO4 and concentrated to dryness to
give the title compound 17 in 89% yield as a pale orange
solid. 1H NMR (270 MHz, (CDCl3) d: 2.34 (s, 3H), 3.89 (s,
3H), 7.42–7.49 (m, 2H), 7.84 (d, 1H, J¼6.0 Hz), 7.98. 13C
NMR (67.7 MHz, CDCl3) d: 17.3, 53.1, 123.3, 128.9, 130.1,
130.7, 135.8, 150.8, 164.1.

4.1.10. Synthesis of 3-bromomethyl-2-nitro-benzoic acid
methyl ester (18). 3-Methyl-2-nitrobenzoic acid methyl
ester 17 (1.00 g, 5.13 mmol) and N-bromosuccinimde
(1.00 g, 5.64 mmol) were suspended in anhydrous CCl4
(50 mL) and the mixture heated to reflux. The reflux
condenser was then removed, benzoyl peroxide (319 mg,
1.28 mmol) quickly added and the condenser reattached.
The reaction was maintained at reflux until no further
progress was detected (TLC), at which time the reaction was
cooled to RT. The solution was concentrated to near dryness
and the resulting residue taken up in EtOAc (50 mL) and
washed with a 1:1 mixture of sat. aq. NaHCO3 and saturated
Na2S2O3 (50 mL) followed by H2O (50 mL). The organic
layer was dried over Na2SO4 and concentrated to an orange
oil. The residue was purified by silica gel chromatography
(elution with 5% (v/v) EtOAc/hexanes until the starting
material had been collected, and then elution with 20%
(v/v) EtOAc/hexanes) to give 689 mg of the bromide 18
(49%). 1H NMR (400 MHz, acetone-d6) d: 3.89 (s, 3H),
4.43 (s, 2H), 7.56 (t, 1H, J¼6.7 Hz), 7.72 (d, 1H, J¼7.1 Hz),
7.94 (d, 1H, J¼7.9 Hz). 13C NMR (67.7 MHz, CDCl3)
d: 25.8, 53.5, 124.5, 130.5, 131.0, 131.4, 135.5, 149.9,
163.6.

4.1.11. Synthesis of 3-[(tert-butoxycarbonylmethyl-
amino)-methyl]-2-nitro-benzoic acid methyl ester (20).
To a solution of glycine, tert-butyl ester 19 (1.02 g,
7.54 mmol) and DIPEA (0.44 mL, 2.5 mmol) in anhydrous
DMF (20 mL) was added bromide 18 (689 mg, 2.51 mmol).
The reaction was stirred for 3 h, after which the reaction had
gone to completion. The solution was diluted with EtOAc
(100 mL) and extracted with H2O (60 mL) and sat. aq.
NaHCO3 (aqueous, 3£60 mL). The organic layer was dried
over Na2SO4 and concentrated to a pale yellow oil, which
was pure amine 20 by 1H NMR. Yield .98%. 1H NMR
(300 MHz, acetone-d6) d: 1.45 (s, 9H), 3.25 (s, 2H), 3.86 (s,
2H), 3.87 (s, 3H), 7.71 (t, 1H, J¼7.6 Hz), 7.93 (dd, 1H,
J¼8.0, 1.6 Hz), 7.97 (dd, 1H, J¼7.6, 1.6 Hz). 13C NMR
(67.7 MHz, acetone-d6) d: 28.0, 48.4, 51.4, 53.2, 81.1,
124.4, 130.3, 131.4, 134.2, 135.4, 150.6, 164.9, 171.9.

ESþ MS m/z: 324.9 (MþH)þ; ES2 MS m/z: 323.2 (M2H)2.

4.1.12. Synthesis of 3-({tert-butoxycarbonylmethyl-[2-(5-
methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-1-yl)-
acetyl]-amino}-methyl)-2-nitro-benzoic acid methyl
ester (21). Amine 20 (501 mg, 1.54 mmol), thymine
derivative 8 (311 mg, 1.69 mmol) and EDC (311 mg,
1.63 mmol) were dissolved in anhydrous DMF (3 mL) and
the reaction was stirred overnight. The mixture was then
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diluted with EtOAc (15 mL) and extracted with H2O
(15 mL) and sat. aq. NaHCO3 (3£15 mL). The organic
layer was then dried over Na2SO4 and concentrated to
dryness to give 705 mg (93%) of the desired amide 21 in an
analytically pure form. 1H NMR (400 MHz, DMSO-d6,
mixture of rotamers as determined by VT 1H NMR
experiments) d: 1.37 (mi.) and 1.40 (ma.) (s, 9H), 1.74 (s,
3H), 3.83 (ma.) and 3.84 (mi.) (s, 3H), 3.87 (mi.) and 4.23
(ma.) (s, 2H), 4.50 (ma.) and 4.61 (mi.) (s, 2H), 4.57 (ma.)
and 4.71 (mi.) (s, 2H), 7.34 (ma.) and 7.40 (mi.) (s, 1H),
7.70–7.96 (m, 3H), 11.30 (br, 1H). 13C NMR (67.7 MHz,
acetone-d6) d: 12.3, 28.1, 28.1, 46.8, 47.4, 48.8, 48.9, 49.2,
50.4, 53.3, 53.4, 82.1, 83.1, 109.8, 109.9, 124.6, 125.1,
130.4, 130.8, 131.0, 131.2, 131.8, 132.4, 133.7, 134.6,
142.5, 142.6, 150.2, 152.0, 164.5, 164.6, 164.9, 168.4,
168.7, 168.8, 169.5.

ESþ MS m/z: 513.0 (MþNa)þ; ES2 MS m/z: 489.1
(M2H)2.

4.1.13. Synthesis of (2-tert-butoxycarbonylamino-benzyl-
amino)-acetic acid benzyl ester (23). The benzyl ester of
glycine TsOH (7.84 g, 23.22 mmol) was dissolved in warm
ethanol (10 mL). NaOAc (1.59 g, 19.35 mmol) was added
followed by aldehyde 22 (2.15 g, 9.67 mmol). The suspen-
sion was stirred for 30 min and this was followed by
addition of NaBH3CN (0.37 g, 5.81 mmol). After a period
of 7 h the solvent was evaporated and the residue partitioned
between water (50 mL) and EtOAc (50 mL). The organic
layer was washed with water (3£30 mL), sat. aq. NaHCO3

(2£30 mL) and brine (2£30 mL). The organics were then
dried over Na2SO4 and evaporated. The residue was purified
by flash chromatography (eluent: Hex-EtOAc/Hex, 1:1) to
provide the required amine 23 as an oil (1.56 g, 43% yield).
1H NMR (400 MHz, DMSO-d6) d: 1.45 (s, 9H), 3.06 (b,
1H), 3.42 (s, 2H), 3.75 (s, 2H), 5.14 (s, 2H), 7.37–7.33 (m,
5H), 7.89 (d, 1H, J¼5.5 Hz), 8.18 (s, 1H), 8.32 (d, 1H,
J¼5.5 Hz), 9.90 (b, 1H). 13C NMR (100 MHz, CDCl3) d:
27.9, 48.1, 48.6, 65.6, 80.2, 112.1, 121.2, 128.0, 128.1,
128.4, 136.0, 145.7, 149.6, 149.8, 152.1, 171.7.

4.1.14. Synthesis of {(2-tert-butoxycarbonylamino-ben-
zyl)-[2-(5-methyl-2,4-dioxo-3,4-dihydro-2H-pyrimidin-
1-yl)-acetyl]-amino}-acetic acid benzyl ester (24). Back-
bone 23 (0.29 g, 0.79 mmol) and thymin-1-yl acetic acid 8
(0.31 g, 1.69 mmol) were dissolved in DMF (5 mL) and
EDC (0.31 g, 1.62 mmol) was added to the solution. The
reaction was stirred overnight at RT and then the solvent
was evaporated and the resulting residue was partitioned
between water (100 mL) and EtOAc (100 mL). The organics
were then washed with sat. aq. NaHCO3 (100 mL) and brine
(100 mL), dried over Na2SO4 and evaporated to dryness,
which provided monomer 24 as a pure white solid (0.33 g,
78% yield). 1H NMR (300 MHz, DMSO-d6, mixture of
rotamers as determined by VT 1H NMR experiments) d: 1.40
(ma.) and 1.47 (mi.), (s, 9H), 1.72 (mi.) and 1.73 (ma.), (s,
3H), 4.10–4.78 (m, 6H), 5.03 (ma.) and 5.11 (mi.), (s, 2H),
7.22–7.43 (m, 6H), 7.62 (mi.) and 7.88 (ma.), (d, 1H,
J¼6 Hz), 8.33–8.40 (m, 2H), 9.07 (mi.) and 9.10 (ma.), (s,
1H), 11.31 (mi.) and 11.39 (ma.), (b, 1H). 13C NMR
(100 MHz, CDCl3) d 12.0, 27.7, 28.0, 45.0, 48.0, 48.0, 66.7,
80.1, 108.2, 112.7, 119.6, 128.1, 128.2, 128.5, 135.3, 141.8,
144.6, 150.0, 151.0, 151.0, 152.2, 164.4, 168.7, 169.4.

ESþ MS m/z: 538.3 (MþH)þ; ES2 MS m/z: 536.2 (M2H)2.

4.1.15. Synthesis of Boc-protected, methyl ester
APNA/PNA dimer 27. Thymine derivative 15 (302 mg,
0.66 mmol) was treated with HCl in dioaxane (20 M equiv.)
at RT. After complete conversion of the starting material (as
determined by HPLC), the solution was evaporated to
dryness to give the aniline 3 as an off-white powder, which
was used immediately without purification. To the flask
containing aniline 3 was added Boc-PNA-Thy-OH (300 mg,
0.79 mmol), HATU (298 mg, 0.79 mmol) and HOAt
(106 mg, 0.79 mmol). The flask was placed under N2,
cooled to 0 8C and charged with a solution of collidine
(490 mL, 3.7 mmol) in anh. DMF (4 mL). The reaction was
allowed to warm to RT and stir overnight under N2. The
reaction was diluted with EtOAc (12 mL) and extracted
with sat. aq. NaHCO3 (2£12 mL) and H2O (1£12 mL). The
organic layer was dried over MgSO4 and concentrated to an
orange residue. The product was purified by silica gel
chromatography (0–10% (v/v) MeOH/CH2Cl2) giving
dimer 27 in 47% yield. 1H NMR (400 MHz, CDCl3,
mixture of rotamers as determined by VT 1H NMR
experiments) d: 1.42–1.44 (m, 9H), 1.85–1.91 (m, 6H),
2.41–2.69 (m, 2H), 3.27–4.85 (m, 12H), 5.86 (br, 1H),
6.89–7.52 (m, 6H), 8.22–8.24 (ma.) and 8.37–8.39 (mi.)
(m, 1H), 9.27 (ma.) and 9.57 (mi.) (s, 1H), 9.39 (ma.) and
9.86 (mi.) (br, 2H).

4.1.16. Synthesis of Fmoc protected, tert-butyl ester
APNA/PNA dimer 28. Aniline 4 (180 mg, 0.391 mmol),
Fmoc-PNA-Thy-OH (525 mg, 1.03 mmol) and EDC
(190 mg, 1.00 mmol) were placed under an N2 atmosphere
in a flame dried round bottom flask equipped with a
magnetic stirring bar. The reaction vessel was charged with
anhydrous DMF (1.3 mL) and the reaction was stirred at RT
for 30 h. The reaction was then partitioned between sat. aq.
NaHCO3 (5 mL) and EtOAc (5 mL). The organic layer was
then washed with sat. aq. NaHCO3 (2£5 mL), dried over
NaSO4 and concentrated to dryness. The residue was then
purified by flash column chromatography (2–8% (v/v)
MeOH/CHCl3) to give the desired amide 28 in 30% yield
(112 mg, 0.118 mmol). HPLC: Conditions B, retention
time: 16.4 min, peak area: 95%. 1H NMR (400 MHz,
DMSO-d6) d: 1.33–1.35 (m, 9H), 1.70–1.74 (m, 6H),
3.13–3.49 (m, 4H), 3.71–3.76 (m, 3H), 3.82–4.69 (m,
13H), 7.21–7.74 (m, 11H), 7.86, (d, 2H, J¼7.2 Hz), 9.64,
9.71, 9.84, 9.97 (s, 1H), 11.25–11.29 (m, 2H).

ESþ MS m/z: 971.3 (MþNa)þ; ES2 MS m/z: 947.3 (M2H)2.

4.1.17. Synthesis of Boc-protected, benzyl ester
APNA/PNA dimer 29. Boc-protected monomer 24
(0.42 g, 0.78 mmol) was dissolved in 4 M HCl in dioxane
(15 mL) and was stirred for 45 min, after which TLC
showed complete conversion of starting material into
aniline 5. The solvent was evaporated and the resulting
residue was dissolved in DMF (3 mL). Fmoc-PNA-Thy-OH
(0.44 g, 0.86 mmol), HATU (0.33 g, 0.86 mmol) and
DIPEA (0.50 mL, 2.81 mmol) were added sequentially to
the solution of compound 5 and the resulting solution was
allowed to stir overnight at RT. The solvent was evaporated
and the resulting residue was dissolved in a minimum
amount of 10% (v/v) MeOH/CH2Cl2. EtOAc was added and
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the resulting precipitate was collected by filtration. The
residue was purified by flash chromatography (eluent:
CH2Cl2/MeOH, 19:1) giving 29 as a white solid (0.32 g,
45% yield). 1H NMR (400 MHz, DMSO-d6) d 1.70–1.73
(m, 6H), 3.90–4.80 (m, 17H), 5.02–5.10 (m, 2H), 7.20–
7.50 (m, 12H), 7.60–8.10 (m, 4H), 8.38–8.49 (m, 2H),
9.71–9.95 (m, 2H), 11.27–11.35 (m, 2H).

ESþ MS m/z: 926.4 (MþH)þ; ES2 MS m/z: 924.2 (M2H)2.

4.1.18. Synthesis of Boc-protected, free acid APNA/PNA
dimer 30. A solution of aqueous LiOH (4 M equiv.,
0.75 M) was added to a solution of dimer 27 (142 mg,
0.19 mmol) dissolved in THF (1 mL). After 20 min of
stirring, the reaction was diluted with H2O (5 mL) and
acidified to pH¼3 by dropwise addition of HCl (3 M). The
product was then extracted into 5% (v/v) MeOH/CH2Cl2
(5£10 mL) and the organic layer dried over MgSO4 and
concentrated to give dimer 30 as a glassy white solid (97%).
1H NMR (400 MHz, DMSO-d6, mixture of rotamers as
determined by VT 1H NMR experiments) d: 1.34 (mi.) and
1.37 (ma.) (s, 9H), 1.67–1.69 (m, 6H), 2.36–2.53 (m, 2H),
3.02–3.48 (m, 6H), 3.85–4.74 (m, 6H), 6.76 (mi.) and 6.98
(ma.) (m, 1H), 7.17–7.49 (m, 6H) 7.83–7.85 (m, 1H), 9.45
(ma.) and 9.88 (mi.) (s, 1H), 11.28–11.31 (m, 2H).

4.1.19. Synthesis of Fmoc protected, free acid
APNA/PNA dimer 31. Dimer 28 (112 mg, 0.118 mmol)
was dissolved in 50% (v/v) TFA/CH2Cl2 (precooled to
0 8C). The reaction was stirred for 5.5 h while slowly
warming to RT. The reaction was then diluted with CHCl3
and evaporated to dryness. The residue was then suspended
in PhMe (10 mL) and evaporated to dryness three times
providing pure carboxylic acid 31. Yield: .99%. HPLC:
Conditions B, retention time 14.5 min, peak area 95%. 1H
NMR (400 MHz, DMSO-d6) d: 1.70–1.74 (m, 6H), 3.13–
3.47 (m, 4H), 3.70–3.76 (m, 3H), 3.88–4.69 (m, 13H),
7.12–7.74 (m, 11H), 7.87 (d, 2H, J¼7.2 Hz), 9.68, 9.74,
9.87, 9.99 (s, 1H), 11.25–11.29 (m, 2H).

ESþ MS m/z: 893.3 (M2H)þ; ES2 MS m/z: 891.3 (M2H)2.

4.1.20. Synthesis of Boc-protected, free acid APNA/PNA
dimer 32. Benzyl ester 29 (0.30 g, 0.32 mmol) was
dissolved in DMF (5 mL). Pd/C (10% by weight) (0.06 g)
was added and the resulting suspension was placed under H2

(atmospheric pressure). The suspension was allowed to stir
for 4 h, after which TLC showed complete conversion of
starting material. The suspension was filtered through Celite
and the filtrate evaporated to give carboxylic acid 32 as an
off-white solid (0.26 g, 99% yield). 1H NMR (400 MHz,
DMSO-d6) d 1.70–1.74 (m, 6H), 3.93–4.70 (m, 17H),
7.24–8.50 (m, 13H), 9.90–10.20 (m, 2H), 11.29 (s, 2H).

ESþ MS m/z: 836.3. (MþH)þ; ES2 MS m/z: 834.3.
(M2H)2.

4.2. Synthesis of APNA/PNA chimeras 35–38

The APNA/PNA chimeras 36–37 were synthesized on a
MBHA resin by solid phase peptide synthesis as previously
described.20a Chimera 35 was synthesized using exactly the
same procedure as for PNA control 33,20a except monomer

2 was used in place of the third PNA monomer in the
synthetic sequence. In the case of chimera 37, an ester
hydrolysis step was required after the solid phase synthesis
in order to convert the ester moiety attached to the benzene
ring of the APNA residue to the desired carboxylic acid.
This was done in the following way: after the final cleavage
and ether precipitation of the methyl ester derivative of
chimera 37 (16 mmol scale synthesis), HPLC analysis of the
crude pellet (37.7 mg) indicated the desired compound was
63% pure and UV analysis indicated a total crude yield of
A266¼540.5 OD units (65%). The crude product (7.6 mg)
dissolved in H2O (200 mL) was treated with 32 mL of 1 M
LiOH (aq.) and the saponification was followed by HPLC.
After 360 min, the reaction was quenched by addition of one
drop of AcOH and the resulting mixture immediately
separated by preparative HPLC. Fractions containing pure
chimera 37 were combined and lyophilized to give pure
product as an amorphous white powder in 49% yield from
the crude ester. Chimera 38 was synthesized on a trityl
resin using dimer 32 and Fmoc-PNA-Thy-OH following
established procedures.41,42

4.2.1. Hexamer 35. Conditions A, retention time¼22.1 min
(peak area 99%). FABþ MS m/z: 1848 (MþH)þ.

4.2.2. Hexamer 36. Conditions A, retention time¼24.5 min
(peak area 92%). FABþ MS m/z: 1848 (MþH)þ.

4.2.3. Hexamer 37. Conditions A, retention time¼20.8 min
(peak area 100%). ESþ MS m/z: 1890.8 (MþH)þ, 965.7,
(Mþ2H)2þ.

4.2.4. Hexamer 38. Conditions B, retention time¼22.0 min
(peak area 94%). ESþ MS m/z: 1828.9 (MþNa)þ, 915.2,
(Mþ2Na)2þ.

4.3. Thermal denaturation (Tm) experiments

DNA (poly dA) and RNA (poly rA) oligomers were
purchased from Sigma-Aldrich Canada Ltd (Oakville,
Ontario). The concentrations of the oligonucleotide solu-
tions (poly dA, poly rA, PNA and PNA/APNA chimeras)
were estimated using the appropriate molar extinction
coefficients of nucleotides, calculated according to literature
protocols: 1260 M21 cm21; A 15,340; T 8700.43 Job plots
were used to confirm a 2:1 stoichiometry of binding
between the synthetic oligomers and either DNA or RNA.33
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