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A safety-catch protecting group strategy
compatible with Boc-chemistry for the synthesis
of peptide nucleic acids (PNAs)+

{ M) Check for updates ‘

Cite this: Org. Biomol. Chem., 2023,
21, 8125

«b.c

K. P. Nandhini,®® Sikabwe Noki, ) #P Edikarlos Brasil,® Fernando Albericio and

Beatriz G. de la Torre (2 *@

Peptide Nucleic Acids (PNAs) are an intriguing class of synthetic biomolecules with great potential in
medicine. Although PNAs could be considered analogs of oligonucleotides, their synthesis is more like
that of peptides. In both cases, a Solid-Phase Synthesis (SPS) approach is used. Herein, the advantage
using Boc as a temporal protecting group has been demonstrated to be more favored than Fmoc. In this
context, a new PNA SPS strategy has been developed based on a safety-catch protecting group scheme
for the exocyclic nitrogen of the side-chain bases and the linker. Sulfinyl (sulfoxide)-containing moieties

Received 22nd August 2023,
Accepted 25th September 2023

DOI: 10.1039/d30b01348k

are fully stable to the trifluoroacetic acid (TFA) used to remove the Boc group, but they can be reduced to
the corresponding sulfide derivatives, which are labile in the presence of TFA. The efficiency of this novel
synthetic strategy has been demonstrated in the synthesis of the PNA pentamer H-PNA(TATCT)-pAla—
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1. Introduction

Eleven oligonucleotide-based drugs with U.S. Food and Drug
Administration (FDA) approval are currently in the market.!
Peptide Nucleic Acids (PNAs) are modified forms of oligonu-
cleotides in which the phosphate-sugar backbone is initially
replaced by a neutrally charged N-(2-aminoethyl)glycine (AEG)
linkage. In addition, achirality of their AEG linkage facilitates
their selective hybridization to a specific DNA or mRNA strand,
forming a PNA-DNA or PNA-RNA complex. Given the remark-
able properties of PNAs, they have found extensive applications
in the fields of gene therapeutics®® and biomedical
diagnostics.*

From a chemistry perspective, PNAs are considered more
advantageous than natural oligonucleotides because they have
a peptide-like AEG backbone, forming highly stable amide/
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peptide bonds between the monomeric units. This property
protects these molecules from depurination, a common
phenomenon that occurs in oligonucleotide molecules under
acidic conditions.” Despite the numerous benefits of PNAs,
few studies have explored these molecules because of the
ongoing challenges regarding their synthesis. Although PNAs
are analogues of oligonucleotides, they are prepared following
a Solid-Phase Synthesis (SPS) strategy similar to that used for
peptides.® In this regard, two temporary protecting groups for
the amino terminal of the PNA monomer are mainly used,
namely the tert-butyloxycarbonyl (Boc) and the fluorenyl-
methoxycarbonyl (Fmoc) groups. One of the main challenges
in PNA SPS is the aggregation of the PNA chain during their
elongation, which jeopardizes their synthesis. On the other
hand, under basic conditions used in the Fmoc strategy for
the removal of the N-temporary protecting group, the free
N-terminal of PNAs tends to react, causing two kinds of side
products. In the first, the transacylation of the nucleobase
leads to the capping of the growing chain, while the second
one leads to ketopiperazine formation by cyclization, which
results in a n-1 deletion (Fig. 1).

In Boc SPS, the side reaction in basic conditions is mini-
mized. However, this approach involves the use of strong acids
such as TFMSA” or HF®™* for the final cleavage of the PNA
chain from the solid support and also for the removal of the
Z-protecting group from the nucleobases. These strong acids
can impede progress towards the development of PNA-
peptide’ and PNA-oligonucleotide conjugates.”> In this
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Fig. 1 Side reactions during PNA SPS under basic conditions (Fmoc chemistry).

context, there is a need for protecting group strategies other
than the commercially available Boc/benzyloxycarbonyl (Z) and
Fmoc/Benzhydryloxycarbonyl (Bhoc).

To address the above-mentioned challenges in PNA SPS,
here we report on the development of new PNA monomers and
novel strategic methodologies based in the safety-catch
concept. First developed by Kenner,'* it implies the use of a
protecting group stable to a determined conditions, which
after modification it becomes labile to the same conditions
that before was stable. Our strategy is based on the application
of the safety-catch strategy based on the 4-(methylsulfinyl/thio)
benzyloxycarbonyl (Msz/Mtz) protecting group and the linker
2-methoxy-4-methylsulfinyl/thiobenzyl alcohol (Mmsb/Mmtb).
The pair Msz/Mtz was previously described by Kiso et al.'® and
others for the side-chain protection in a N*-Boc strategy and by
our group as backbone protecting group (Fig. 2). Furthermore,

Oxidized form: TFA stable

1 Linker

Fig. 2 Safety-catch protecting groups, based on the sulfinyl/sulfide pair.
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the Mmsb/Mmtb linker and other related linkers has been
used by several groups in N%Boc strategies’®'® and by our
group as semipermanent protecting group in a N*-Fmoc
strategy."®

The above described safety-catch protecting groups and
linker are fully stable to acid and base conditions and are thus
compatible with Fmoc and Boc chemistry. Therefore, at the end
of the PNA chain elongation, the reduction of these groups to
the 4-(methylthio)benzyloxycarbonyl (Mtz) or 2-methoxy-4-
(methylthio)benzyl (Mmtb) moieties makes them labile in tri-
fluoroacetic (TFA) conditions (Fig. 2). Herein we describe a suit-
able method for the synthesis of the Msz-protected PNA mono-
mers Boc-PNA-A(Msz)-OH (1) and Boc-PNA-C(Msz)-OH (2)
(Fig. 3A). In addition, we also demonstrate the use of the Boc/
Msz strategy for the preparation of PNA pentamers in combi-
nation with the safety-catch linker Mmsb (Fig. 3B).

Reduced form: TFA labile

OH OH
2-methoxy-4-(methylsulfinyl)benzyl 2-methoxy-4-(methylthio)benzy
alcohol alcohol

(Mmsb) (Mmtb)
| :
S\\O
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2. Results and discussion

First, we studied the compatibility of the Mmsb linker with
PNA synthesis. To this end, we prepared T,~PNA-fAla—-OH and
Tes—PNA fAla-OH on HO-Mmsb-resin. The synthesis of polyT-
PNA sequences is challenging, especially in the Fmoc strategy
because aggregation is favored.”® Thus, the syntheses were run
from commercially available Boc-PNA-T-OH and Fmoc-PNA-
T-OH monomers (in the latter case on Wang resin) for com-
parison purposes.

To obtain the HO-Mmsb-resin, the initial loading of the
aminomethyl (AM)-resin was reduced from 0.92 to 0.4 mmol

This journal is © The Royal Society of Chemistry 2023

Sulfoxides
Reduction

—_—

Boc-PNA-A(Msz)-OH

Final Cleavage and Deprotection:
95% TFA+ Scavengers

"

Nucleobase
(C,A)
N
\\fo
o
N
Boc N/\/ \)J\N

RIS

Protecting group & linker labile to TFA

(A) Structure of new Boc PNA monomers (A and C). (B) General solid-phase PNA synthesis used in this work.

¢~ ' by incorporating Fmoc-Ala-OH in deficit to the AM-resin,
followed by acetylation of the unreacted amino groups. The
HO-Mmsb linker was then introduced using DIC and
N-hydroxysuccinimide (HOSu), which render a poor reactive
active ester, to avoid the double incorporation of the bidentate
linker was performed. This HO-Mmsb-resin was used in all
the synthesis described in this work. The PAla residue was
introduced to prevent the ketopiperazine formation during the
deprotection step when the first PNA monomer is incorporated
directly on a resin-OH. The incorporation of Fmoc-pAla-OH
as a spacer was done with DIC and N-dimethylaminopyridine
(DMAP).
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For the PNA synthesis in both resins, the coupling of the
protected-PNA(T) was carried out with 1-[(1-(cyano-2-ethoxy-2-
oxoethylideneaminooxy)-dimethylamino-morpholinomethyl-
ene)|methanaminium hexafluorophosphate (COMU) and N,N-
diisopropylethylamine (DIEA). In the case of the Boc synthesis,
the coupling was carried out using in situ neutralization,
which implies that after Boc removal with TFA and washings,
the PNA-resin was not neutralized (to avoid aggregation) and
the next Boc-PNA-T-OH, already activated with COMU, was
incorporated with a slight excess of DIEA. Thus, once the
amine was released, it could be acylated with the next Boc-
PNA-T-OH. In the case of Fmoc chemistry, the protecting
group was removed with piperidine. In this Fmoc synthesis,
the final PNA was cleaved from the resin by TFA treatment. For
the Boc synthesis, before the TFA treatment, the sulfinyl group
(Mmsb) was reduced to the sulfide (Mmtb) moiety using
Me;SiCl and Ph;P. The LC-MS of both the tetramer and the
hexamer synthesized using Boc chemistry on HO-Mmsb-resin
showed a major peak with the expected mass (Fig. 4A).

In contrast, the LC-MS corresponding to the synthesis of
the tetramer using Fmoc chemistry showed two major peaks,
one corresponding to the target PNA and the other much more
hydrophobic, corresponding to the protected tetramer
(Fig. 3B). This finding reveals that the Fmoc group from the
last T monomer was not fully removed, presumably due to the
aggregation of the PNA chains. The PNA-resin was then
treated again with piperidine to achieve Fmoc removal.

A
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min
140 15.0

00 20 40 6.0 80 10.0 120

H.PNA(T)..8Ala-OH Fmoc-PNA(T).-BAla-OH

H-PNA(T)e-BAla-OH
ffPNA(T)EfBAIafOH

min
14.0 15.0

0.0 20 40 6.0 8.0 10.0 12.0

Fig. 4 Chromatographic traces of PNA tetramers and hexamers using
(A) Boc chemistry on OH—Mmsb—-resin and (B) Fmoc chemistry on Wang
resin. Coupling reagents used: COMU and DIEA. Mobile phase A: 0.1%
HCOOH in H,O; mobile phase B: 0.1% HCOOH in CHzCN. Gradient
elution: 5-60% of B into A in 15 min.
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H-PNA(T-A(Z)-T-A(Z)-T)-BAla-OH
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Fig. 5 Chromatographic traces of H-PNA(T-A(Z)-T-A(Z)-T)-pAla-
OH. Mobile phase A: 0.1% HCOOH in H,O; mobile phase B: 0.1%
HCOOH in CHzCN. Gradient elution: 5-60% of B into A in 15 min.

However, the signal of the protected tetramer was still present
in the chromatogram (Fig. S1t). Next, the PNA chain was
further elongated to couple two more PNA monomers to
obtain PNA hexamers. Analysis of the LC-MS corresponding to
this stage (Fig. 4B) clarified the PNS SPS issues encountered
using Fmoc chemistry. Thus, the most important products cor-
responded to H-PNA(T4)-pAla-OH and Fmoc-PNA(T4)-pAla-
OH with the presence of some pentamers and hexamers.
These results indicate that most of the synthetic process
stopped at the tetramer.

Having compared Boc and Fmoc chemistry in the simple
H-PNA(T6)-pAla-OH, we proceeded to synthesize a more
complex sequence, namely H-PNA(T-A(Z)-T-A(Z)-T)-fAla-OH,
from commercially available Boc PNA monomers [Boc-PNA-T-
OH; Boc-PNA-A(Z)-OH] and HO-Mmsb-resin. The LC-MS
chromatogram shows that the target product was obtained
with excellent purity (Fig. 5). However, there was still a major
issue here. In the case of Boc chemistry, removal of the com-
mercially available protecting group (Z in this case) required
the use of strong acids such as HF®® or BBr3.”!

The above experiments supported the need for new protect-
ing groups for nucleobases in PNA SPS that are compatible
with Boc as temporary protecting group and therefore, the
repetitive treatment with TFA as well as the removal process
can be performed under friendly conditions. Previously, our
group successfully introduced a new safety-catch protecting
group, namely Msz, in SPPS to facilitate the synthesis and
manipulation of difficult peptide sequences.?* Like the HO-
Mmsb linker, this protecting group also allows the use of Boc
and Fmoc chemistry. In this regard, the protecting group in
the form of the Msz carbamate was introduced on nucleobases
[A and C (G was left of this initial study)], which are TFA-
stable, and in reduced form (Mtz) are TFA-labile. This flexi-
bility makes them highly compatible with the Boc strategy.

2.1. Synthesis of Boc-PNA-A(Msz)-OH (1) and Boc-PNA-C
(Msz)-OH (2)

The protected PNA monomers were prepared following the
most widely used protocol in the literature.® It consists of a
convergent synthetic scheme in which the two moieties, i.e.,
the protected aminoethylglycine backbone and the protected
nucleobase acetic acid derivative, are synthesized indepen-
dently and then made to react to obtain the final PNA

This journal is © The Royal Society of Chemistry 2023
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Scheme 1 Synthesis of Boc—Aeg—OBn (3).

monomer. Thus, Boc-N-2-aminoethylglycine with the car-
boxylic group protected as ester and the nucleobases acetic
acid (N®-Msz-adenine-9-yl)acetic acid (4) and (N*-Msz-cytosine-
1-yl)acetic acid (5) were synthesized.

For the preparation of the Boc-N-2-aminoethylglycine ester,
several groups, such as ethyl (Et), methyl (Me), and cyanoethyl
ester, were explored. However, we found that the benzyl ester
was the most effective in terms of preventing dialkylation of
the amino group of Boc-ethylenediamine (Boc-EDA) and it
was also higher yielding. Moreover, UV absorption of the
benzyl group helped the monitoring of the reaction. Thus,
Boc-Aeg-OBn (3) was efficiently prepared as shown in
Scheme 1. First, following the procedure described by Grate
et al.,*® ethylenediamine was reacted with (Boc),O to render
Boc-EDA in quantitative yield. The product obtained was
reacted with benzyl bromoacetate in the presence of triethyl-
amine (TEA), following the protocol described by Feagin et al.
with minor modifications,>* rendering Boc-Aeg-OBn (3) in a
yield of 56%.

For the synthesis of (N°-Msz-adenine-9-yl)acetic acid (4) and
(N*-Msz-cytosine-1-yl)acetic acid (5), a two-step procedure,
namely alkylation followed by protection, described by
Pothukanuri et al.*® with minor modifications, was followed.
Adenine alkylation using tert-butyl bromoacetate in DMF in
the presence NaH rendered the product in a moderate yield of
44%. However, in the case of cytosine, the attempt to use pot-
assium tert-butoxide, as mentioned in the procedure,* yielded
a very low amount of product. The excess of potassium tert-but-
oxide led to di-alkylation on N4 position of cytosine. After
several attempts, the use of NaH gave rise to the target com-
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Scheme S1
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pound in ~40% yield. At this point, no further attempts were
made to optimize the reaction yield of this step. Next, the
alkylated bases were protected in the form of carbamate using
4-methylthiobenzyl alcohol (Mtb-OH), by first activating the
exocyclic N4 (in cytosine) and N6 (in adenine) using carbonyl-
diimidazole (CDI) to obtain tert-butyl (N°-Mtz-adenine-9-yl)
acetate and tert-butyl (N*-Mtz-cytosine-1-yl)acetate in good
yields (Scheme 2). Further conversion of the Mtz-protecting
group into an acid-stable Msz-protecting group is crucial step
because it involves the oxidation of the sulfur atom to sulfinyl,
a process in which overoxidation to sulfonyl as well as the oxi-
dation of the nitrogen atom in the heterocycles must be
avoided. Hence, after several attempts, the oxidation step was
carried out smoothly with meta-chloroperbenzoic acid
(mCPBA) in dichoromethane (DCM) to give Msz-protected
adenine and cytosine in excellent yields (>90%). Finally, the
{Bu ester was removed efficiently using 60% TFA in DCM for
2 h to obtain the final compounds in quantitative yields
(Scheme 2).

The last step to obtain the respective adenine and cytosine
PNA monomers involved the condensation reaction of (N°-
Msz-adenine-9-yl)acetic acid (4) or (N*-Msz-cytosine-1-yl)acetic
acid (5) with the backbone moiety, Boc-Aeg-OBn (3). Although
this appears to be a simple reaction, there are many pre-
cedents in the literature studying the acylation of the
secondary amine of the Aeg backbone with the protected
nucleobase derived as carboxylic acid. Some of the these
reagents include the following: carbodiimides such as dicyclo-
hexylcarbodiimide  (DCC),%'%'1*631  1-ethyl-3-(3'-dimethyl-
aminopropyl)carbodiimide-HCl (EDC-HCI),>**7** and diiso-

Msz
HN HN

(i) Nucleobase (iv) ﬁi@
Oxidati 58 Hydrol sis&(cy AQ
xidation N y y N
]\fo

N
N\

OtBu OtBu OtBu OH
g ; A (4)
(i) NaH, DMF, BrCH,COOtBu, Overnight at RT; Nucleobase=
(i) For A: CDI, 1.5 h at 105°C, then addition of Mtb-OH at 95°C and overnight at RT; C (5)

For C: CDI, 1.5 h at 60°C, then addition of Mtb-OH and overnight at RT

See Scheme S1 for step (i)
(if) mCPBA in DCM, 15-30 min, 0°C -RT ;
(iv) 70% TFA in DCM, 2 h

Scheme 2 Synthetic steps for the preparation of (N®-Msz-adenine-9-yl)acetic acid (4) and (N*-Msz-cytosine-1-yl)acetic acid (5).
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35,36

propylcarbodiimide (DIC); aminium salts such as N-[(1H-
benzotriazol-1-yloxy)(dimethylamino)methylene]-N-methyl-
methanaminium hexafluorophosphate N-oxide (HBTU)*” and
N-[(dimethylamino)-1H-1,2,3-triazolo[4,5-b]-pyridin-1-ylmethyl-
ene]-N-methylmethanaminium hexafluorophosphate N-oxide
(HATU);***° and some phosphonium salts such as benzotriazol-
1-yloxytris(dimethylamino)phosphonium hexafluorophosphate
(BOP)>?*%° and bromotri(pyrrolidino) phosphonium hexa-
fluorophosphate (PyBroP).****”***' Considering all the above-
cited coupling reagents, we decided to first use COMU/DIEA to
activate the free carboxylic acids of the protected nucleobases,
followed by the slow addition of Boc-Aeg-OBn (3). However,
after the work-up, a sticky compound was obtained, which, after
purification, only gave a 20% yield. Next, we tested other coup-
ling reagents and activators. In our hands, the best protocol
proved to be first the activation of (N®-Msz-adenine-9-yl)acetic
acid (4) or (N*-Msz-cytosine-1-yl)acetic acid (5) using EDC-HCI in
the presence of 1-hydroxybenzotriazole (HOBt), followed by the
reaction with Boc-Aeg-OBn (3). The condensation products
were obtained with an improved yield of ~55% after column
purification (Scheme 3). Finally, the hydrolysis of corresponding
benzyl esters was carried out using LiOH in H,O to give the
final monomers Boc-Aeg-A(Msz)-OH or Boc-PNA-A(Msz)-OH
(1) and Boc-PNA-C(Msz)-OH (2) as white solids with ~55-65%
yields (Scheme 3).

2.2. Solid phase synthesis of PNA pentamer H-PNA
(TATCT)-pAla-OH

Although PNA SPS is normally carried out using a large excess
of the protected monomers (4 to 10 equiv.),>***" we opted to
design a more conservative strategy to optimize the use of pro-
tected monomers synthesized in-house. In this regard, we used
only 3 equiv. of Boc-PNA-A(Msz)-OH (1) and Boc-PNA-C
(Msz)-OH (2) in conjunction with a low-loading resin to
reduce intra- and interchain aggregation. The HO-Mmsb-resin
prepared as discussed above was used for this synthesis. The
introduction of the protected nucleobases (equiv. 3) was per-
formed in the presence of slight deficit of COMU (equiv. 2.9),
to avoid the capping of the resin in the form of guanidyla-
tion,”” and 9 equiv. of DIEA. After each coupling, Boc was
removed using 50% TFA in DCM (1 min + 15 min) and the

8130 | Org. Biomol. Chem., 2023, 21, 8125-8135

H-PNA(T-A-T-C-T)-BAla-OH

N\

min

140 15.0

0.0 20 4.0 6.0 8.0 10.0 120

Fig. 6 Chromatographic traces of H-PNA(TATCT)-pAla—OH using
Boc-PNA-A(Msz)-OH (1) and Boc-PNA-C(Msz)-OH (2) on HO-
Mmsb-resin. Mobile phase A: 0.1% HCOOH in H,O; mobile phase B:
0.1% HCOOH in CH3CN. Gradient elution: 0—25% of B into A in 15 min
at 41 =260 nm.

next coupling of protected monomer was carried out with
in situ neutralization. Once the last monomer had been intro-
duced, the desired PNA pentamer was obtained by performing
a ‘two-step’ (reduction and cleavage) protocol. To this end, the
sulfinyl groups (Mmsb and Msz) were reduced with 20 equiv.
TMSCI and 10 equiv. Ph3P in THF (3 x 1 h), and the pentamer
was cleaved from the resin using (TFA/TIS/H,0-95 : 2.5 : 2.5) for
1 h. The crude PNA was then analyzed by LC-MS, which
revealed an acceptable purity profile and the mass of the main
peak corresponding to the expected mass of the target com-
pound (Fig. 6).

3. Conclusions

PNAs are a promising class of biomolecule mimetics formed
by a concatenation of monomers bearing carboxylic acid and
amino functions, together with the nucleobases. These mole-
cules were first synthesized employing the SPS approach used
to prepare peptides. However, contrary to peptides, the SPS of
PNAs using the Fmoc strategy has not achieved the same
results as those obtained when using the Boc protection. Fmoc
is a more hydrophobic protecting group, which can favour
inter/intra chain aggregation. On the other hand, the Boc
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group is removed by TFA, which shows excellent capacity to
solvate the resin. Furthermore, the incorporation of the next
Boc-monomer is carried out using an in situ neutralization pro-
tocol, with a well-solvated PNA-resin. The main advantage of
the Fmoc strategy is that it is based on the use of a linker and
base protecting group, which are conveniently removed with
TFA at the end of the sequence elongation. In contrast, the Boc
strategy requires strong acids such as HF or TFMSA in the last
step.

Herein, we describe a novel strategy that combines the
advantages of the two protecting groups: firstly, Boc as tempor-
ary protection of the amino group and their final cleavage
using TFA. To prevent premature cleavage of the PNA from the
resin and the removal of the nucleobase-protecting groups, we
have developed a safety-catch strategy. This approach benefits
their use in both the linker and the nucleobase base protecting
groups, based on the methylsulfinylbenzyl moiety, which are
stable to TFA, and in the prior to last step (cleavage from
resin), the reduction to the thio derivatives allows their
removal with TFA.

The HO-Mmsb linker, which has previously been used by
our group for the synthesis of peptides, allowed the prepa-
ration of H-PNA(T)6-pAla-OH using Boc-protected monomers.
In contrast, the synthesis of the same PNA using Fmoc chem-
istry rendered a mixture of several unprotected and protected
oligomers. In contrast, the use of Boc strategy allowed the
preparation of H-PNA(T-A(Z)-T-A(Z)-T)-BAla-OH [the PNA(A)
was incorporated with the TFA stable, Z group] in excellent
purity.

In a key step, novel monomers were prepared using Msz for
the protection of the nucleobases: Boc-PNA-A(Msz)-OH (1)
and Boc-PNA-C(Msz)-OH (2). The use of these two monomers
in combination with the HO-Mmsb linker allowed us to
prepare H-PNA(TATCT)-BAla-OH in good purity. These results
thus demonstrate that the HO-Mmsb linker and Msz protect-
ing group tandem fulfils the requirements of our safety-catch
approach.

We envisage that this strategy will be key to widening the
applications of PNAs in several fields of biomedicine.

4. Experimental section

4.1. General information

All the chemicals were purchased from Sigma-Aldrich (Sigma-
Aldrich, Germany). The solvents used were of analytical and
HPLC reagent grade. Commercial Boc and Fmoc PNA mono-
mers (T, C, A, and G) were purchased from PolyOrg. Inc, USA.
Fmoc-t-amino acids were from Iris Biotech Gmbh, Germany.
DIC and OxymaPure were gifts from Luxembourg Industries
Ltd, Tel Aviv, Israel. All the chemicals and solvents were used
without any further purification. AM-resin (0.92 mmol g™%)
was a gift from Purolite. Analytical HPLC and mass spectra
were obtained using a Thermo Fisher Scientific UltiMate 3000
UHPLC-ISQTM EC single quadrupole mass spectrometer in
positive ion mode over a 5-95% gradient of MeCN (0.1%
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HCOOH)/H,O (0.1% HCOOH) for 15 min, if not stated
otherwise.

4.2. Protected backbone synthesis: Boc-Aeg-Bn (3)

A solution of ethylenediamine (30 mL, 450 mmol) in DCM
(350 mL) was cooled in ice at 0 °C before the dropwise
addition of Boc anhydride (11 mL, 48 mmol) in DCM (250 mL)
for over 3 h with vigorous stirring. After completion of drop-
wise addition, the reaction was left to stir for 24 h at room
temperature (RT). Next, the solvent was evaporated from the
reaction mixture. The crude product was then dissolved in sat.
NaHCO; and washed with DCM (x3). The organic layer was
dried over MgSO, and evaporated to dryness to give the com-
pound in quantitative yield (7.7 g, 48 mmol). The obtained
compound was dissolved in DCM was cooled in an ice bath to
0 °C, and triethylamine (10 mL, 72 mmol) was slowly added.
Benzyl bromoacetate (7.5 mL, 48 mmol) was then added drop-
wise for over 3 h with vigorous stirring. After this time, the
reaction mixture was removed from the ice bath and the reac-
tion was allowed to run overnight at RT. Then, the solvent was
removed, water was added and the pH was adjusted to 4 using
1 N HCI solution. The aqueous mixture was extracted with
DCM (x3), the organic layers were collected, dried over MgSO,
and evaporated to dryness to give 8.3 g (26.9 mmol, 56% yield)
of the pure compound. HRMS (ES+): m/z caled for C;6H,5N,0,
[M + H] 309.1809, found 309.1814; m/z caled for
C16H,5NaN,0, [M + Na'] 331.1628, found 331.1631. "H NMR
([d6]DMSO, 400 MHz, 25 °C): 5 = 7.38 ppm (m, 5 H, ArH), 6.73
(t,] = 5.49 Hz, 1 H, NH), 5.12 (s, 2 H), 2.97 (q, ] = 6.22 Hz, 2 H),
2.55 (t, J = 6.48 Hz, 2 H), 1.37 (s, 9 H); "*C NMR ([ds]DMSO,
100 MHz, 25 °C): § = 172.6, 136.5, 128.9, 128.5, 128.4, 77.9,
65.8, 50.5, 48.7, 28.7.

4.3. Synthesis of (N®*-Msz-adenine-9-yl)acetic acid (4)

tert-Butyl adenine-9-ylacetate. Adenine (5 g, 37.02 mmol,
equiv. 1) was suspended in DMF (60 ml). While stirring,
sodium hydride (60% in mineral oil, 1.1 g, 44.42 mmol, equiv.
1.2) was added in two portions with 15 min time intervals.
After 1 h, another 20 mL DMF was added, and the reaction
was allowed to stir was another 3 h. The reaction mixture was
then cooled in an ice bath for 30 min. Next, tert-butyl bromoa-
cetate (5.47 mL, 37.02 mmol, equiv. 1) in 20 mL DMF was
added dropwise for 15-20 min while allowing the reaction
mixture to slowly warm up to RT while stirring overnight. The
reaction mixture was then taken and poured slowly into the ice
water while stirring vigorously for 1-2 h. The precipitates were
filtered, washed with water (x5) and dried under high vacuum
to give 4 g (44% yield) of pure compound. 'H NMR ([ds]DMSO,
600 MHz, 25 °C): § = 8.13 (s, 1 H), 8.10 (s, 1 H), 7.26 (s, 2 H),
4.94 (s, 2 H), 1.42 (s, 9 H); *C NMR ([d¢]DMSO, 100 MHz,
25 °C): § = 167.4, 156.4, 153.1, 150.2, 141.8, 118.7, 82.5, 44.9,
28.1.

tert-Butyl (N°-Mtz-adenine-9-yl)acetate. Carbonyldiimidazole
(5.1 g, 28 mmol) was added to the tert-butyl adenine-9-ylace-
tate (3.5 g, 14 mmol) in 50 mL DMF, and the reaction was
slowly heated at 105 °C while stirring for 1:30 h. Next, the
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reaction temperature was reduced to 95 °C to add Mtb-OH
(4.16 g, 26.96 mmol, equiv. 2) in 5 mL DMF. The heat source
was then removed, and the reaction was left to stir overnight
while allowing it to cool to RT. Next, the reaction mixture was
poured onto the ice cubes while stirring vigorously and
allowed to stir for 2 h. After this time, the precipitates obtained
were filtered, washed with water (x5) and dried under high
vacuum to give 4.1 g (69% yield) of pure compound. "H NMR
([d6]DMSO, 600 MHz, 25 °C): § = 10.7(s, NH, 1 H), 8.62 (s, 1 H),
8.42 (s, 1 H), 7.41 (d, J = 8.3 Hz, 2 H), 7.29 (d, J = 8.3 Hz, 2 H),
5.17 (s, 2 H), 5.08 (s, 2 H), 2.48(s, 3 H) 1.42 (s, 9 H); >C NMR
([d]DMSO, 100 MHz, 25 °C): § = 167.2, 152.6, 152.2, 149.9,
145.2, 138.5, 133.3, 129.2, 126.3, 123.4, 82.8, 66.4, 45.3, 28.1,
15.2.

tert-Butyl (N°-Msz-adenine-9-yl)acetate. The tert-butyl (N°-
Mtz-adenine-9-yl)acetate (4 g, 9.3 mmol) was suspended in
50 mL DCM and cooled in an ice bath. While stirring, mCPBA
(~77% pure 1.6 g, 9.3 mmol, equiv. 1) was added very slowly
portion-wise while continuously monitoring using TLC. The
ice bath was then removed, and the reaction mixture was
stirred for 15 min. Here excess mCPBA was added until the
starting material disappears in TLC. Once, the reaction was
complete, the mixture was immediately quenched by doing a
workup using sat. NaHCO;" a small amount of ascorbic acid
(x3). The DCM layer was then dried over MgSO, and evapor-
ated to dryness to give 3.7 g (90% yield) of pure compound. "H
NMR ([d¢]DMSO, 600 MHz, 25 °C): § = 10.8 (s, NH, 1 H), 8.64
(s, 1 H), 8.44 (s, 1 H), 7.72 (d, J = 8.4 Hz, 2 H), 7.67 (d, J = 8.4
Hz, 2 H), 5.29 (s, 2 H), 5.08 (s, 2 H), 2.75 (s, 3 H), 1.42 (s, 9 H);
3C NMR ([d¢]DMSO, 100 MHz, 25 °C): § = 167.2, 152.6, 152.5,
152.2, 149.9, 146.4, 145.3, 139.7, 128.8, 124.2, 123.4, 82.8, 66.1,
45.3,43.7, 28.1.

(N°-Msz-adenine-9-yl)acetic acid (4). The tert-butyl (N®-Msz-
adenine-9-yl)acetate was dissolved in 70% TFA in DCM. The
reaction was stirred for 2 h. Next, more DCM was added, and
the reaction mixture was evaporated to dryness under a rotava-
por. The step was repeated by adding DCM (x5) until the TFA
was completely dried. Next, cold diethyl ether was added, and
the solution was triturated to obtain the precipitate of the pure
compound in quantitative yield. 'H NMR ([dg]DMSO,
600 MHz, 25 °C): § = 8.65 (s, 1 H), 8.49 (s, 1 H), 7.72 (d, ] = 8.4
Hz, 2 H), 7.67 (d, J = 8.4 Hz, 2 H), 5.31 (s, 2 H), 5.10 (s, 2 H),
2.75 (s, 3 H); *C NMR ([d¢]DMSO, 100 MHz, 25 °C): § = 169.4,
158.9, 158.7, 152.7, 152.5, 151.2, 149.5, 146.5, 145.5, 139.6,
128.8, 124.2, 122.6, 66.3, 44.9, 43.7.

4.4. Synthesis of (N*-Msz-cytosine-1-yl)acetic acid (5)

tert-Butyl cytosine-1-ylacetate. Cytosine (5 g, 45.01 mmol,
equiv. 1) was suspended in DMF (60 ml). While stirring,
sodium hydride (60% in mineral oil, 1.3 g, 54.01 mmol, equiv.
1.2) was added in two portions with 15 min time intervals.
After 1 h, another 20 mL DMF was added, and the reaction
was allowed to stir was another 3 h. The reaction mixture was
then cooled in an ice bath for 30 min. Next, tert-butyl bromoa-
cetate (6.65 mL, 45.01 mmol, equiv. 1) in 20 mL DMF was
added dropwise for 15-20 min. The reaction was then allowed
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to slowly warm to RT and stirred overnight. The reaction
mixture was then poured slowly into the ice water while stir-
ring vigorously for 1-2 h. The precipitates were filtered,
washed with water (x5) and dried under high vacuum to give
3.5 g (34% yield) of pure compound. '"H NMR ([ds]DMSO,
600 MHz, 25 °C): § = 7.52 (d, J = 7.18 Hz, 1 H), 7.17-7.12 (s,
NH,, 2 H), 5.67 (d, ] = 7.18 Hz, 1 H), 4.32 (s, 2 H), 1.41 (s, 9 H);
13C NMR ([d¢]DMSO, 100 MHz, 25 °C): § = 168.3, 166.8, 156.2,
146.8, 93.8, 81.6, 50.9, 28.2.

tert-Butyl (N*-Mtz-cytosine-1-yl)acetate. Carbonyldiimidazole
(4.32 g, 26.64 mmol, equiv. 2) was added to the tert-butyl cyto-
sine-1-ylacetate (3 g, 13.32 mmol, equiv. 1) in DMF, and the
reaction was stirred at RT for 2 h. Progression of the reaction
was monitored by TLC. After 2 h, the first portion of Mtb-OH
(3.49 g, 22.64 mmol, equiv. 1.7) was added to the mixture and
the reaction was heated to 60 °C. Next, two more portions of
Mtb-OH (308.2 mg, 1.998 mmol, equiv. 0.15) were added at
1 h time intervals. After 6 h, the heat source was removed, and
the reaction was left to stir overnight at RT. The reaction
mixture was then poured on top of the ice cubes while stirring
vigorously for 2 h. The precipitates obtained were then filtered,
washed with water (x5) and dried under high vacuum to give
3.8 g (70% yield) of pure compound. '"H NMR ([ds]DMSO,
600 MHz, 25 °C): § = 10.8 (s, NH, 1 H), 8.02 (d, /= 7.3 Hz, 1 H),
7.36 (d,J = 8.3 Hz, 2 H), 7.28 (d, J = 8.3 Hz, 2 H), 7.02 (d, ] = 7.3
Hz, 1 H), 5.14 (s, 2 H), 4.49 (s, 2 H), 2.41 (s, 3 H), 1.41 (s, 9 H);
3C NMR ([de]DMSO, 100 MHz, 25 °C): § = 167.4, 163.8, 155.4,
153.6, 150.8, 138.8, 132.8, 129.3, 126.3, 94.4, 82.2, 66.7, 51.6,
28.1, 15.1.

tert-Butyl (N*-Msz-cytosine-1-yl)acetate. The tert-butyl (N*-
Mtz-cytosine-1-yl)acetate (3 g, 7.4 mmol, equiv. 1) was sus-
pended in 50 mL DCM and the mixture was cooled in an ice
bath. While stirring, mCPBA (~77% pure 1.29 g, 7.48 mmol,
equiv. 1.01) was added very slowly portion-wise while continu-
ously monitoring by TLC. The ice bath was removed, and the
reaction mixture was allowed to stir for another 15 min. Here
excess mCPBA was added until the (10) disappears. Once, the
reaction was complete, the reaction mixture was quenched
immediately by doing a workup using sat. NaHCO;" a small
amount of ascorbic acid (x3). The DCM layer was then dried
over MgSO, and evaporated to dryness to give the pure com-
pound in quantitative yield. "H NMR ([d¢]DMSO, 600 MHz,
25°C): §=10.9 (s, NH, 1 H), 8.04 (d, /= 7.3 Hz, 1 H), 7.71 (d, J
= 8.3 Hz, 2 H), 7.62 (d, J = 8.3 Hz, 2 H), 7.03 (d,J = 7.3 Hz, 1 H),
5.76 (s, 1H), 5.26 (s, 2 H), 4.50 (s, 2 H), 2.75 (s, 3 H), 1.42 (s, 9
H); ">C NMR ([d¢]DMSO, 100 MHz, 25 °C): § = 167.4, 163.7,
155.4, 150.8, 146.6, 139.2, 128.9, 124.2, 94.5, 82.2, 66.3, 55.3,
51.6, 43.6, 28.1.

(N*-Msz-cytosine-1-yl)acetic acid (5). The tert-butyl (N*-Msz-
cytosine-1-yl)acetate was dissolved in 70% TFA in DCM and
the reaction was stirred for 2 h. Next, more DCM was added,
and the reaction mixture was evaporated to dryness under a
rotavapor. The step was repeated by adding DCM (x5) until the
TFA was completely dried. Cold diethyl ether was then added,
and the solution was titurated to obtain the precipitate of the
pure compound in quantitative yield. "H NMR ([ds]DMSO,
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600 MHz, 25 °C): § = 8.04 (d, J = 7.3 Hz, 1 H), 7.71 (d, J = 8.3
Hz, 2 H), 7.61 (d, J = 8.3 Hz, 2 H), 7.02 (d, J = 7.3 Hz, 1 H), 5.26
(s, 2 H), 4.53 (s, 2 H), 2.74 (s, 3 H); C NMR ([ds]DMSO,
100 MHz, 25 °C): § = 169.8, 163.7, 155.4, 153.5, 150.9, 146.6,
139.2, 128.9, 124.2, 94.5, 66.3, 51.0, 43.7.

4.5. Synthesis of Boc-PNA-A(Msz)-OH (1)

Boc-PNA-A(Msz)-OBn. Compound 4 (3.2 g, 8.2 mmol),
HOBt-H,0 (2.5 g, 16.4 mmol) and EDC. HCL (3.1 g,
16.4 mmol) were mixed in 60 mL DMF and stirred for 5 min.
Next, a solution of 3 (3.8 g, 12.3 mmol) in 20 mL DMF was
added slowly under vigorous stirring, and the reaction was
stirred for another 3 h. Conversion of 4 was monitored by
HPLC. After 3 h, the reaction mixture was poured into ice
under vigorous stirring. The solid was then dissolved in ethyl
acetate and precipitated using hexane. The crude product was
then purified using silica gel chromatography (EtOAc/MeOH)
to give 2.9 g (52% yield) of the pure compound. "H NMR ([d]
DMSO, 600 MHz, 25 °C): § = 10.78 (s, 1 H, NH), 8.61 (s, 1H),
8.31 (s, 1H), 7.72 (d, J = 8.29 Hz, 2 H), 7.67 (d, J = 8.29 Hz, 2 H),
7.46 (d, J = 7.23 Hz, 1 H), 7.41 (t, J = 7.34 Hz, 1 H), 7.35 (m,
4H), 7.07 (t, J = 5.82 Hz, 1 H), 5.37 (s, 2 H), 5.29 (s, 2 H), 5.11
(s, 2 H), 4.15 (s, 2 H), 3.58 (t, ] = 6.34 Hz, 2 H), 3.27 (q, ] = 6.05
Hz, 2 H), 2.75 (s, 3 H), 1.38-1.36 (s, 9H); *C NMR ([ds]DMSO,
100 MHz, 25 °C): § = 170.8, 169.8, 169.3, 167.5, 167.2, 156.3,
152.8, 152.5, 151.9, 149.8, 146.4, 145.6, 139.7, 136.2, 128.9,
128.8, 128.6, 128.5, 128.3, 124.1, 123.4, 119.2, 78.6, 66.4, 66.1,
60.2, 43.7, 31.4, 28.6, 22.5, 14.4.

Boc-PNA-A(Msz)-OH (1). LiOH (equiv. 4) was added to a
stirred solution of the compound obtained before (1 g,
1.47 mmol) in 100 mL THF/H,O (3:1), and the reaction was
stirred at RT for 30 min. The reaction was monitored by TLC.
After completion, more H,O was added to the mixture and
THF was evaporated from it. The aqueous phase was then
washed with DCM (x2). Next, the aqueous layer was acidified
using 0.1 N HCI to pH 3-4 in an ice bath. It was then saturated
using NaCl (while maintaining the pH 3-4) and extracted
using EtOAc (x5) to get 0.55 g (63% yield). "H NMR ([ds]DMSO,
600 MHz, 25 °C): § = 10.76 (s, 1 H, NH), 8.61 (s, 1H), 8.32 (s,
1H), 7.72 (d, J = 8.19 Hz, 2 H), 7.67 (d, J = 8.21 Hz, 2 H), 7.05 (t,
J=5.26 Hz, 1 H), 5.34 (s, 1 H), 5.29 (s, 2 H), 5.12 (s, 1 H), 4.27
(s, 1H), 3.98 (s, 2H) 3.53 (t, ] = 6.29 Hz, 2 H), 3.26 (q, J = 6.17
Hz, 2 H), 2.74 (s, 3 H), 1.38-1.36 (s, 9H); "*C NMR ([ds]DMSO,
100 MHz, 25 °C): § = 170.8, 167.4, 166.9, 156.3, 152.9, 152.5,
151.9, 149.8, 149.7, 146.3, 145.8, 145.7, 139.7, 128.8, 124.2,
123.3, 78.6, 78.3, 66.1, 48.1, 47.5, 44.3, 43.6, 28.7, 28.6.

4.6. Synthesis of Boc-PNA-C(Msz)-OH (2)

Boc-PNA-C(Msz)-OBn. Compound 5 (1.4 g, 3.83 mmol),
HOBt-H,O (1.2 g, 7.67 mmol) and EDC. HCL (1.5 g,
7.67 mmol) in 20 mL DMF were mixed and stirred for 5 min.
Next, a solution of 3 (2.4 g, 7.67 mmol) in 10 mL DMF was
added slowly under vigorous stirring, and the reaction was
stirred for another 3 h. Conversion of 5 was monitored by
HPLC. After 3 h, the reaction mixture was poured into ice
under vigorous stirring. The solid was then dissolved in ethyl
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acetate and precipitated using hexane. The crude product was
then purified using silica gel chromatography (EtOAc/MeOH)
to give 1.5 g (60% yield) of the pure compound. "H NMR ([de]
DMSO, 600 MHz, 25 °C): § = 10.87 (s, 1 H, NH), 7.89 (d, J =
7.10 Hz, 1 H), 7.71 (d, J = 8.26 Hz, 2 H, ArH), 7.67 (d, J = 8.22
Hz, 2 H, ArH), 7.36 (m, 5H), 7.02 (d, J = 7.22 Hz, 1 H), 6.96 (t, J
=5.74 Hz, 1 H), 5.26 (s, 2 H), 5.12 (s, 2 H), 4.84 (s, 2 H), 4.13 (s,
2 H), 3.45 (t, ] = 6.77 Hz, 1 H), 3.19 (dd, J = 6.29 Hz, 2 H), 3.02
(dd, J = 6.24 Hz, 1 H), 2.74 (s, 3 H), 1.37-1.36 (s, 9H); *C NMR
([d]JDMSO, 100 MHz, 25 °C): § = 169.8, 169.4, 168.0, 167.8,
163.6, 163.5, 156.2, 155.4, 151.2, 146.5, 139.2, 136.2, 128.9,
128.8, 128.5, 128.3, 124.3, 94.4, 78.5, 66.4, 66.2, 49.8, 49.1,
48.4, 47.6, 43.7, 28.7, 28.6.

Boc-PNA-C(Msz)-OH (2). LiOH (equiv. 4) was added to a
stirred solution of the compound obtained before (1 g,
1.53 mmol) in 100 mL THF/H,O0 (3:1), and the reaction was
stirred at RT for 3 h. The progress of the reaction was moni-
tored by TLC. After completion, more H,O was added to the
reaction mixture and THF was evaporated from the mixture.
The mixture was then washed with DCM (x2). Next, the
aqueous layer was acidified using 0.1 N HCI to pH 3-4 in an
ice bath. The aqueous layer was then saturated using NaCl
(while maintaining the pH 3-4) and extracted using EtOAc (x5)
to get 0.48 g (56% yield). "H NMR ([ds]DMSO, 600 MHz,
25°C): § =10.85 (s, 1 H), 7.91 (d, J = 7.37 Hz, 1 H), 7.71 (d, J =
8.23 Hz, 2 H, ArH), 7.62 (d, J = 8.22 Hz, 2 H, ArH), 7.01 (d, J =
7.28 Hz, 1 H), 6.94 (t, J = 5.71 Hz, 1 H), 5.27 (s, 2 H), 4.82 (s, 1
H), 4.62 (s, 1 H), 4.17 (s, 1 H), 3.98 (s, 2 H), 3.42 (t, ] = 6.99 Hz,
2 H), 3.19 (q, J = 6.35 Hz, 2 H), 2.75 (s, 3 H), 1.38-1.36 (s, 9H);
3C NMR ([d¢]DMSO, 100 MHz, 25 °C): § = 170.9, 167.9, 167.5,
163.6, 155.4, 146.6, 146.0, 144.8, 139.3, 128.8, 127.5, 124.3,
123.9, 94.4, 78.5, 66.3, 62.8, 48.2, 47.4, 43.7, 43.6, 28.7, 28.6.

4.7. General protocol for the solid-phase synthesis of PNAs

The PNAs were synthesized on AM resin (0.92 mmol g~*) for
Boc chemistry and on Wang resin (0.43 mmol g~') for Fmoc
chemistry. The resins were first conditioned by washing with
DMF (2 x 1 min), DCM (2 x 1 min), and DMF (2 x 1 min). In
the case of the AM resin, the loading was reduced from 0.92 to
0.4 mmol using Fmoc-Ala-OH. Fmoc-Ala-OH (equiv. 1) was
coupled to the AM resin using DIC (equiv. 1) and OxymaPure
(equiv. 1) in DMF for 45 min. The acetylation in the free
N-terminal was performed using acetic anhydride (10 equiv.),
DIEA (20 equiv.) in DMF for 45 min. Next, Fmoc was removed
by treatment with 20% piperidine/DMF (1 x 1 min and 1 x
7 min), followed by washing the resin with DMF, DCM, and
DMF. The resin was then functionalized by coupling the HO-
Mmsb linker. HO-Mmsb (equiv. 1.5) was incorporated on the
AM resin using N-hydroxysuccinimide (HOSu) (equiv. 1.5) and
DIC (equiv. 1.5) in DMF for 1 h. The coupling of the first
amino acid onto the HO-Mmsb-Ala-AM-resin (this resin is
generally referred to as HO-Mmsb-resin throughout this
article) was achieved through esterification using Fmoc-pAla-
OH (equiv. 4), DIC (equiv. 2) and a catalytic amount of DMAP
(equiv. 0.2) in DMF for 3 h, followed by an extra coupling over-
night using the same conditions. Fmoc was removed using
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20% piperidine/DMF (1 x 1 min and 1 x 7 min), followed by
washing the resin and coupling of the next PNAs were carried
out using COMU (equiv. 2.9) and DIEA (equiv. 9) in DMF, as a
coupling system, for 30 min at RT. These steps were repeated
until the final PNAs were achieved. Washes between couplings
and deprotections were performed with DMF (3 x 1 min), DCM
(3 x 1 min), and DMF (3 x 1 min). The Boc group was removed
using 50% TFA in DCM (1 min + 15 min). Boc removal was fol-
lowed by coupling of the next Boc-PNA monomer and so on.
The final PNA-resin was then washed and dried well to con-
tinue with the reduction and total cleavage of the desired
PNAs.

In the case of Wang resin, the loading was reduced from
0.83 mmol to 0.4 mmol using Fmoc-pAla-OH (equiv. 1), DIC
(equiv. 2.5), and DMAP (equiv. 0.25) in DCM for 1 h. After 1 h,
capping was performed using acetic anhydride (equiv. 10) and
DIEA (equiv. 20) in DMF for 30 min. Fmoc was removed using
20% piperidine/DMF (1 x 1 min and 1 x 7 min), followed by
washing the resin with DMF, DCM, and DMF. Couplings were
performed using Fmoc-PNA monomer (equiv. 3), COMU
(equiv. 2.9), and DIEA (equiv. 6) in DMF for 30 min. Fmoc was
then removed, followed by the coupling of the next Fmoc-PNA
monomer and so on. The final PNA-resin was then washed
and dried well to continue with total cleavage (TFA/TIS/
H,0-95:2.5:2.5) of the desired PNAs from the Wang resin.

4.8. ‘Two-step’ (reduction and cleavage) protocol for HO-
Mmsb-resin

After the last synthetic step, the PNA-resin was reduced by
treatment with 20 equiv. Me;SiCl and 10 equiv. Ph;P in THF (3
x 1 h). The reduced PNA-resin was then washed well with THF
(x3), DMF (x3), and DCM (x3), and dried to continue with the
cleavage from resin. This process was performed using (TFA/
TIS/H,0-95:2.5:2.5) for 1 h. After cleavage, the mixture was
precipitated with chilled Et,O and centrifuged. The pellet was
resuspended in H,O for analysis by LC-MS.
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