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ABSTRACT: Monomers allowing for the introduction of [2,5-
dimethylfuran]-protected maleimides into polyamides such as peptides,
peptide nucleic acids, and peptoids were prepared, as well as the
corresponding oligomers. Suitable maleimide deprotection conditions
were established in each case. The stability of the adducts generated by
Michael-type maleimide−thiol reaction and Diels−Alder cycloaddition to
maleimide deprotection conditions was exploited to prepare a variety of
conjugates from peptide and PNA scaffolds incorporating one free and
one protected maleimide. The target molecules were synthesized by using two subsequent maleimide-involving click reactions
separated by a maleimide deprotection step. Carrying out maleimide deprotection and conjugation simultaneously gave better
results than performing the two reactions subsequently.

■ INTRODUCTION

Controlled ligation of different building blocks provides access
to complex structures, libraries of products, and biomolecules
modified a ̀ la carte. Biocompatible materials,1,2 polymers with
pharmacological application,3 new drugs with higher affinity
and specificity for the target,4,5 biomolecules with optimized
properties (increased half-life in biological fluids, enhanced
uptake, incorporating reporter groups for imaging, etc.),6 and
complex nanostructures and supramolecular systems7,8 have
been prepared taking advantage of those chemical tools.
In the past few years different alternatives have been

described for the modular construction of sophisticated
molecules making use of so-called ″click″ reactions.9 One of
the options consisted of attaching different alkynes to a scaffold,
combinations either of strained and terminal alkynes10 or of
unprotected and orthogonally protected alkynes.11−14 Subse-
quent Huisgen reactions with azides, with or without Cu(I) or
after the required deprotection treatment, allowed new building
blocks to be placed where desired.
Other experiments also involving Cu(I)-catalyzed Huisgen

cycloadditions have been made using scaffolds with two
different appending groups, an azide and a group that can be
transformed into either an azide15,16 or an azide and a latent
1,3-dipole.17 The alkyne−azide reaction was followed by
functional group conversion (that is, transformation of the
azide precursors into azides or of the latent 1,3-dipole into
dipole), and this by the second cycloaddition.
Chemoselective reactions have been subsequently performed

on scaffolds derivatized with two or three different functional
groups. Huisgen cycloadditions, oxime and hydrazone for-
mation, and thiol-maleimide reactions have been among the
most commonly chosen orthogonal reactions.18−20 The thiol−
ene and inverse electron-demand Diels−Alder reactions are

becoming increasingly popular and have also been used in
combination with other chemoselective processes.21−23

Finally, a combination of stepwise synthesis and attachment
of different building blocks at different elongation stages also
has allowed different moieties to be attached to a polyamide
chain.24,25

Maleimides are versatile molecules susceptible to use in
″click″ reactions with thiols, as already mentioned, and with
dienes. Unprotected maleimides are not compatible with basic,
nucleophilic reagents, which may promote maleimide hydrol-
ysis and/or add to the double bond. We have recently
described that the exo cycloadduct obtained by reaction of an
N-alkylated maleimide with 2,5-dimethylfuran is stable to
concentrated aqueous ammonia at room temperature, which
can be exploited for the on-resin synthesis of maleimido-
oligonucleotides.26,27 5′-Maleimido-oligonucleotides were pre-
pared by coupling derivatives incorporating protected mal-
eimide cycloadducts followed by deprotection with ammonia
and retro-Diels−Alder reaction.
The goal of this work was the preparation of maleimido-

containing peptides, peptide nucleic acids (PNAs), and
peptoids, and their use in conjugation reactions (Scheme 1).
Solid-phase synthesis of these polyamides requires reaction

with bases, either to remove the Fmoc (9-fluorenylmethox-
ycarbonyl) temporary protecting group in the case of peptides
and PNAs or to incorporate the construction units during
peptoid assembly using the submonomer strategy.28 Therefore,
use of [2,5-dimethylfuran]-protected maleimide building blocks
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was expected to allow introduction of a maleimide unit into any
position of the chain.
The first step was the preparation of monomers incorporat-

ing the protected maleimide moiety (Scheme 2), which were
subsequently introduced into the corresponding oligomers.
Maleimide deprotection provided fully reactive maleimides in
all cases, as assessed by reaction with thiol- or diene-containing
compounds (Scheme 3).
Assessment of the stability of the adducts generated after

Michael-type and Diels−Alder reactions to maleimide depro-
tection conditions prompted us to attach protected and
unprotected maleimides to the same polyamide scaffold
(peptide, PNA), and use them for two subsequent
maleimide-involving click reactions (Scheme 4). This method-
ology offers yet unexplored possibilities for the chemical
preparation of libraries of compounds.

■ MATERIALS AND METHODS

General materials and methods (origin of products, procedures
for solid-phase polyamide assembly, and conditions for the
analysis and characterization of the different synthesized
compounds) are described at the Supporting Information.
[Protected Maleimido]Propanoic Acid N-Hydroxysuc-

cinimido Ester 2. To a solution of 1 (1.04 g, 3.91 mmol) in
DCM (dichloromethane, 7.5 mL), EDC·HCl (N-ethyl-N′-(3-
dimethylaminopropyl)-carbodiimide, 820 mg, 4.3 mmol) and
N-hydroxysuccinimide (490 mg, 4.3 mmol) were added. The
mixture was stirred at room temperature for 84 h. The reaction
mixture was diluted with DCM to 75 mL, and the resulting
solution was washed with 0.1 M HCl (2×). The organic
fraction was dried over anh MgSO4 and filtered, and the solvent
was removed in vacuo. A white foam was obtained (1.23 g,
84%). The product was pure enough to be used in the next
step. If required, 2 can be purified by silica gel column

chromatography eluting with a 1:1 mixture of hexanes/AcOEt
and increasing amounts of AcOEt (up to 100%).
Rf = 0.7 (AcOEt); 1H NMR (400 MHz, CDCl3): δ 6.30 (s,

2H), 3.88 (t, J = 7.23 Hz, 2H), 2.98 (t, J = 7.24 Hz, 2H), 2.88
(s, 2H), 2.81 (s, 4H), 1.70 (s, 6H) ppm; 13C NMR (101 MHz,
CDCl3): δ 174.4, 168.9, 165.8, 140.8, 87.6, 77.3, 52.5, 33.7,
28.8, 25.5, 15.7; HRMS (ESI, positive mode): m/z 363.1209
[M+H]+, 380.1441 [M+NH4]

+, 747.2128 [2M+Na]+, M calcd.
for C17H18N2O7 362.1114.

Nα-Fmoc-Lys(Nε-[protected maleimido]propanoyl)-
OH 3. Nα-Fmoc-Lys-OH (254 mg, 0.69 mmol) was dissolved
in a mixture of trifluoroethanol (8 mL), THF (tetrahydrofuran,
4 mL), and DIEA (N,N-diisopropylethylamine, 0.36 mL, 2.1
mmol). 2 (300 mg, 0.83 mmol) was added to the solution, and
the mixture was stirred for 24 h at room temperature, and for 5
days at 5 °C. After the solvent was removed in vacuo, the crude
was dissolved in AcOEt and washed with a 10% aqueous
solution of citric acid (3×). The organic fraction was collected
and dried over MgSO4 and filtered, and the solvent was
removed under reduced pressure. Lysine derivative 3 was
purified by silica gel column chromatography, eluting with
AcOEt and 0.1% AcOH, and increasing amounts of MeOH (up
to 10%). The appropriate fractions were pooled and evaporated
to dryness, to yield a white foam (292.6 mg, 69%).
Rf = 0.4 (AcOEt/MeOH/AcOH 10:1:0.1); IR (ATR), ν:

3345, 2934, 1691, 1529, 1444, 1215, 1167 cm−1; 1H NMR (400
MHz, CDCl3): δ 7.74 (d, J = 7.54 Hz, 2H), 7.59 (t, J = 6.80 Hz,
2H), 7.38 (t, J = 7.45 Hz, 2H), 7.29 (t, J = 7.43 Hz, 2H), 6.26
(s, 2H), 4.37 (d, J = 7.07 Hz, 2H), 4.20 (t, J = 6.90 Hz, 1H),
3.75 (t, J = 7.06 Hz, 2H), 3.22 (d, J = 5.73 Hz, 2H), 2.81 (s,
2H), 2.48 (t, J = 6.97 Hz, 2H), 1.66 (s, 6H), 2−0.8 (bs, 6H)
ppm; 13C NMR (101 MHz, CDCl3): δ 143.7, 141.3, 140.8,
127.7, 127.1, 125.1, 120.0, 87.7, 67.0, 52.5, 47.1, 39.0, 35.1,
34.3, 29.7, 28.6, 15.8 ppm; MALDI-TOF MS (DHB = 2,5-
dihydroxybenzoic acid, positive mode): m/z 638.3 [M+Na]+,

Scheme 1. (a) General Procedure for Polyamide Synthesis and Conjugation. (b) General Structures of the Conjugates Prepared
Making Use of Two Successive Click Reactionsa

aPeptide and PNA sequences are shown in Scheme 4; the structures of thiols and dienes are shown in Figure 1.
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542.3 [M+Na-Me2furan]
+, 520.3 [M+H-Me2furan]

+, M calcd.
for C34H37N3O8 615.3. HRMS (ESI, negative mode): m/z
614.2481 [M-H]−, M calcd. for C34H37N3O8 615.2581.
N-[Protected maleimido]-N-(2-Fmoc-aminoethyl)-

glycine tert-Butyl Ester 4. N-(2-Fmoc-aminoethyl)glycine
tert-butyl ester·HCl (890 mg, 2.06 mmol) was dissolved in
DCM (120 mL) and washed with a saturated NaHCO3
aqueous solution (3 × 50 mL). The organic solution was
dried over anh. Na2SO4 and filtered, and the solvent was
removed in vacuo. The resulting yellowish oil (810 mg of N-(2-
Fmoc-aminoethyl)glycine tert-butyl ester, quantitative recov-
ery) was dissolved in DMF (N,N-dimethylformamide, 3 mL)
and bubbled with Ar. To this solution was added a mixture
containing 1 (610 mg, 2.30 mmol), HOBt·H2O (1-hydrox-
ybenzotriazole, 544 mg, 3.55 mmol), HATU (2-(7-aza-1H-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexafluoro-
phosphate, 873 mg, 2.30 mmol), and N-methylmorpholine
(410 μL, 3.73 mmol) previously stirred at room temperature
under an Ar atmosphere for 20 min. The resulting mixture was
stirred for 60 h at room temperature under an Ar atmosphere.
Solvent was removed under reduced pressure, and the resulting
crude was purified by silica gel column chromatography eluting
with a 1:1 (v/v) hexanes/AcOEt mixture. 4 was obtained as a
pale yellowish oil (1.06 g, 80% overall yield).

1H NMR (400 MHz, CDCl3): δ 7.75 (d, J = 7.6 Hz, 2H),
7.61 (t, J = 8.4 Hz, 2H), 7.39 (t, J = 7.4 Hz, 2H), 7.31 (t, J = 7.4
Hz, 2H), 6.28 (s, 2H), 5.97 (t, J = 6.2 Hz) and 5.64 (t, J = 5.4
Hz) (rotamers, 1H), 4.37 (m, 2H), 4.23 (m, 1H), 3.89 (s, 1H),
3.80 (m, 2H), 3.47 (m, 2H), 3.35 (m, 2H), 2.80 (s, 6H), 2.64
(t, J = 7.6 Hz), 2.52 (t, J = 7.1 Hz) (rotamers, 2H), 1.68 (s, 9H)
ppm; 13C NMR (101 MHz, CDCl3): δ 176.2, 166.1, 63.4, 61.7,
57.0, 43.9, 41.0, 36.7, 29.8, 29.5, 26.8, 24.5 ppm; HRMS (ESI,
positive mode): m/z 644.2955 [M+H]+, 661.3227 [M+NH4]

+,
666.2782 [M+Na]+, 1304.6093 [2M+NH4]

+, 1309.5680 [2M
+Na]+, M calcd. for C36H41N3O8 643.2887.
N-[Protected maleimido]-N-(2-Fmoc-aminoethyl)-

glycine 5. A solution of 4 (500 mg, 0.777 mmol) in DCM
(10 mL) was chilled in an ice bath. TFA (trifluoroacetic acid, 5
mL) and TIS (triisopropylsilane, 2 mL) were added, and the
mixture was left to react at 0 °C for 30 min and then at room
temperature until TLC analysis (hexanes/AcOEt 1:4, Rf =
0.21) showed complete disappearance of 4 (3 h reaction time).
Solvent and reagents were removed in vacuo, and the resulting
oil was dissolved in the minimal amount of DCM and
precipitated over cold hexanes. A white solid was obtained after
decantation (455 mg, quantitative yield), which was thoroughly
dried in a desiccator before its use in PNA synthesis.
IR (ATR), ν: 3349, 2937, 1768, 1694, 1523, 1446, 1403,

1170 cm−1; 1H NMR (400 MHz, CDCl3): δ 7.74 (d, J = 7.5
Hz, 2H), 7.59 (d, J = 5.5 Hz, 2H), 7.38 (t, J = 7.3 Hz, 2H), 7.30
(t, J = 6.7 Hz, 2H), 6.27 and 6.26 (2s, 2H), 5.78 (brs) and 5.69
(brs) (rotamers, 1H), 4.60 (brs) and 4.54 (brs) (rotamers, 1H),
4.37 (m, 2H), 4.21 (t, J = 6.4 Hz, 1H), 4.03 (m, 2H), 3.76 (brs,
4H), 3.49 (brs, 2H), 3.35 (brs, 2H), 2.80 (m, 2H), 2.68 (brs)
and 2.55 (brs) (rotamers, 2H), 1.66 (s, 6H) ppm; 13C NMR
(101 MHz, CDCl3): δ 174.7, 172.6, 171.7, 156.7, 143.9, 141.3,
140.9, 127.7, 127.1, 125.1, 120.0, 87.6, 67.0, 52.5, 49.5, 49.2,
47.1, 39.4, 34.9, 30.1, 15.9 ppm; HRMS (ESI, positive mode):
m/z 588.2328 [M+H]+, 605.2599 [M+NH4]

+, 610.2159 [M
+Na]+, 1175.4609 [2M+H]+, 1192.4849 [2M+NH4]

+,
1197.4380 [2M+Na]+, M calcd. for C32H33N3O8 587.2261.
2,5-Dimethylfuran-Protected Maleimide (exo + endo)

6. Maleimide (3.0 g, 30.9 mmol) was dissolved in ACN

(acetonitrile, 55 mL). The solution was heated to 60 °C, and
2,5-dimethylfuran (8.3 mL, 77.3 mmol) was added. After
overnight reaction at 60 °C, the mixture was evaporated to
dryness to yield 6 as a 4:1 mixture of exo and endo isomers.
Exo isomer: 1H NMR (400 MHz, CDCl3): δ 6.31 (s, 2H),

2.88 (s, 2H), 1.73 (s, 6H) ppm; 13C NMR (101 MHz, CDCl3):
δ 175.0, 140.9, 87.7, 53.8, 15.8 ppm.
Endo isomer: 1H NMR (400 MHz, CDCl3): δ 6.31 (s, 2H),

3.27 (s, 2H), 1.78 (s, 6H) ppm; 13C NMR (101 MHz, CDCl3):
δ 174.4, 138.2, 135.1, 54.9, 18.5 ppm.
HRMS (ESI, positive mode): m/z 194.0915 [M+H]+, M

calcd. for C10H11NO3 193.0739.
N-Boc-ethanolamine 7.29 Ethanolamine (6.1 g, 0.1 mol)

was added to Boc2O (Boc = tert-butoxycarbonyl, 21.8 g, 0.1
mol) in three portions at 0 °C over 10 min, and the mixture
was stirred for 2 h. A colorless precipitate formed with the
evolution of heat. After filtration, the solid was purified by silica
gel column chromatography eluting with a 6:1 hexanes/AcOEt
mixture. The desired fractions (as assessed by TLC: hexanes/
AcOEt 2:3, Rf = 0.5, detection: reaction with anisaldehyde)
were pooled and taken to dryness, which yielded pure 7 as a
colorless oil (15.8 g, 98%).

1H NMR (400 MHz, CDCl3): δ 5.05 (bs, 1H), 3.68 (m, 2H),
3.26 (t, 2H, J = 4.8 Hz), 2.83 (bs, 1H), 1.43 (s, 9H) ppm; 13C
NMR (101 MHz, CDCl3): δ 156.81, 79.63, 62.47, 43.10, 28.34
ppm.

N-[Protected maleimido]-ethanediamine·TFA 9 (exo).
A mixture of protected maleimide 6 (500 mg, 2.59 mmol), N-
Boc-ethanolamine 7 (278 mg, 1.73 mmol), and triphenylphos-
phine (679 mg, 2.59 mmol) was coevaporated with anh THF,
dissolved in anh THF (20 mL), and chilled in an ice bath.
DIAD (diisopropylazodicarboxylate, 511 μL, 2.59 mmol) was
added dropwise. The mixture was reacted for 2 h at 0 °C and
overnight at room temperature, and then the solvent was
removed under reduced pressure. The resulting residue (which
contained the mixture of exo and endo isomers) was treated
with a 2:3 v/v MeOH/conc aq ammonia mixture overnight,
and then concentrated under reduced pressure. CHCl3 (20
mL) was added, and the pH of the aqueous phase was adjusted
to 12−13. The two phases were separated, and the organic
phase was reextracted with 0.01 M NaOH (20 mL, 3×), dried
over MgSO4, and taken to dryness. 1H NMR analysis showed
that the resulting residue contained 8 as the exo isomer, plus
byproducts resulting from the Mitsunobu reaction (triphenyl-
phosphine oxide and DIADH2). Crude 8 was treated with a 3:7
TFA/DCM mixture (30 mL) for 1 h at room temperature, and
then was taken to dryness. The desired product precipitated
upon addition of anhydrous diethyl ether (2 mL). After
centrifugation the supernatant was discarded and diethyl ether
was added again to the precipitate. This step was repeated three
times. The product was dried thoroughly under reduced
pressure, to afford pure 9 (119 mg, 20%).
8: 1H NMR (400 MHz, CDCl3): δ 6.12 (s, 2H), 3.44 (t, J =

5.61 Hz, 2H), 3.10 (m, 2H), 2.65 (s, 2H), 1.51 (s, 6H), 1.22 (s,
9H) ppm.
9: IR (ATR), ν: 3574, 2985, 1769, 1694, 1674, 1402, 1200,

1167, 1124 cm−1; 1H NMR (400 MHz, acetone-d6): δ 6.38 (s,
2H), 3.96 (t, J = 5.33 Hz, 2H), 3.83 (t, J = 5.36 Hz, 2H), 2.95
(s, 2H), 1.59 (s, 6H) ppm; 13C NMR (101 MHz, acetone-d6): δ
176.8, 142.7, 89.2, 54.8, 46.3, 38.3, 17.2 ppm; HRMS (ESI,
positive mode): m/z 473.2388 [M+H]+, M calcd. for
C24H32N4O6 472.2317.
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Syntheses of Conjugates. Synthesis involved the
following series of steps:

a. Monoderivatized polyamides. (i) Elongation of poly-
amide chains by solid-phase synthesis, using commer-
cially available building blocks and the protected
maleimido monomers described here (3, 5, and 9 were
used to introduce the protected maleimide moieties at
any position within the chain, 3-maleimidopropanoic
acid 1 was only used for N-terminal derivatization); (ii)
acid treatment to remove all protecting groups except
that on the maleimide moiety; (iii) maleimide depro-
tection following one of the procedures described below;
(iv) conjugation (reaction with either a thiol or a diene,
see below).

b. Doubly derivatized polyamides. Steps (i) and (ii) were
the same as above; (iii) first conjugation (reaction of the
free maleimide with either a thiol or a diene); (iv)
maleimide deprotection; (v) second conjugation (second
reaction with either a thiol or a diene).

c. Alternatively, in some cases maleimide deprotection and
conjugation were carried out simultaneously (see below).

Microwave-Promoted Maleimide Deprotection. This
procedure was used to deprotect maleimides appending from
PNAs.
A solution (1000 μL) of [protected maleimido]-containing

PNA in a 1:1 (v/v) MeOH/H2O mixture (25 μM
concentration) was introduced in a microwave vial and
irradiated for 60 min at 100 °C. Solvent was removed under
vacuum, and the resulting crude was dissolved in water for
HPLC analysis and characterization by MALDI-TOF MS. The
crude was used at the subsequent conjugation step without any
purification.
Maleimide Deprotection by Heating in Toluene. This

procedure was used to deprotect maleimides appending from
peptides and peptoids.
The [protected maleimido]-containing peptide/peptoid was

dried by coevaporation with anh toluene (3−4×), and a new
batch of anh toluene was added (the amount that would be
required to obtain a 25 μM solution). The mixture was heated
at 90 °C, toluene was removed under reduced pressure, and the
crude was dissolved in water for HPLC analysis and mass
spectrometric characterization. The crude was used at the
subsequent conjugation step without any purification.
Conjugation: General Procedure for Michael-Type

Reactions. Aliquots of aqueous (or aqueous−organic)
solutions containing the required amounts of maleimido-
containing oligomer and the corresponding thiol-containing
compound (5- to 10-fold molar excess) were mixed, and the
mixture was diluted with 0.5 M triethylammonium acetate, pH
= 7.8−7.9 (final concentration of oligomer: 50−150 μM). The
mixture was stirred at room temperature under an Ar
atmosphere. Initially all experiments were carried out overnight;
yet, we have verified that in most cases the reaction is complete
in 1 h or even less. Shortening the reaction time prevents
hydrolysis of the succinimide formed after the thiol-maleimide
reaction, which has occasionally been observed (compound
21). Reaction crudes were analyzed by HPLC. Conjugates were
purified by HPLC and characterized by MALDI-TOF MS.
When reagents were not soluble in water the reaction was

carried out in organic solvent−aqueous buffer mixtures (see
Supporting Information, synthesis of conjugate 22).

Conjugation: General Procedure for Diels−Alder
Cycloadditions. The maleimido-containing oligomer and the
diene-oligonucleotide were dissolved in water (final concen-
tration of maleimido-containing oligomer: 50−250 μM). The
molar ratio varied between 1:1 and 1:5, the component in
excess generally being the least valuable one, in other words,
the most easily accessible (which of the two reagents is used in
excess was found to have no influence on the reaction yield;
data not shown). The mixture was reacted at 37 °C, generally
overnight. Reaction crudes were analyzed by HPLC. Con-
jugates were purified by HPLC and characterized by MALDI-
TOF MS.

One-Pot [Maleimide Deprotection + Conjugation]
Reactions. After coevaporation with anh. toluene (3×), the
protected maleimido-containing polyamide, and either the
diene (1−2 equiv) or the thiol-containing compound (10-fold
molar excess) were dissolved or suspended in anh toluene
(concentration of the polyamide in the mixture: 25 μM). The
mixture was reacted for 6 h at 90 °C, and then taken to dryness.
HPLC analysis of the crudes (dissolved in water) showed
complete deprotection of maleimides and high to quantitative
conjugation yields.
This procedure was found to be a good alternative to

accelerate cycloaddition reactions not completed even after
days reaction time (preparation of conjugate 27; see
Supporting Information).

■ RESULTS AND DISCUSSION
Synthesis of [Protected Maleimido]-Containing

Monomers. For the synthesis of the lysine derivative 3
(Scheme 2a), the carboxyl group of 126 was activated to give N-
hydroxysuccinimido ester 2, and subsequent reaction of 2 with
the ε-amine of Fmoc−L-lysine linked the protected maleimide
to the amino acid side chain and gave the target derivative 3.
The PNA monomer 5 (Scheme 2b) was prepared by first

reacting 1 with the secondary amine of N-(N-Fmoc-2-
aminoethyl)glycine tert-butyl ester, which was followed by an
acid treatment to deprotect the carboxyl group of 4.
Scheme 2c summarizes the reactions carried out to obtain

[protected maleimido]-amine 9. In the preliminary steps, 2,5-
dimethylfuran-protected maleimide (6, mixture of exo and endo
isomers) and N-Boc-aminoethanol (7) were prepared. Then a
DIAD/Ph3P-mediated Mitsunobu reaction between 6 and 7,
followed by reaction with a 2:3 MeOH/conc aq ammonia
mixture to get rid of the endo isomer26 afforded the fully
protected maleimido-amine 8. Finally, removal of the Boc
group by treatment with trifluoroacetic acid furnished amine 9
(trifluoroacetate salt).
These [protected maleimido]-containing monomers were

used in the solid-phase synthesis of peptide, PNA, and peptoid
polyamides following well-known procedures (see Supporting
Information for experimental conditions, and Schemes S1−S3).
Syntheses proceeded smoothly, showing that all derivatives
behaved as standard building blocks.

Maleimide Deprotection and Conjugation Reactions
with Polyamides. Conditions for maleimide deprotection
(retro-Diels−Alder reaction) were examined for the different
polyamides. Peptide 10, PNA 14, and peptoid 18 (Scheme 3)
were heated either in a metal block (suspension in toluene) or
in a microwave oven (MeOH/H2O solution), and the resulting
crudes were analyzed by HPLC.
Peptide 10 afforded fairly heterogeneous crudes. Best results

were achieved by heating in toluene (Scheme 3a, a.1; Figure
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S2), but the yield was not very good, and the longer the
reaction time, the lower the quality of the crude.
In the case of the PNA chain (14, Scheme 3b, b.1), highly

homogeneous maleimido-PNA crudes (15) were obtained with
any of the two deprotection procedures, the yield being higher
when using the microwave oven (>95%, Figure S6) than when
heating in toluene (ca. 70%).
As to peptoid 18 (Scheme 3c, c.1), microwave irradiation did

not afford a sufficiently satisfactory crude. Yet, heating in
toluene provided the target maleimido-peptoid (19) in good
yield (>90%) and high purity (Figure S9).
Reaction (Scheme 3) of the maleimido-containing poly-

amides (peptide 11, PNA 15, and peptoid 19) with thiol- and
diene-containing compounds (Figure 1) afforded the target
conjugation products (12, 16, 17, and 20−23; Figures S3b, S7
and S10) and confirmed that maleimide deprotection had
afforded fully reactive maleimides in all cases.
With the aim to improve the low yields associated with

maleimide deprotection in peptides, we considered the
possibility of carrying out one-pot deprotection and con-

jugation reactions, in other words, of deprotecting the
maleimide in the presence of either the thiol or the diene.
Previously, the stability of the adducts resulting from
conjugation reactions (Michael thiol−ene and Diels−Alder)
to maleimide deprotection conditions was verified using
standard samples of conjugates 12 and 13 (see Supporting
Information, section 4). Both 12 and 13 remained undegraded,
which indicated that maleimide deprotection conditions are
compatible with maleimide-involving conjugation reactions
(Figure S13).
When peptide 10 was suspended in toluene and heated in

the presence of glutathione over a period of 6 h (Scheme 3a,
a.3), the target conjugate 12 was obtained in high yield and
purity (Figure S3b). Likewise, conjugate 13 was the main
product in the crude (Figure S4) when 10 and diene-dT5 were
reacted under the same conditions (Scheme 3a, a.4). These

Scheme 2. Synthesis of Compounds Suitable for the
Introduction of Protected Maleimides into Peptides (a),
PNAs (b), and Peptoids (c)

Scheme 3. Structures of Peptide (a), PNA (b) and Peptoid
(c) Incorporating a Protected Maleimide Unit, And
Reactions Subsequently Carried Outa

aReaction conditions/reagents: a.1, heating in toluene; a.2, +
glutathione; a.3, heating in toluene in the presence of glutathione;
a.4, heating in toluene in the presence of diene-dT5; b.1, microwave
irradiation; b.2, + glutathione/biotin-SH; c.1, heating in toluene; c.2, +
glutathione/biotin-SH/thiocholesterol; c.3, + diene-dT5.
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results suggest that the thiol or the diene present in the reaction
medium drive the equilibrium of the retro-Diels−Alder reaction
by trapping the free maleimide, and that the conjugation
reaction is quick enough so as to prevent the maleimide from
being degraded. Therefore, when the two reactions are
simultaneously carried out the overall yield is higher, and the
final conjugate is much more homogeneous. This result has also
been exploited for the preparation of cyclic oligonucleotides.30

Both the Michael-type and Diels−Alder reactions provide
conjugates containing succinimide rings (see structures in
Schemes 1 and 3). These succinimides were fairly stable in
aqueous media, with hydrolysis taking place only after several
cycles of dissolving in water and lyophilization, except in the
case of conjugate 21. 21 could only be obtained if 19 was
reacted with an excess (10 equiv) of biotin-SH for 5 min, after
which time the mixture had to be immediately frozen and
lyophilized. Longer reaction times gave crudes in which the
main product was the conjugate with the hydrolyzed
succinimide. Conjugate 28 (see Scheme 4 and below) also
underwent some hydrolysis (37%) upon microwave-promoted
maleimide deprotection.
Two maleimide-involving consecutive click reactions were

carried out on peptide 24, PNA 31, and a PNA sequence
described to exhibit antibactericidal antisense effects31 (39)
(Scheme 4).
Synthesis of conjugates differing in the position to which

glutathione and diene-dT5 were linked to peptide 24 (Scheme
4a, 1.i and 2.i, Figures S15 and S16) involved, first, reactions
with the N-terminal free maleimide, which yielded conjugates
25 and 28. 25 and 28 were then heated in toluene to deprotect
the internal maleimides, providing compounds 26 and 29.
Finally, reaction of 26 and 29 with diene-dT5 and glutathione,
respectively, afforded the doubly derivatized regioisiomeric
conjugates 27 and 30.
As in previous experiments, the maleimide deprotection yield

was lower for the peptide−peptide conjugate (25) than for the
peptide−oligonucleotide one (28). Yet, carrying out the
deprotection and conjugation reactions simultaneously
(Scheme 4a, 3.ii) significantly ameliorated (Figure S15d)

both the deprotection and the conjugation yield (the room
temperature cycloaddition providing 27 from 26 was extremely
slow). Hence, and in agreement with the outcome of the
experiments described above, the yield of maleimide depro-
tection in the presence of a maleimide-trapping compound was
higher than in its absence. It is also worth noting that
maleimide deprotection (retro-Diels−Alder reaction) and
Diels−Alder conjugation can be simultaneously carried out
because of the higher stability of diene-maleimide cycloadducts
with respect to 2,5-dimethylfuran-maleimide adducts.

Figure 1. Structures of thiols and dienes used in conjugation reactions.

Scheme 4. Structures of Peptide (a) and PNA Scaffolds (b, c)
Incorporating Two Maleimides, One Protected and One
Unprotected, Used for the Attachment of Two Different
Moieties, and Subsequent Deprotection and Conjugation
Reactions

Bioconjugate Chemistry Technical Note

dx.doi.org/10.1021/bc4000614 | Bioconjugate Chem. 2013, 24, 832−839837



As to PNA 31, the final conjugates resulted from combining
either two Michael-type reactions or, again, Michael and Diels−
Alder reactions in either order (Scheme 4b). In the first case,
conjugate 34 incorporated biotin and a 21-amino-acid peptide
(Cys-peptide, Figure 1). In conjugate 35 the PNA scaffold was
attached to biotin and a 10-mer phosphorothioate oligonucleo-
tide, while in 38 the 10-mer phosphorothioate oligonucleotide
and the Cys-peptide were linked to the PNA chain (Figures
S18 and S19).
Finally, the two ends of PNA 39 were successfully modified

(Scheme 4c) using the same three-step conjugation/maleimide
deprotection/conjugation procedure (Figure S20). Hence, this
methodology is compatible with PNAs containing all of the
four nucleobases, and allows PNAs to be derivatized and keep
their full recognition potential.
The fact that no side reactions were detected during the

preparation of conjugates 35, 38, and 43 further supports our
previous conclusions on reactions involving thiophosphate
diesters and maleimides.27 Both HPLC and mass spectrometric
analyses (see Supporting Information) are consistent with (i)
phosphorothioate diesters not interfering with maleimide-diene
Diels−Alder cycloadditions (reactions affording 35 and 43),
(ii) microwave-promoted maleimide deprotection of the
[phosphorothioate oligonucleotide]-PNA conjugate cleanly
affording the target compound (37), and (iii) successful
reaction of the resulting free maleimide with the Cys-peptide
(to yield 38).

■ CONCLUSIONS

2,5-Dimethylfuran-protected maleimide moieties suitable for
use in the synthesis of [protected maleimido]-containing
peptides, PNAs, and peptoids were prepared and incorporated
into the corresponding oligomers.
Best conditions for maleimide deprotection were found to

vary depending on the oligomer, but in all cases fully reactive
maleimides were obtained. Deprotection of peptide-linked
maleimides was troublesome, since the reaction took place in
low yield and was less clean than with PNAs and peptoids. Yet,
these problems could be overcome by carrying out simulta-
neously maleimide deprotection and conjugation, since the
adducts generated from Michael-type and Diels−Alder
reactions remain stable under maleimide deprotection con-
ditions. One-pot maleimide deprotection and conjugation
furnished crudes substantially more homogeneous, increased
the conjugation yield, and accelerated slow cycloadditions.
Finally, peptides and PNAs incorporating the new [protected

maleimido]-containing derivatives and an unprotected mal-
eimide at the N-terminal were employed as scaffolds to which
two different units were appended. This dual conjugation was
accomplished using either a three-step conjugation/maleimide
deprotection/conjugation procedure or the two-step conjuga-
tion/[maleimide deprotection + conjugation] alternative
process.
The methodology here described broadens the scope of

possibilities available so far for the ligation of multiple
components, the synthesis of complex molecular systems and
libraries of differently decorated scaffolds, or to attach different
labels or reporter groups to biomolecules (or their ligands).
Decoration of a scaffold with different appendices is made
possible simply by the introduction of two maleimides, one free
and one protected. Moreover, incorporation of other functional
groups can also be envisaged to allow for further derivatization,

since the thiol-maleimide and the Diels−Alder reactions can be
combined with other conjugation chemistries.
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(27) Sańchez, A., Pedroso, E., and Grandas, A. (2012) Conjugation
reactions involving maleimides and phosphorothioate oligonucleo-
tides. Bioconjugate Chem. 23, 300−307.
(28) Zuckermann, R. N., Kerr, J. M., Kent, S. B. H., and Moos, W. H.
(1992) Efficient method for the preparation of peptoids [oligo(N-
substituted glycines)] by submonomer solid-phase synthesis. J. Am.
Chem. Soc. 114, 10646−10647.
(29) Jia, X., Huang, Q., Li, J., Li, S., and Yang, Q. (2007)
Environmentally benign N-Boc protection under solvent- and catalyst-
free conditions. Synlett 5, 806−808.
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1. General materials and methods. 
 
Nucleoside phosphoramidites (dT), CPG supports, and oligonucleotide synthesis reagents 

were from either Link Technologies, Glen Research Corporation or Applied Biosystems. PNA 

Monomers were from PolyOrg Inc. Fmoc-Ala-OH, Fmoc-Gly-OH, Fmoc-Lys-OH, Fmoc-

Lys(Boc)-OH, Fmoc-Ser(tBu)-OH, Fmoc-Tyr(tBu)-OH, HATU, Rink Amide MBHA support and 

Wang resin were from Novabiochem. 3-Maleimidopropanoic acid was either from Bachem, or 

synthesized as described below.[1] [Protected maleimido]propanoic acid (1, exo adduct) was 

prepared as previously described.[2] N-(2-Fmoc-aminoethyl)glycine tert-butyl ester·HCl was 

from Fluka. Biotin-SH[3] and H-Cys-Lys-Glu-Thr-Ala-Ala-Ala-Lys-Phe-Glu-Arg-Gln-His-Met-

Asp-Ser-Ser-Thr-Ser-Ala-Ala-OH (Cys-peptide) were prepared following described 

procedures.[2] Bromoacetic acid, DIPC, glutathione, thiocholesterol, tryptamine and the 

water-soluble carbodiimide (EDC) were from Sigma-Aldrich. HOBt·H2O and 2-

phenoxyethylamine were purchased to Acros Organics and Alfa Aesar, respectively. Acid-

free DCM was obtained by filtration through basic alumina. 

TLC was carried out on silica gel plates 60 F254 from Merck. Microwave irradiation was 

carried out in a Biotage InitiatorTM oven, using reaction vessels of 0.2-0.5 mL or 0.5-2 mL as 

required. Samples were lyophilized in a FreezeMobile Virtis instrument. 
1H and 13C NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer, and 

IR spectra (ATR) on a Nicolet 6700 FT-IR (Thermo Scientific). 

The amount of free thiols in thiol-containing compounds was quantified by the Ellman test, as 

described in the Supporting Information of reference 2. 

Syntheses of N-hydroxysuccinimido ester 8 and PNA monomer 11 were carried out following 

procedures previously used in the group and adapted from references 4 and 5, respectively. 

 

Oligonucleotide synthesis. 
5'Diene-oligonucleotides were assembled in a 3400 ABI automatic synthesizer at the 1 μmol 

scale, using standard phosphite triester approach synthesis cycles, as previously 

described.[3,6] When required, phosphite triesters were sulfurized by reaction with the 

Beaucage reagent. After chain elongation, treatment with conc. aq. ammonia at room 

temperature (1 h) removed protecting groups from the oligonucleotide. After filtration and 

washing, ammonia was evaporated under reduced pressure, and the sample lyophilized. All 

oligonucleotides were purified by reversed-phase HPLC, quantified by UV spectroscopy (λ = 

260 nm), and characterized by mass spectrometry. 

 

All polyamides were elongated manually in polyethylene syringes fitted with polypropylene 

discs using standard procedures (see below). 
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Solid-phase peptide synthesis (Fmoc/tBu strategy, Scheme S1). 
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Scheme S1. Main steps in the solid-phase synthesis of peptides. Assembly on the Rink 

amide resin provides peptides with C-terminal carboxamides (a), while use of the Wang resin 

affords C-terminal peptide acids (b). The structures of non-standard monomers are shown on 

the right (maleimido-propanoic acid is the precursor of compound 1, and is thus designed as 

prec-1). Full structures of peptides 10, 11 and 24 are shown on Schemes 3 and 4 of the 

manuscript. 

 
Peptides with carboxamide groups at the C-terminal were assembled on the Rink Amide 

resin, which was treated and washed with DCM (3 ×), DMF (3 ×), 20 % piperidine/DMF (2 × 

15 min), DCM (3 ×), DMF (3 ×) and MeOH (3 ×) prior to chain elongation. Incorporation of the 

first amino acid on this resin and peptide elongation were accomplished by using 3 equiv. of 

both Fmoc-amino acid, HOBt·H2O and DIPC (dissolved in the minimum amount of DCM and 

a few drops of DMF, 90 min), which was followed by washing with DCM, DMF and MeOH (3 

×). In case the coupling was not complete, as assessed by the Kaiser test,[7] it was repeated 
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using 2 equiv. of the reagents. Removal of the Fmoc groups was effected by reaction with 20 

% piperidine/DMF (1 × 3 min + 1 × 10 min), followed by washing (DMF, DCM). Activation of 

3-maleimidopropanoic acid (prec-1) was carried out with DIPC (90 min reaction time). Even 

though activation with DIPC and HOBt·H2O seemed not to cause any harm on the 

maleimide, use of only the carbodiimide is safer to prevent addition of HOBt to the maleimide 

of prec-1). 

Deprotection and cleavage from the Rink Amide resin was carried out by reaction with a 

95:2.5:2.5 TFA/H2O/TIS mixture for 2.5 h at room temperature. Filtrate and washings (DCM) 

were collected and concentrated under a N2 stream, and cold diethyl ether was added to the 

resulting oil. The mixture was centrifuged (10 min, 5 oC, 4800 rpm) and decanted. This 

procedure was repeated 3 times. 

Peptides with C-terminal carboxyl groups were assembled on the Wang resin, which was first 

washed with DCM (3 ×), 50 % TFA/DCM (2 × 5 min), DCM (3 ×), DMF (3 ×), 20 % 

piperidine/DMF (2 × 5 min), DCM (3 ×), DMF (3 ×) and MeOH (3 ×). Esterification of the 

hydroxyl groups of the Wang resin was carried out by reaction with the Fmoc-amino acid (3 

equiv), N-methylimidazole (3 equiv), and MSNT (4 equiv) in a 7:2 mixture of anh. DCM/THF 

for 2 h (room temperature), followed by filtration and washing with DCM, DMF and MeOH (3 

×). The degree of substitution was determined on an aliquot of Fmoc-amino acid-resin by 

quantification of the N-(9-fluorenylmethyl)piperidine formed (λ = 301 nm, ε = 7800 M-1cm-1) 

after Fmoc deprotection with 20 % piperidine/DMF. If the substitution degree was suitable, 

unreacted hydroxyl groups were capped by reaction with a 1.1:1 mixture of Ac2O and 

pyridine (2 × 15 min). Peptide elongation was carried out as described above. 

Deprotection and cleavage from the Wang resin was carried out by reaction with a 

90:5:2.5:2.5 TFA/DCM/H2O/TIS mixture for 2 h at room temperature. Filtrate and washings 

(DCM) were collected and taken to dryness under reduced pressure. 

Peptide crudes were purified by HPLC, quantified by UV spectroscopy (λ = 280 nm; Trp: ε280 

(M-1cm-1) = 5540, Tyr: ε280 (M-1cm-1) = 1480), and characterized by mass spectrometry. 

 

Solid-phase PNA synthesis (Fmoc/Bhoc protocol, Scheme S2). 
 
PNA Synthesis was carried out on the Rink Amide resin using standard protocols similar to 

those described for peptide elongation. After the preliminary treatment and washing of the 

resin, and incorporation of Fmoc-Lys(Boc)-OH as described above, addition of PNA 

monomers differed from that of amino acids in the washings after removal of the Fmoc group 

(DMF, DCM and anh. NMP, 3 × 1 mL each), and the coupling conditions: 3 equiv. of PNA-

monomer, 2.7 equiv. of HATU, 4 equiv. of DIEA and 4 equiv. 2,6-lutidine were dissolved in 

200 μL of anh. NMP under an Ar atmosphere. After 2 min preactivation the mixture was 
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added to the resin, and the coupling reaction left to proceed for 45 min. Coupling was 

followed by filtration and washings (DMF, DCM, MeOH, 5 × 1 mL each). To prevent 

formation of oligomers lacking one residue, capping was carried out after all coupling steps 

(3 mL of a 5:6:89 Ac2O/2,6-lutidine/DMF solution, 2 × 10 min). 3-Maleimidopropanoic acid 

was coupled as described above. 
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Scheme S2. Main steps in the solid-phase synthesis of peptide nucleic acids (PNAs) 14, 31 

and 39. The structures of the monomers are shown on the right (and that of prec-1 in 

Scheme S1). Full structures of PNAs 14, 31 and 39 are shown on Schemes 3 and 4 of the 

manuscript. 

 

Deprotection and cleavage was carried out by treating the PNA-resin with a 90:5:5 mixture of 

TFA/H2O/TIS (800 μL) for 2 h at room temperature, and subsequent washes with TFA (3 × 
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300 μL). The combined solutions were concentrated to dryness under a N2 stream, which 

was followed by precipitation on cold diethyl ether. After centrifugation the supernatant was 

discarded and diethyl ether was added again to the precipitate. This step was repeated 

twice. 

Crudes were analyzed and purified by HPLC, quantified by UV spectroscopy (using the same 

absorption coefficients as for natural nucleosides), and characterized by mass spectrometry. 

 

Solid-phase peptoid synthesis (submonomer procedure, Scheme S3).[8] 
 

Fmoc-NH-

20 % piperidine (DMF)

Rink amide resin

N

O

O

O

H

H 9

TFA/DCM/H2O/TIS 57:38:2.5:2.5

protected maleimido-peptoid (18)

CH2CH2NH2

O CH2CH2NH2

N
H

CH2CH2NH2

R-NH2:

n timesi) Br-CH2-COOH, DIPC (DMF)
ii) R-NH2 (NMP)

H2N--

 
 
Scheme S3. Main steps in the solid-phase synthesis of peptoid 18. The structures of the 

amines (R-NH2) are shown on the right. Full structure of peptoid 18 is shown on Scheme 3 of 

the manuscript. 

 

Peptoid 18 was assembled on the Rink Amide resin, which was treated and washed as 

described above for peptide synthesis. For the acylation step, bromoacetic acid (25 equiv.) 

was dissolved in anh. DMF in a round-bottom flask, the solution was cooled to 0 ºC, and 

DIPC (25 equiv.) was added dropwise. After 5 min, the solution was poured onto the resin in 

the syringe, and the mixture was stirred (shaker) under an Ar atmosphere for 45 min. The 

resin was filtered and washed (DCM, DMF, iPrOH and DCM, 3 × each), and the amination 

step was carried out by reaction with the corresponding amine (20 equiv.) dissolved in anh. 

NMP (500 μL) for 3 h. After this the resin was washed again (DCM, DMF and MeOH, 3 × 

each). Cleavage from the resin was accomplished by reaction with a 57:38:2.5:2.5 mixture of 

TFA/DCM/H2O/TIS for 1 h at room temperature, which was followed by washings with the 

cleavage mixture and DCM. Solvents and reagents were removed from the filtrate by means 

of a N2 stream until the solution became an oil. Cold diethyl ether (10 volumes) was added, 

and the mixture was centrifuged (10 min, 5 ºC, 4800 rpm) and decanted. The ether addition 

plus centrifugation procedure was repeated 3 times. The crude was analyzed and purified by 
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HPLC, quantified by UV spectroscopy (phenoxy group: ε270 (M-1cm-1) = 1450, indole: ε280 (M-

1cm-1) = 5540), and characterized by mass spectrometry. 

 

Conjugation procedures are described in the Experimental Section of the manuscript. 

 

HPLC. 

Reversed-phase HPLC analysis and purification was performed using analytical and 

semipreparative Waters or Shimadzu systems. Unless otherwise indicated, analysis and 

purification conditions were: 

Oligonucleotide analysis conditions: Kromasil C18 column (10 μm, 100 Å, 250 × 4.0 mm) 

from Akzo Nobel; solvent A: 0.05 M triethylammonium acetate, solvent B: H2O/ACN 1:1 (v/v), 

flow: 1 mL/min, detection wavelength: 254 nm. 

Oligonucleotide purification conditions (semipreparative scale): Jupiter C18 column (10 

μm, 300 Å, 250 × 10.0 mm) from Phenomenex; solvent A: 0.1 M triethylammonium acetate, 

solvent B: H2O/ACN 1:1 (v/v), unless otherwise indicated flow: 3 mL/min, detection 

wavelength: 260 nm. 

Polyamide analysis conditions: Jupiter Proteo column (4 μm, 90 Å, 250 × 4.6 mm) from 

Phenomenex, or Gracesmart C18 column (5 μm, 120 Å, 250 × 4.6 mm); solvent A: 0.045 % 

TFA in water, solvent B: 0.036 % TFA in ACN, flow: 1 mL/min, detection wavelength: 260 

(PNA) or 280 (peptide, peptoid with Ar-O groups) nm. 

Polyamide purification conditions (semipreparative scale): Jupiter Proteo column (10 

μm, 90 Å, 250 × 10.0 mm) from Phenomenex; solvent A: 0.1 % TFA in water, solvent B: 0.1 

% TFA in ACN, flow: 3-4 mL/min, detection wavelength: 260 or 280 nm (depending on the 

groups present in the oligomer). 

Cholesterol-containing compounds analysis conditions: Kromasil C4 column (10 μm, 

100 Å, 250 × 4.6 mm); solvent A: 0.045 % TFA in water, solvent B: 0.036 % TFA in ACN, or 

solvent A: 0.05 M triethylammonium acetate, solvent B: H2O/ACN 1:1 (v/v), flow: 1 mL/min, 

detection wavelength according to the type of compound. 

 

Mass spectrometry. 

MALDI-TOF mass spectra were recorded on a 4800 Plus ABSciex instrument. Unless 

otherwise indicated, reflector was used. Typical oligonucleotide analysis conditions: 1:1 (v/v) 

2,4,6-trihydroxyacetophenone/ammonium citrate (THAP/CA), negative mode; typical 

polyamide (peptide, peptoid, PNA) analysis conditions: 2,5-dihydroxybenzoic acid (DHB) + 

0.1 % TFA, positive mode. ESI (low and high resolution) mass spectra were obtained using 

an LC/MSD-TOF spectrometer from Agilent Technologies. 
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2. Synthesis of maleimido-propanoic acid (1) and diene-dT5. 

 
3-Maleimidopropanoic acid (prec-1).[1] Maleic anhydride (5.5 g, 56 mmol) and β-alanine 

(5.0 g, 56 mmol) was dissolved in AcOH (40 mL) and heated at 170 ºC for 90 min. The 

solution was then cooled, and the solvent was removed under reduced pressure. The 

residue was coevaporated with dioxane to remove acetic acid, and the resulting oil was 

purified by silica gel column chromatography, eluting with DCM and increasing amounts of 

MeOH (0 to 15 %). A white solid (4.6 g, 49% yield) was obtained. 

Rf = 0.55 (DCM/MeOH 85:15); 1H-NMR (400 MHz, CDCl3): δ 6.72 (s, 2H), 3.83 (t, J=7.19 Hz, 

2H), 2.70 (t, J=7.20 Hz, 2H) ppm; 13C-NMR (101 MHz, CDCl3): δ 176.4, 170.3, 134.2, 33.2, 

32.5 ppm; ESI MS (negative mode): m/z 168.3 [M+H]-, M calcd. for C7H7NO4 169.0. 

 

 
5'Diene-dT5. After solid-phase assembly and deprotection with ammonia, diene-dT5 was 

purified by HPLC at the semipreparative scale (Jupiter C18 column, 4 mL/min, gradient from 

5 to 60 % of B in 30 min) and obtained in 60 % overall yield (synthesis and purification). 

Analytical HPLC (Kromasil C18 column, same gradient): tR = 18.4 min; MALDI-TOF MS 

(negative mode): m/z 1617.3 [M-H]-, 1639.2 [M-2H+Na]-, 1655.2 [M-2H+K]-, M calcd. for 

C56H75N10O36P5 1618.3. 
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3. Reaction conditions, yield, analysis, purification and characterization data 

for polyamides incorporating one protected maleimide moiety and derived 
conjugates.  
 

Conditions for maleimide deprotection and conjugation are described in the Experimental 

section of the manuscript. 

 

Peptides and conjugates. 

 

 [Protected maleimido]-Ala-Lys-Tyr-Gly-NH2 10. Peptide 10 (assembled by coupling 1 

onto H-Ala-Lys(Boc)-Tyr(t-Bu)-Gly-NH-resin) was purified at the semipreparative scale 

(Jupiter Proteo column, 4 mL/min, linear gradient from 5 to 50 % of B in 30 min) and obtained 

in 43 % overall yield (synthesis and purification). Analytical HPLC (Jupiter Proteo column, 

gradient from 5 to 50 % of B in 30 min): tR = 9.8 min (Figure S1); ESI MS (positive mode): 

m/z 684.2 [M+H]+, 706.2 [M+Na]+, 1367.5 [2M+H]+, M calcd. for C33H45N7O9 683.3. 

 

a)  

 

 

Figure S1. Crude peptide 10 (Scheme 3a).  
 

Maleimido-peptide 11 from [protected maleimido]-peptide 10. In addition to the standard 

sample prepared by incorporating 3-maleimidopropanoic acid at the N-terminal of the resin-

linked peptide (see section 4), peptide 11 was also obtained by deprotection of the 

maleimide moiety of peptide 10 (50 nmol), after heating in toluene (20 mL) for 2 h at 90 oC 

(as explained in the Experimental Section of the manuscript). Deprotection yield (from the 

HPLC trace of the crude) 28 % (Figure S2). Deprotection yield after 4 h: 50 %. Analytical 

HPLC (Gracesmart column, gradient from 0 to 20 % of B in 30 min): tR = 14.4 min; MALDI-

TOF MS (positive mode): m/z 588.3 [M+H]+, M calcd. for C27H37N7O8 583.3. 
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Figure S2. Crude obtained after deprotection of the maleimide of peptide 10 by heating in 

toluene (Scheme 3a, a.1). 11 is the peak with tR ∼ 14.5 min and 10 that with tR ∼ 19.5 min. 

 

Conjugate 12. 

· Synthesis of 12 by the two-step maleimide deprotection/conjugation process: when 

deprotection of the maleimide moiety of 10 was followed by reaction with glutathione 

(11/glutathione molar ratio: 1:10, TEAAc buffer, 1 h), virtually all of the peptide 11 available in 

the deprotection crude was consumed, but the area of the peaks corresponding to the target 

conjugate in the HPLC of the conjugation crude was 25 % (Figure S3a). 

· One-pot deprotection (of 10) and conjugation reaction (10/glutathione 1:10 molar ratio): 3 h 

heating in toluene at 90 oC: 50 %, an additional 3 h heating raised the yield to 70-75 %; 6 h 

heating without interruption: 82 % (from the HPLC of the crude, Figure S3b).  

Analytical HPLC (Gracesmart column, gradient from 0 to 20 % of B in 30 min): tR = 13.3 min; 

MALDI-TOF MS (positive mode): m/z 895.4 [M+H]+, 917.4 [M+Na]+, 933.4 [M+K]+, M calcd. 

for C37H54N10O14 894.35. 

 

a) 

 

b) 

 
�

Figure S3. a) Crude obtained by reacting 11 (prepared by deprotection of the maleimide of 

peptide 10, Scheme 3a, a.1) with glutathione (Scheme 3a, a.2); b) crude obtained after the 
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one-pot deprotection and conjugation reaction (10 + glutathione, Δ for 6 h; Scheme 3a, a.3). 

12 Is the peak with tR ∼ 13.5 min. 

 

Conjugate 13. One-pot deprotection and conjugation reaction: 10/diene-dT5 molar ratio 

1:1.2, 6 h, toluene, 90 ºC; yield (from the HPLC trace): 93 % (Figure S4). 

Analytical HPLC (oligonucleotide analysis conditions, Kromasil C18 column, gradient from 5 

to 60 % of B in 30 min): tR = 19.9, 20.4 min; MALDI-TOF MS (negative mode, both peaks): 

m/z: 2205.5 [M-H]-, 2227.5 [M-2H+Na]-, 2243.5 [M-2H+K]-, 2265.3 [M-3H+Na+K]-, 2284.1 [M-

3H+2K]-, 2302.4 [M-4H+Na+2K]-, 2318.3 [M-4H+3K]-, M calcd. for C83H112N17O44P5 2205.57. 

 

a) 

 

 

�

Figure S4. Crude 13 obtained after the one-pot deprotection + conjugation procedure (10 + 

diene-dT5 + Δ) (Scheme 3a, a.4). 

 

 

 

 

PNAs and conjugates. 
 

H-t-t-(protected maleimide PNA monomer)-t-t-Lys-NH2 14. PNA 14 was purified at the 

semipreparative scale (Jupiter Proteo column, 3 mL/min, linear gradient from 10 to 40 % of B 

in 30 min) and obtained in 64 % overall yield (synthesis and purification). Analytical HPLC 

(Jupiter Proteo column, gradient from 10 to 40 % of B in 30 min): tR = 18.7 min (Figure S5); 

MALDI-TOF MS (positive mode): m/z 1557.9 [M-H]+, M calcd. for C67H92N22O22 1556.7. 
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�

Figure S5. Crude PNA 14 (Scheme 3b). 

 

PNA 15. Deprotection of PNA 14 was carried out at 100 oC for 1 h (MW), deprotection yield 

(from the HPLC trace of the crude): 98 % (Figure S6). Analytical HPLC (Jupiter Proteo 

column, gradient from 5 to 35 % of B in 30 min): tR = 15.2 min; MALDI-TOF MS (positive 

mode): m/z 1461.9 [M+H]+, M calcd. for C61H84N22O211460.6. 

 

 
�

Figure S6. Crude H-t-t-(maleimido PNA monomer)-t-t-Lys-CONH2 15 (Scheme 3b, b.1) after 

microwave-promoted deprotection of 14. 

 

Conjugate 16. Conjugation reaction: 15/glutathione molar ratio: 1:10, 1 h; conjugation yield 

(from the HPLC trace of the crude): 90 % (Figure S7a). Analytical HPLC (Jupiter Proteo 

column, gradient from 5 to 35 % of B in 30 min): tR = 13.7 min; MALDI-TOF MS (negative 

mode): m/z 1766.7 [M-H]-, M calcd. for C71H101N25O27S 1767.7. 

 

Conjugate 17. Conjugation reaction: 15/biotin-SH molar ratio: 1:10, 1 h; conjugation yield 

(from the HPLC trace of the crude): 87 % (Figure S7b). Analytical HPLC (Jupiter Proteo 

column, gradient from 5 to 35 % of B in 30 min): tR = 19.6 min; MALDI-TOF MS (negative 

mode): m/z 1762.7 [M-H]-, M calcd. for C73H105N25O23S2 1763.7. 

 



w xy{w

a) 

 

b) 

 
�

Figure S7. Crude conjugates 16 (a) and 17 (b) (Scheme 3b, b.2). 

 

�

�

�

Peptoids and conjugates.�
 

[Protected maleimido]-[N-(CH2CH2Indole)Gly]-[N-(CH2CH2OPh)Gly]-NH2 18. Peptoid 18 

was purified at the semipreparative scale (Jupiter Proteo column, 3 mL/min, linear gradient 

from 5 to 50% of B in 30 min) and obtained in 34 % overall yield (synthesis and purification). 

Analytical HPLC (Jupiter Proteo column, gradient from 20 to 100 % of B in 30 min): tR = 14.4 

min (Figure S8); MALDI-TOF MS (positive mode): m/z: 575.2 [M-furan+H]+, 597.2 [M-

furan+Na]+, 613.2 [M-furan+K]+, 671.3 [M+H]+, 693.3 [M+Na]+, M calcd. for C36H42N6O7 

670.3. 

 

 
�

Figure S8. Crude peptoid 18 (main peak). The structure of peptoid 18 is shown in Scheme 

3c. 
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Maleimido-peptoid 19: Deprotection: 100 nmol of peptoid 18, 4 mL toluene, 2.5 h; 

deprotection yield (from the HPLC trace): 87 % (Figure S9); analytical HPLC (Jupiter Proteo 

column, gradient from 30 to 60 % of B in 30 min): tR = 9.7 min; MALDI-TOF MS (positive 

mode): m/z 1063.6 [M+H]+, 1085.6 [M+Na]+, 1101.6 [M+K]+, M calcd. for C44H58N10O19S 

1062.36. 

 

 
Figure S9. Crude peptoid 19 (Scheme 3c, c.1). 

 

Conjugate 20. Conjugation reaction: 19/glutathione molar ratio: 1:10, 5 min; conjugation 

yield (from the HPLC of the crude): 81 % (Figure S10a). Analytical HPLC (polyamide 

analysis conditions, Jupiter Proteo column, gradient from 5 to 100 % of B in 30 min): tR = 

16.0 min; MALDI-TOF MS (positive mode): m/z: 882.4 [M+H]+, 904.4 [M+Na]+, 920.4 [M+K]+, 

M calcd. for C40H51N9O12S 881.3. 

 

Conjugate 21. Conjugation reaction: 19/biotin-SH molar ratio: 1:10, 5 min; conjugation yield 

(from the HPLC of the crude): 76 % (Figure S10b). Analytical HPLC (polyamide analysis 

conditions, Jupiter Proteo column, gradient from 30 to 60 % of B in 30 min): tR = 11.8 min; 

MALDI-TOF MS (positive mode): m/z 878.5 [M+H]+, M calcd. for C42H55N9O8S2 877.4. 

 

Conjugate 22. Conjugation reaction: 19/thiocholesterol molar ratio: 1:5, THF/ACN/TEAAc 

buffer 60:10:30, 1 h; conjugation yield (from the HPLC of the crude): 75 % (Figure S10c). 

Analytical HPLC (polyamide analysis conditions, Kromasil C4, gradient from 80 to 100 % of B 

in 30 min): tR = 13.6 min; MALDI-TOF MS (positive mode): m/z 977.6 [M+H]+; 999.6 [M+Na]+; 

1015.6 [M+K]+; calcd. for C57H80N6O6S 976.6. 

 

Conjugate 23. Conjugation reaction: 19/diene-dT5 molar ratio: 1:1.4, 3 h, toluene, 90 oC; 

conjugation yield (from the HPLC of the crude): 89 % (Figure S10d). After 6 days in water at 

37 oC the conjugation yield had been  23 % (HPLC profile not shown). Analytical HPLC 

(oligonucleotide analysis conditions, Kromasil C18, gradient from 5 to 100 % of B in 30 min): 
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tR = 22.9 min; MALDI-TOF MS (negative mode): m/z: 2194.7 [M+H]+, M calcd. for 

C86H109N16O42P5 2192.6. 

 

a) 

 

b) 

 
c) 

 

d) 

 
Figure S10. Crude conjugates (Scheme 3c, c.2) 20 (profile a), 21 (profile b), 22 (profile c) 

and 23 (profile d). The target conjugate is the main peak in all cases. Profile d: the peak with 

tR ~ 16 min corresponds to excess diene-dT5. 
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4. Synthesis of standard samples of 11, 12 and 13. Assessment of the stability 

of Michael-type adducts and Diels-Alder cycloadducts to maleimide 
deprotection conditions. 
 

Maleimido-Ala-Lys-Tyr-Gly-NH2 11. To obtain standard samples of conjugates 12 and 13 

(see section 4A), peptide 11 was prepared by coupling 3-maleimidopropanoic acid (prec-1) 

to H-Ala-Lys(Boc)-Tyr(t-Bu)-Gly-NH-resin. 11 Was isolated in 65 % overall synthesis and 

purification yield after the TFA treatment and purification by semipreparative HPLC (Jupiter 

Proteo, 4 mL/min, linear gradient from 5 to 50 % of B in 30 min). Analytical HPLC 

(Gracesmart column, gradient from 0 to 20 % of B in 30 min): tR = 14.3 min (Figure S11); ESI 

MS (positive mode): m/z 588.1 [M+H]+, 1175.3 [2M+H]+, M calcd. for C27H37N7O8 587.3. 

 

 

 

 

Figure S11. Crude standard peptide 11. 
 

Standard samples of conjugates 12 and 13. These samples were prepared by reacting 

maleimido-Ala-Lys-Tyr-Gly-NH2 (sample obtained as described above) with glutathione and 
5'diene-dT5, respectively: 

 

N

O

O

CO Ala Lys Tyr Gly(CH2)2 NH2

N

O

O

Ala Lys Tyr Gly NH2

dT5

S

N

O

O

Ala Lys Tyr Gly NH2

Cys
γ-Glu

Gly
NH2

12

13
 

 

Scheme S4. Preparation of standard samples of conjugates 12 and 13 from the standard 

sample of peptide 11 (obtained by coupling maleimido-propanoic acid to the resin-linked 

protected peptide). 
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Conjugate 12. Conjugation reaction to synthesize the standard sample of 12: 11 (standard 

sample)/glutathione molar ratio: 1:10, TEAAc buffer, overnight; conjugation yield (from the 

HPLC of the crude): 85 % (Figure S12a). 

 

Conjugate 13. Conjugation reaction to synthesize the standard sample of 13: 11 (standard 

sample)/diene-dT5 molar ratio: 1:1, overnight; conjugation yield (from the HPLC of the crude): 

64 % (Figure S12b). 

 

 

a) 

 

b) 

 
Figure S12. a) Crude 12 obtained by reacting standard peptide 11 with glutathione; b) crude 

13 obtained by reacting standard peptide 11 with diene-dT5. 

 

 

Stability to maleimide deprotection conditions. 

 

Stability to heating in toluene. In the first set of experiments, each of the conjugates (25 

nmol) was dissolved in anh. toluene (1 mL), and the solution was heated at 90 ºC for 6 h. 

Solvent was removed under reduced pressure, and the resulting residues were dissolved in 

50 µL of water. HPLC analysis (Figure S4,a,b) showed that both 12 and 13 were completely 

stable. 

 

Stability to heating in a microwave oven. Alternatively, each of the standard conjugates 

(12 and 13, 25 nmol) was dissolved in a 1:1 MeOH/H2O mixture (1 mL), and heated in a 

microwave oven at 90 ºC for 90 min. Methanol (and some water) was removed under 

reduced pressure, and the resulting aqueous solution was analyzed by HPLC (Figure 

S4,c,d). Again, the two conjugates remained undegraded. 

�
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HPLC data for these experiments (differences in retention times are due to analyses being 

carried out in different days): 
 
Conjugate 12: Analytical HPLC (Gracesmart column, gradient from 0 to 20 % of B in 30 

min): tR = 13.9 min (after heating in toluene), 13.2 (after heating in the microwave oven). 
 
Conjugate 13: Analytical HPLC (Kromasil C18 column, gradient from 5 to 60 % of B in 30 

min): tR = 20.9 and 21.4 min after heating in toluene; tR = 20.0 and 20.5 min after heating in 

the microwave oven. 

 

a) 

 

b) 

 
c) 

 

d) 

 
�

Figure S13. HPLC profiles of conjugates 12 and 13 after heating in toluene (a and b, 

respectively) and after heating in the microwave oven (c and d, respectively). HPLC profiles 

were obtained from analyses carried out in different days, and small differences in retention 

times were found. In all cases compounds were collected and identified as the corresponding 

conjugates by MALDI-TOF mass spectrometric analysis. 
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5. Reaction conditions, yield, analysis and characterization data for polyamides 

incorporating two maleimide moieties and derived double conjugates. 
 

Peptide and conjugates. 
 

Maleimido-Ser-Lys(protected maleimide)-Tyr-Gly-OH 24. Peptide 24 was purified at the 

semipreparative scale (Jupiter Proteo column, 4 mL/min, linear gradient from 5 to 50 of B in 

30 min) and obtained in 7 % overall yield (synthesis and purification). Analytical HPLC 

(Gracesmart column, gradient from 5 to 50 % of B in 30 min): tR = 19.5 min (Figure S14); ESI 

MS (positive mode): m/z 852.3 [M+H]+, 874.3 [M+Na]+, 890.3 [M+K]+, M calcd. for 

C40H49N7O14 851.3. 

 

 

 

�

Figure S14. Crude peptide 24 (c) (the target peptide is the main peak). The structure of 
peptide 24 is shown in Scheme 4a. 
 

Conjugate 25. Conjugation reaction: 24/glutathione molar ratio: 1:10, overnight; conjugation 

yield (from the HPLC of the crude): 69 % (Figure S15a). Analytical HPLC (polyamide 

analysis conditions, Gracesmart column, gradient from 5 to 50 % of B in 30 min): tR = 12.6 

min; MALDI-TOF MS (negative mode): m/z 1061.4 [M-furan-H]-, 1157.5 [M-H]-, 1229.4 [M-

furan+THAP-H]-; M calcd. for C50H66N10O20S 1158.42. 

 

Conjugate 26: Deprotection: 100 nmol of conjugate 25, 4 mL 1:2 (v/v) hexanes/toluene, 4 h; 

deprotection yield (from the HPLC trace): 50 % (Figure S15b). Analytical HPLC (polyamide 

analysis conditions, Gracesmart column, gradient from 0 to 50 % of B in 30 min): tR = 15.3 

min; MALDI-TOF MS (positive mode): m/z 1063.6 [M+H]+, 1085.6 [M+Na]+, 1101.6 [M+K]+, M 

calcd. for C44H58N10O19S 1062.36. 
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Conjugate 27. 

· Conjugation reaction: 26/diene-dT5 molar ratio 5:1 (crude 26, which still contained protected 

maleimide as described above, was not very soluble in water), 6 days; conjugation yield 

(from the HPLC trace of the crude): 74 % (Figure S15c). 

· One-pot deprotection and conjugation: 25/diene-dT5 molar ratio 1:1.3, 6 h, 90 ºC; yield 

(from the HPLC trace): 95 % (Figure S15d). 

Analytical HPLC (oligonucleotide analysis conditions, Kromasil C18 column, gradient from 5 

to 60 % of B in 30 min): tR = 19.9 min; MALDI-TOF MS (negative mode): m/z 2071.6 [M-2dT-

H]-, 2376.6 [M-Glut-H]-, 2551.7 [M-glutamine-H]-, 2679.7 [M-H]-, M calcd. for 

C100H133N20O55P5S 2680.66. 

 
 

a) 

 

b) 

 
c) 

 

d) 

 
�

Figure S15. a) Crude conjugate 25 (25 is the main peak; Scheme 4a, 1.i & Scheme 4a, 3.i); 

b) crude conjugate 26 (Scheme 4a, 1.ii), where the first main peak is 26 (tR ~ 15 min), and 

the second (tR ~ 18 min) is 25 (incomplete maleimide deprotection). c) And d): HPLC profiles 

of conjugation crude 27 obtained after the two-step process (deprotection of 25 followed by 

conjugation, profile c, Scheme 4a, 1.iii), and after the one-pot deprotection and conjugation 

procedure (profile d, Scheme 4a, 3.ii). Profiles c and d: The product eluting at ~ 20 min is 

conjugate 27, and that with tR ~ 22 min is diene-dT5. 
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Conjugate 28. Conjugation reaction: 24/diene-dT5 molar ratio: 5:1, overnight; conjugation 

yield (from the HPLC of the crude): 68 % (Figure S16a). Analytical HPLC (oligonucleotide 

analysis conditions, Kromasil C18 column, gradient from 5 to 60 % of B in 30 min): tR = 22.6 

min; MALDI-TOF MS (positive mode): m/z: 2372.4 [M-furan+H]+, 2469.4 [M+H]+, M calcd. for 

C96H124N17O50P5 2469.64. 

 

Conjugate 29: Deprotection: 24 nmol of conjugate 28, 1 mL toluene, 2.5 h; deprotection 

yield (from the HPLC trace): 87 % (Figure S16b). Analytical HPLC (oligonucleotide analysis 

conditions, Kromasil C18 column, gradient from 5 to 60 % of B in 30 min): tR = 19.2 min); 

MALDI-TOF MS (negative mode): m/z 2372.4 [M-H]-, M calcd. for C90H116N17O49P5 2373.58. 

 

Conjugate 30. Conjugation reaction: 29/glutathione molar ratio: 1:10, overnight; conjugation 

yield (from the HPLC of the crude): 66 % (Figure S16c). Analytical HPLC (oligonucleotide 

analysis conditions, Kromasil C18 column, gradient from 5 to 60 % of B in 30 min): tR = 19.1 

min; MALDI-TOF MS (positive mode): m/z: 2439.1 [M-T+H]+, 2682.1 [M+H]+, M calcd. for 

C100H133N20O55P5S 2680.66. 

 

a) 

 

b) 

 
c)  

 

 

�
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Figure S16. a) Crude conjugate 28 (Scheme 4a, 2.i). The main peak is 28 (tR ~ 23 min), and 

the first (here, tR ~ 20-21 min) is diene-dT5. b) And c): Crude conjugates 29 (profile b, 

Scheme 4a, 2.ii) and 30 (profile c, Scheme 4a, 2.iii) (29 and 30 are the main peak in both 

cases). 

 

 

 

 

PNAs and conjugates. 
 

Maleimido-t-t-(protected maleimido PNA monomer)-t-t-Lys-NH2 31. PNA 31 was purified 

at the semipreparative scale (Jupiter Proteo column, 3 mL/min, linear gradient from 10 to 40 

% of B in 30 min) and obtained in 57 % overall yield (synthesis and purification). Analytical 

HPLC (Jupiter Proteo column, gradient from 10 to 40 % of B in 30 min): tR = 22.0 min (Figure 

S17a); MALDI-TOF MS (positive mode): m/z 1708.9 [M+H]+, M calcd. for C74H97N23O25 

1707.7. 

 

Maleimido-catagctgtttc-(protected maleimido PNA monomer)-Lys-NH2 39. PNA 39 was 

analyzed and purified at the semipreparative scale (Jupiter Proteo column, 3 mL/min, linear 

gradient from 10 to 40 % of B in 30 min): tR = 15.9 min (Figure S17b) and obtained in 43 % 

overall yield (synthesis and purification); MALDI-TOF MS (DHB matrix, positive mode): m/z 

3788.0 [(M-dimethylfuran)+Na]+, m/z 3804.0 [(M-dimethylfuran)+K]+, M calcd. for 

C159H201N69O49 3860.5; (M-dimethylfuran) calcd. for C153H193N69O48 3764.5. 
 

 

 

 

 

a)  

 

b)  

 
�

Figure S17. 31 (a) and 39 (b) (the target PNAs are the main peaks of each trace). The 

structures of PNAs 31 and 39 are shown in Schemes 4b and 4c, respectively. 
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Conjugate 32. Conjugation reaction: 31/biotin-SH molar ratio: 1:10, 1 h; conjugation yield 

(from the HPLC trace of the crude): quantitative (Figure S18a). Analytical HPLC (polyamide 

analysis conditions, Jupiter Proteo column, gradient from 10 to 40 % of B in 30 min): tR = 

20.1 min; MALDI-TOF MS (negative mode): m/z 2009.7 [M-H]-, M calcd. for C86H118N26O27S2 

2010.8. 

 

Conjugate 33. Deprotection of conjugate 32 was carried out by MW irradiation at 100 oC for 

1 h, deprotection yield (from the HPLC trace): quantitative (Figure S18b); analytical HPLC 

(polyamide analysis conditions, Jupiter Proteo column, gradient from 10 to 40 % of B in 30 

min): tR = 17.9 min; MALDI-TOF MS (negative mode): m/z 1913.7 [M-H]-, M calcd. for 

C80H110N26O26S2 1914.8. 

 

Conjugate 34. Conjugation reaction: 33/Cys-peptide molar ratio: 1:5, overnight, conjugation 

yield (from the HPLC trace of the crude): quantitative (Figure S18c). Analytical HPLC 

(polyamide analysis conditions, Jupiter Proteo column, gradient from 10 to 40 % of B in 30 

min): tR = 17.3 min; MALDI-TOF MS (negative mode): m/z 4181.8 [M-H]-, M calcd. for 

C172H259N55O60S4 4182.8. 

 

Conjugate 35. Conjugation reaction: 33/diene-dT10-PS molar ratio: 1:1.2, overnight, 

conjugation yield (from the HPLC trace of the crude): quantitative (Figure S18d). Analytical 

HPLC (oligonucleotide analysis conditions, Kromasil C18 column, gradient from 10 to 80 % 

of B in 30 min): tR = 16.4 min; MALDI-TOF MS (negative mode): m/z 5212.1 [M-H]-, M calcd. 

for C186H250N46O87P10S12 5213.1. 

 

 

 

 

a) 

 

b) 
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c) 

 

d) 

 
Figure S18. a) Crude conjugate 32 (Scheme 4b, 1.i & 2.i); b) crude conjugate 33 after 

microwave-promoted deprotection (Scheme 4b, 1.ii & 2.ii); c) crude conjugate 34 (34 is the 

main peak, and the peak at 14.3 min corresponds to excess Cys-peptide; Scheme 4b, 1.iii); 

d) crude conjugate 35 (35 is the main peak, and the peak with tR ~ 16 min corresponds to 

excess 5’diene-dT10-PS; Scheme 4b, 2.iii). 

 

 

Conjugate 36. Conjugation reaction: 31/diene-dT10-PS molar ratio: 1:1, overnight, 

conjugation yield (from the HPLC trace of the crude): 95 % (Figure S19a). Analytical HPLC 

(oligonucleotide analysis conditions, Kromasil C18 column, gradient from 10 to 80 % of B in 

30 min): tR = 15.7 min; MALDI-TOF MS (negative mode): m/z 5004.7 [M-H]-, M calcd. for 

C180H237N43O86P10S10 5006.0. 

 

Conjugate 37. Deprotection of conjugate 36 was carried out by MW irradiation at 100 oC for 

1 h, deprotection yield (from the HPLC trace): quantitative (Figure S19b); analytical HPLC 

(oligonucleotide analysis conditions, Kromasil C18 column, gradient from 10 to 80 % of B in 

30 min): tR = 15.0 min; MALDI-TOF MS (negative mode): m/z 4908.6 [M-H]-, M calcd. for 

C174H229N43O85P10S10 4910.0. 

 

Conjugate 38. Conjugation reaction: 37/Cys-peptide molar ratio: 1:5, overnight, conjugation 

yield (from the HPLC trace of the crude): quantitative (Figure S19c). Analytical HPLC 

(oligonucleotide analysis conditions, Kromasil C18 column, gradient from 10 to 80 % of B in 

30 min): tR = 14.6 min; MALDI-TOF MS (negative mode): m/z 7177.0 [M-H]-, M calcd. for 

C266H378N72O119P10S12 7178.0. 
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a) 

 

b) 

 
c) 

 

 

Figure S19. a) Crude conjugate 36 (the small peaks eluting at ~ 15 min and ~ 16.5 min 

correspond to unreacted 31 and diene-dT10-PS, respectively; Scheme 4b, 3.i); b) conjugate 

37 after microwave-promoted deprotection (Scheme 4b, 3.ii); c) conjugate 38 (Scheme 4b, 

3.iii). 

 

 

Conjugate 40. Conjugation reaction: 39/glutathione molar ratio: 1:10, overnight; conjugation 

yield (from the HPLC of the crude): 92 %. 39 Was analyzed and purified at the 

semipreparative scale (Jupiter Proteo column, 3 mL/min, linear gradient from 10 to 40 % of B 

in 30 min): tR = 14.9 min (Figure S20a); MALDI-TOF MS (negative mode): m/z 4166.4 [M-H]-, 

M calcd. for C169H218N72O55 4167.6. 

 

Conjugate 41. Deprotection of conjugate 40 was carried out by MW irradiation at 100 oC for 

1 h, deprotection yield (from the HPLC trace): quantitative (Figure S20b); analytical HPLC 

(Jupiter Proteo column, 3 mL/min, linear gradient from 10 to 40 % of B in 30 min): tR = 14.1 

min; MALDI-TOF MS (negative mode): m/z 4070.8 [M-H]-, M calcd. for C163H210N72O54S 

4071.6. 
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Conjugate 42. Conjugation reaction: 41/biotin molar ratio: 1:10, overnight; conjugation yield 

(from the HPLC of the crude): 84 % (Figure S20c). 42 Was analyzed and purified at the 

semipreparative scale (Jupiter Proteo column, 3 mL/min, linear gradient from 10 to 40 % of B 

in 30 min): tR = 16.1 min (Figure S20c); MALDI-TOF MS (negative mode): m/z 4373.3 [M-H]-, 

M calcd. for C175H231N75O56S3 4374.7. 
 
Conjugate 43. Conjugation reaction: 41/diene-dT10-PS molar ratio: 1:1, overnight, 

conjugation yield (from the HPLC trace of the crude): 92 % (Figure S20d). 43 Was analyzed 

and purified at the semipreparative scale (Jupiter Proteo column, 3 mL/min, linear gradient 

from 20 to 80 % of B in 30 min; A: 0.1 M triethylammonium acetate, solvent B: ACN): tR = 

10.9 min and tR = 11.5 min (two diastereomers) (Figure S20d); MALDI-TOF MS (negative 

mode): m/z 7369.4 [M-H]-, 3684.1 [(M-2H)/2]2-, M calcd. for C269H350N92O115P10S11 7369.9. 
 
a) 

 

b) 

 
c) 

 

d) 

 
Figure S20. a) Crude conjugate 40; b) conjugate 41 after microwave-promoted deprotection; 

c) crude conjugate 42; d) crude conjugate 43.  
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6. Abbreviations and references.  
 

Abbreviations: Ac=acetyl, ACN=acetonitrile, Bhoc=benzhydryloxycarbonyl, Boc=tert-

butoxycarbonyl, CNE=2-cyanoethyl, DCC= N,N'-dicyclohexylcarbodiimide, DIAD=diisopropyl-

azodicarboxylate, DCM=dichloromethane, DIEA=N,N-diisopropylethylamine, DIPC=N,N'-

diisopropylcarbodiimide, DHB=2,5-dihydroxybenzoic acid, DMAP=N,N-dimethylamino-

pyridine, DMF=N,N-dimethylformamide, Dmf=dimethylaminomethylene (dimethyl-

formamidine), DMT=4,4'-dimethoxytrityl, EDC=N-ethyl-N'-(3-dimethylaminopropyl)-

carbodiimide·HCl, Fmoc=9-fluorenylmethoxycarbonyl, HATU=2-(7-aza-1H-benzotriazole-1-

yl)-1,1,3,3-tetramethyluronium hexafluorophosphate, HOBT=1-hydroxybenzotriazole, 

iPrPac=isopropylphenoxyacetyl, LCAA-CPG=long chain aminoalkyl controlled pore glass 

beads, MSNT=1-(mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole, NMI=N-methylimidazole, 

NMM=N-methylmorpholine, NMP=N-methylpyrrolidone, Pac=phenoxyacetyl, PNA=peptide 

nucleic acid, TCA=trichloroacetic acid, TEA=triethylamine, THF=tetrahydrofuran, 

TIS=triisopropylsilane, TFA=trifluoroacetic acid. 
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ABSTRACT

Cyclic peptide architectures can be easily synthesized from cysteine-containing peptides with appending maleimides, free or protected, through
an intramolecular Michael-type reaction. After peptide assembly, the peptide can cyclize either during the trifluoroacetic acid treatment, if the
maleimide is not protected, or upon deprotection of the maleimide. The combination of free and protected maleimide moieties and two
orthogonally protected cysteines gives access to structurally different bicyclic peptides with isolated or fused cycles.

Cyclization has been long recognized as providing pep-
tides with increased stability to enzymatic degradation and
better cell permeability (see ref 1 for recent reviews).
Cyclization imposes structural constraints and allows for
structural preorganization of functional groups, but the
degree of flexibility still permitted is expected to enhance
and facilitate interaction with the receptor target. In addi-
tion to their potential role as enzyme inhibitors, cyclic
peptides are considered useful tools to interrogate complex
structures and showpromise in the interference of protein�
protein interactions.1 Cyclic peptides can also mimic protein
loops. In this respect, appending conformationally con-
strainedpeptides fromascaffoldcansimulate thedistribution
of protein loops in space,2 and this is of interest for immu-
nological studies. In a different context, a Zinc-finger-type
phosphorylated peptide with a cycle formed by metal chela-
tion was able to distinguish between DNAs incorporating
one of the two cytosines involved in epigenetic regulation,
namely 5-hydroxymethylcytosine and 5-methylcytosine.3

Peptidemacrocycles can beobtainedbybridging the two
ends of the peptide chain (head-to-tail), internal positions,

or both. Chemical synthesis has provided the most fre-
quently occurring natural bridges (disulfides, macrolac-
tams, macrolactones),1,4 as well as rings with biaryls and
diaryl ethers.5Moreover, ring-closingmetathesis, theCu(I)-
catalyzed azide�alkyne cycloaddition,1,4 the reaction be-
tween a nucleophile and an activated pyridine-N-oxide,6

and sulfur-mediated reactions7 have also afforded peptide
cycles. When the latter involve a thiol and an alkene,
thioether formationmay take place through either radical8

orMichael-type processes.9 Even though the addition of a
thiol to a maleimide is one of the oldest and most exten-
sively used “click” reactions, it has hardly ever been
exploited to obtain cyclic biomolecules.10 There is one

(1) (a) Marsault, E.; Peterson, M. L. J. Med. Chem. 2011, 54, 1961–
2004. (b)Madsen, C.M.; Clausen,M.H.Eur. J. Org. Chem. 2011, 3107–
3115. (c) White, C. J.; Yudin, A. K. Nat. Chem. 2011, 3, 509–524.

(2) (a) Timmerman, P.; Beld, J.; Puijk, W. C.; Meloren, R. H.
ChemBioChem 2005, 6, 821–824. (b) Heinis, C.; Rutherford, T.; Freund,
S.; Winter, G. Nat. Chem. Biol. 2009, 5, 502–507. (c) Ghosh, P. S.;
Hamilton, A. D. J. Am. Chem. Soc. 2012, 134, 13208–13211.

(3) Nomura, A.; Sugizaki, K.; Yanagisawa, H.; Okamoto, A. Chem.
Commun. 2011, 47, 8277–8279.

(4) (a) Jiang, S.; Li, Z.; Ding, K.; Roller, P. P.Curr. Org. Chem. 2008,
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Bradow, J.; Liras, S.; Limberakis, C.; Mathiowtz, A. M.; Philippe, L.;
Price, D.; Song, K.; James, K. J. Org. Chem. 2012, 77, 3099–3114.
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39, 1355–1387.
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Gieselman,M.D.; Zhou,H.; Averin,O.; van derDonk,W.Org. Biomol.
Chem. 2003, 1, 3304–3315. (d) Matteucci, M.; Bhalay, G.; Bradley, M.
Tetrahedron Lett. 2004, 45, 1399–1401.
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report dealing with the on-resin cyclization of a peptide
incorporating an N-terminal maleimide10a and a very
recent one on the synthesis of cyclic oligonucleotides.10b

Here, we describe its application to the preparation of
peptide mono- and bicycles in solution.
To prove the suitability of the thiol�ene Michael reac-

tion for this purpose, peptide sequence KYAYCG was
assembled on the Rink amide resin (Scheme 1a; for details
see Supporting Information). Maleimides are labile to nu-
cleophilic bases and thus not compatible with the piperidine
treatments that remove the Fmoc group in standard
Fmoc/tBu peptide chemistry. Hence, the maleimide moiety
has to be incorporated either after the chain has been fully
assembled or during chain elongation provided that it is
protected.11 For comparison purposes, part of the protected
peptide resin was derivatized with 3-maleimidopropanoic

acid (1) and partly with 3-[2,5-dimethylfuran protected
maleimido]propanoic acid (2).12 Trifluoroacetic acid treat-
ment of peptide-resin 3 provided a crude whose main
product (Figure S1) was isolated and treated with H2O2

to investigate whether it was linear (6) or circular (7).
Under the reaction conditions,10b the free thiol of the
linear precursor (6) is oxidized to sulfonic acid (mass 48
units higher),whereas the thioether of the cyclic compound
becomes a sulfoxide (mass 16 units higher). After treat-
ment with H2O2 it was found that the main product in the
crude was the sulfoxide of the cyclic molecule (7-SO,
Scheme 1b), which showed that the Michael-type thiol-
maleimide reaction can take place even in the strongly
acidic deprotection medium, either during the deprotec-
tion procedure or upon elimination of the deprotecting
mixture when the solution becomes more concentrated. 7
was found to be accompanied by some cyclic dimeric and
trimeric peptides (∼24% in the crude; see Figure S1).

Scheme 1. First Syntheses of a Cyclic Peptide (a) and Assessment of Cyclization (b)

(10) (a) Sharma, S. K.; Wu, A. D.; Chandramouli, N. Tetrahedron
Lett. 1996, 37, 5665–5668. (b) S�anchez, A.; Pedroso, E.; Grandas, A.
Chem. Commun. 2013, 49, 309–311.

(11) Elduque, X.; S�anchez, A.; Sharma,K.; Pedroso, E.; Grandas, A.
Bioconjugate Chem., accepted for publication.

(12) S�anchez, A.; Pedroso, E.; Grandas, A.Org. Lett. 2011, 13, 4363–
4367.
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Acidolysis (trifluoroacetic acid) of peptide-resin 4 re-
moved permanent protecting groups on the peptide, af-
fording [protected maleimido]-peptide 5 (Scheme 1a). The
maleimidewas thendeprotectedby heating in amicrowave
oven at 90 �C. In agreement with previous results,10,11 the
retro-Diels�Alder reaction and cyclization took place
simultaneously, furnishing a thiosuccinimide that re-
mained stable to the heating conditions.
Different peptide concentrations were tested to examine

under which maleimide deprotection conditions the target
monocycle 7was exclusively formed from 5, or at the least
formation of 7 was favored over that of oligomers. As
summarized inTable S1 (see alsoFigure S3), in no casewas
it possible to fully prevent the formation of the cyclic
dipeptide. Yet, in concentrations below 1 mM the extent
of cyclic dimer formation did not exceed 5%, and the
formation of cyclic tripeptide was virtually nil. Hence,
protection of the maleimide allows for greater control of
the dilution conditions in which cyclization takes place, so
that fully protected [maleimido peptide]-resins such as 4
are better precursors of peptide rings than peptide resins
with a freemaleimide such as 3.Moreover, the overall yield
of the 4 f 7 process (21%, two steps with two purifica-
tions) was higher than that of the 3 f 7 transformation
(12%, one purification).
Cyclic peptides of larger size, incorporating different

amino acids, were then prepared (Figure 1). The amino
acid sequence of 8 (9 amino acid cycle) reproduces most of
the sequence of antibiotic tyrocidine,13 and 9 (12 amino
acid cycle) reproduces the loop sequence of an oxido-
reductase (dihydrolipoamide dehydrogenase, UNiProtKb
P09063).14 10Was synthesized to assess whether histidine
interferes with the thiol-maleimide reaction, since it has
been described that N-terminal maleimido-derivatized,
histidine-containing peptides can easily undergo an intra-
molecular imidazole-maleimide Michael-type reaction.15

However, N-terminal maleimido-derivatized, histidine-
containing peptides have been successfully used in con-
jugation with thiol-derivatized oligonucleotides.16

Cyclic peptides 8 and 9 were prepared by attaching 2 to
the peptide resin. Compound 11 (Figure 1, ref 11), inwhich
the protected maleimide moiety is linked to the side chain
of lysine, was used for the synthesis of 10. In all cases solid-
phase assembly was first followed by an acidolytic treat-
ment to remove protecting groups on the peptide chain,
and after purification the retro-Diels�Alder reaction that
deprotects the maleimide was carried out. As in the case of
7, the latterwas accompanied by cyclization, as assessed by
the reactionwithH2O2.These experiments showed that the
thiol�maleimide reaction provides peptide cycles with at
least12aminoacidswithverygood [maleimidedeprotectionþ
cyclization] yields (∼ 50%), both with head-to-side chain
and side chain-to-side chain linkages, and including a

variety of trifunctional amino acids. They also showed
that histidine-containing peptides can be cyclized mak-
ing use of theMichael-type reaction even if the histidine
residue is very close to the maleimide unit. In agree-
ment with other authors’ results,8 cyclic peptides were
found to elute before the linear precursors upon HPLC
analysis.

To further explore the scope of the method, two bicyclic
peptides, 14 and 17 (Scheme 2), were synthesized. In the
former (“spectacles-like”) the two cycles are separated by
two residues of the peptide chain, while in the latter the
cycles have part of the chain in common. For their
preparation we combined 3-maleimidopropanoic acid
(1), the lysine derivative 11, and two orthogonally pro-
tected cysteine residues, Cys(Trt) and Cys(S-tBu). Since 1
can only be installed at the N-terminal (see above), by
adequately placing the other three residues either type of
bicycle can be obtained.
Trifluoroacetic acid treatment of peptide-resins 12 and

15 removed all protecting groups except those of Cys-
(S-tBu) and the maleimido-derivatized lysine, so that
the reaction between the N-terminal maleimide and the
free thiol furnished the first cycle (compounds 13 and
16, respectively). The S-tBu group was subsequently
removed from the still protected cysteine residue by re-
action with tris(carboxyethyl)phosphine (TCEP). After
purification to remove excess phosphine and prevent a
reaction between the phosphine and the maleimide,10b

heating in amicrowave oven deprotected the maleimide
attached to the lysine side chain and promoted the

Figure 1. Structures of cyclic peptides 8�10 and of the lysine
derivative 11 used in the synthesis of 10, 14, and 17.

(13) Sieber, S.A.;Marahiel,M.A. J. Bacteriol. 2003, 185, 7036–7043.
(14) Li, W.; Liu, Z.; Lai, L. Biopolymers 1999, 49, 481–495.
(15) Papini, A.; Rudolph, S.; Siglm€uller,G.;Musiol,H.-G.;Gohring,

W.; Moroder, L. Int. J. Peptide Protein Res. 1992, 39, 348–355.
(16) Ming, X.; Alam, M. R.; Fisher, M.; Yan, Y.; Chen, X.; Juliano,

R. L. Nucleic Acids Res. 2010, 38, 6567–6576.
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second cyclization. In both cases the target bicycle
(14 or 17) was obtained. With this sequence of steps it
is not possible to prevent the formation of oligomeric
cyclic peptides during the first cyclization.
In summary, the Michael-type thiol�maleimide re-

action is a straightforward procedure for the synthesis
of cyclic peptides. If the peptide is appended with a
free maleimide, cyclization takes place during the
acid-promoted removal of peptide protecting groups,
and formation of some cyclic dimers and trimers
cannot be fully avoided. In case the peptide is deriva-
tized with a 2,5-dimethylfuran-protected maleimide,
which can be placed anywhere in the sequence, cycliza-
tion and maleimide deprotection take place simulta-
neously and in good yield, and formation of oligomers
can be kept to a much lower extent. The method has
proved suitable to synthesize up to 43-membered rings.
It is compatible with most trifunctional amino acids,
namely those bearing hydroxyl, acid, amide, and basic
functional groups.

An adequate choice of the protection scheme allowed
structurally different bicyclic peptides, with the two rings
fused or isolated, to be obtained. For this purpose peptide
chain precursors incorporated two differently protected
cysteines, a free maleimide and a protected maleimide.
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1. General materials and methods. 
 

Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Asp-OH, Fmoc-Cys(S-tBu)-OH, Fmoc-

Gln(Trt)-OH, Fmoc-Gly-OH, Fmoc-Ile-OH, Fmoc-Leu-OH, Fmoc-Lys-OH, Fmoc-

Lys(Boc)-OH, Fmoc-Orn(Boc)-OH, Fmoc-Phe-OH, Fmoc-DPhe-OH, Fmoc-Pro-OH, 

Fmoc-Ser(tBu)-OH, Fmoc-Thr(tBu)-OH, Fmoc-Val-OH and the Rink Amide MBHA 

support were from Novabiochem. Fmoc-Arg(Pbf)-OH, Fmoc-Cys(Trt)-OH and Fmoc-

Tyr(tBu)-OH were from Iris Biotech. 3-Maleimidopropanoic acid (1) was from Bachem. 

[Protected maleimido]propanoic acid (2, exo adduct) and Fmoc-Lys[protected 

maleimide]-OH (11, exo adduct) were prepared as previously described (references 

10b and 11 of the manuscript, respectively). DIPC and trityl chloride were from Sigma-

Aldrich. HOBt·H2O was purchased to Acros Organics. Acid-free DCM was obtained by 

filtration through basic alumina. 

TLC was carried out on silica gel plates 60 F254 from Merck. Microwave irradiation was 

carried out in a Biotage InitiatorTM oven, using reaction vessels of 0.2-0.5 mL or 0.5-2 

mL as required. Samples were lyophilized in a FreezeMobile Virtis instrument. 
1H and 13C NMR spectra were recorded on a Varian Mercury 400 MHz spectrometer. 

 

Solid-phase peptide synthesis (Fmoc/tBu strategy). 

Peptides were elongated manually in polyethylene syringes fitted with polypropylene 

discs using standard procedures (see below). 

The Rink Amide resin was treated and washed with DCM (3 ×), DMF (3 ×), 20 % 

piperidine/DMF (2 × 15 min), DCM (3 ×), DMF (3 ×) and MeOH (3 ×) prior to chain 

elongation. Incorporation of the first amino acid on the resin and peptide elongation 

were accomplished by using 3 equiv. of both Fmoc-amino acid, HOBt·H2O and DIPC 

(dissolved in the minimum amount of DCM and a few drops of DMF, 90 min), which 

was followed by washing with DCM, DMF and MeOH (3 ×). In case the coupling was 

not complete, as assessed by the Kaiser test (Kaiser, E.; Colescott, R. L.; Bossinger, 

C. D.; Cook, P. I. Anal. Biochem. 1970, 34 595-598), it was repeated using 2 equiv. of 

the reagents. Amine groups on the resin still free after 2-3 couplings were capped. 

Washing with DCM (3 × 10 s) was followed by reaction with a 1.1:1 Ac2O/pyr mixture (2 

× 15 min), and this by washing with DCM and MeOH (3 × 10 s each). 

Removal of the Fmoc groups was effected by reaction with 20 % piperidine/DMF (1 × 3 

min + 1 × 10 min), followed by washing (DMF, DCM). To determine the substitution 

degree, the filtrates from the deprotection treatments and washings were collected in a 

volumetric flask. This solution was properly diluted with DCM to achieve an 
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approximate concentration of 0.1 µM. Its absorbance was measured at λ=301 nm, 

where ε=7800 M-1cm-1 19. 

Activation of 3-maleimidopropanoic acid (1) was carried out with DIPC (90 min reaction 

time). Even though activation with DIPC and HOBt·H2O seemed not to cause any harm 

to the maleimide, use of only the carbodiimide is safer to prevent addition of HOBt. 

Deprotection and cleavage from the resin was carried out by reaction with either 

95:2.5:2.5 TFA/H2O/TIS or 87.5:5:5:2.5 TFA/H2O/EtSH/TIS mixtures (2 × 1 h, room 

temperature). Filtrate and washings (DCM) were collected and concentrated under a N2 

stream, and cold diethyl ether was added to the resulting oil. The mixture was 

centrifuged (10 min, 5 oC, 4800 rpm) and decanted. This procedure was repeated 3 

times. 

Peptide crudes were purified by HPLC, quantified by UV spectroscopy (Tyr: ε280 (M-

1cm-1) = 1480), and characterized by mass spectrometry. 

 

HPLC. 

Reversed-phase HPLC analysis and purification was performed using analytical and 

semipreparative Shimadzu systems. 

Analysis conditions: Jupiter Proteo column (4 μm, 90 Å, 250 × 4.6 mm) from 

Phenomenex; solvent A: 0.045 % TFA in water, solvent B: 0.036 % TFA in ACN, flow: 

1 mL/min, detection wavelength: 280 nm. 

Purification conditions (semipreparative scale): Jupiter Proteo column (10 μm, 90 

Å, 250 × 10.0 mm) from Phenomenex; solvent A: 0.1 % TFA in water, solvent B: 0.1 % 

TFA in ACN, flow: 3 mL/min, detection wavelength: 280 nm. 

 

Mass spectrometry. 

MALDI-TOF mass spectra were recorded on a 4800 Plus ABSciex instrument. Unless 

otherwise indicated, reflector was used. Analysis conditions: 2',4',6'-

Trihydroxyacetophenone monohydrate (THAP) with ammonium citrate (CA), or 2,5-

dihydroxybenzoic acid (DHB) + 0.1 % TFA, positive or negative mode. Spectra of 

peptides incorporating 2,5-dimethylfuran-protected maleimides and S-tBu-protected 

thiols typically showed loss of the corresponding protecting groups due to the ionization 

method. 

ESI (low and high resolution) mass spectra were obtained using an LC/MSD-TOF 

spectrometer from Agilent Technologies. 
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Assessment of cyclization. 

Cyclization was confirmed by reacting the peptide, either linear or cyclic, with a 3.5 % 

solution of H2O2 for 1 h, and recording the mass spectrum of the resulting crude. 

When the peptide is linear, H2O2 oxidizes the free thiol to sulfonic acid, whereas when 

the peptide is cyclic the thioether is oxidized to sulfoxide. Therefore, if the peptide is 

linear the original mass increases 48 units (+ 3 oxygens), while if cyclic it only 

increases 16 units (+ 1 oxygen). 

 
So far, in HPLC analyses run over the period several hours or in different days we have 

not found changes in retention times. This is in agreement with the cyclic peptides 

being stable in aqueous solutions, but the stability may vary depending on peptide 

composition and length. 
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2. First assays: Cyclic peptide 7. 

 
Cyclic maleimido*-Lys-Tyr-Ala-Tyr-Cys*-Gly-NH2 7 from 3 (the label * refers to the 

units linked in the cycle). 

3-Maleimidopropanoic acid (1) was coupled onto H-Lys(Boc)-Tyr(tBu)-Ala-Cys(Trt)-Gly-

NH-resin to give 3, which was treated with the 95:2.5:2.5 TFA/H2O/TIS mixture. The 

main compound in the crude (later identified as 7, Figure S1) was isolated in 12 % 

overall synthesis and purification yield after purification by semipreparative HPLC 

(linear gradient from 20 to 50 % of B in 30 min). Analytical HPLC (gradient from 5 to 50 

% of B in 30 min): tR = 16.7, 16.9 min (2 diastereomers); MALDI-TOF MS (THAP/CA, 

positive mode): m/z 854.3 [M+H]+, M calc. for C39H51N9O11S 853.3. 

MALDI-TOF MS analysis after treatment with H2O2 (THAP/CA, positive mode): m/z 

869.9 [M+H]+, M calc. for C39H51N9O12S 869.3. 

 

 
Figure S1. Crude peptide 7 from 3 (7 is the main product in the crude). 

 

Cyclic maleimido*-Lys-Tyr-Ala-Tyr-Cys*-Gly-NH2 7 from 4. 

[Protected maleimido]-Lys-Tyr-Ala-Tyr-Cys-Gly-NH2 5. Peptide-resin 4 was 

assembled by coupling 2 onto H-Lys(Boc)-Tyr(tBu)-Ala-Tyr(tBu)-Cys(Trt)-Gly-NH-resin. 

Removal of peptide protecting groups was carried out by reaction with the 95:2.5:2.5 

TFA/H2O/TIS mixture, which furnished 5. 5 (Figure S2) was purified at the 

semipreparative scale (linear gradient from 20 to 100 % of B in 30 min) and obtained in 

42 % overall yield (synthesis and purification). Analytical HPLC (linear gradient from 5 

to 50 % of B in 30 min): tR = 20.1 min; MALDI-TOF MS (THAP/CA, positive mode): m/z: 

854.3 [M-furan+H]+, 950.4 [M+H]+; calc. for C45H59N9O13S 949.4. 

MALDI-TOF MS after reaction with H2O2 (THAP/CA, negative mode): m/z: 900.5 [M-

furan+48-H]-; 996.5 [M+48-H]-; calc. for C45H60N9O16S 997.4. 
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Figure S2. Crude peptide 5 - linear precursor of 7 (5 is the main product in the crude). 

 

Maleimide deprotection and cyclization: Cyclic maleimido*-Lys-Tyr-Ala-Tyr-Cys*-

Gly-NH2 7. Peptide 5 was dissolved in a 1:1 H2O/MeOH solution (1 mL), and heated in 

a microwave at 90 ºC for 90 min. This process was carried out with solutions of 

different concentration of 5 (see Figure S3 and Table S1). After the 90 min reaction, 

methanol was removed under reduced pressure and the resulting crude analyzed by 

HPLC (linear gradient from 5 to 50 % of B in 30 min): tR = 17.0, 17.2 (2 diastereomers). 

The structures of the products in the different fractions collected were assessed by 

MALDI-TOF MS. 

Maleimide deprotection+cyclization and purification yield (100 µM deprotection scale) 

was 51%. 

[Maleimide deprotection + cyclization] assays attempted by heating in toluene 

(reference 12 of the manuscript) gave similar or worse results than the microwave-

promoted reaction in water/MeOH (data not shown). 

7: MALDI-TOF MS (THAP/CA, positive mode): m/z: 854.4 [M+H]+; calc. for 

C39H51N9O11S 853.3. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, positive mode): 870.4 

[M+H]+; calc. for C39H51N9O12S 869.3. 

 

The [maleimide deprotection+cyclization] process was carried out at different 

concentrations of [protected maleimido]-linear peptide precursor, to find reaction 

conditions minimizing the formation of cyclic dimer and cyclic trimer peptide. The 

results of these experiments are shown in Figure S3 (HPLC profiles a-f) and Table S1. 
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Figure S3. HPLC traces of the crudes obtained after the deprotection and cyclizations 

assays carried out at different concentrations of 5: 25 µM (a), 100 µM (b), 500 µM (c), 1 

mM (d), 5 mM (e), 10 mM (f) (the target peptide is the main peak of each profile). HPLC 

trace f looks very much like the trace of the crude obtained upon treatment of 3 with the 

acidolysis reagent (see Figure S1). The HPLC profile of purified 7 is shown in g. 

 

 

Cyclic dimer: tR: 18.1 min; MALDI-TOF MS (THAP/CA, positive mode): 1707.6 [M+H]+; 

calc. for C78H102N18O22S2 1706.7. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, positive mode): 1738.7

[M+H]+; calc. for C78H102N18O24S2 1738.7. 

 

Cyclic trimer: tR: 18.5 min; MALDI-TOF MS (THAP/CA, positive mode): 2560.6 

[M+H]+; calc. for C117H153N27O33S3 2560.0. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, positive mode): 2608.5 

[M+H]+; calc. for C117H153N27O36S3 2608.0. 

 

 

 

Table S1. 

Relative ratios of the products found in the crudes after maleimide deprotection, as 
assessed by the relative areas of the peaks at the HPLC traces. 

 
     

Conc. of 5 7 Dimer Trimer Other 

 

  

 

 

25 µM 94 % 2 % - 4 % 

100 µM 97 % 3 % - 0 % 

500 µM 96 % 4 % - 0 % 

1 mM 95 % 5 % - 0 % 

5 mM 71 % 11 % 2 % 16 % 

10 mM 69 % 13 % 3 % 15 % 
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3. Other monocyclic peptides. 
 

i. Linear precursors. 
 

[Protected maleimido]-Pro-Phe-DPhe-Asn-Gln-Tyr-Val-Orn-Cys-NH2 (linear 

precursor of 8). The [protected peptide]-resin was derivatized with 2, treated with the 

87.5:5:5:2.5 TFA/H2O/EtSH/TIS mixture, and [protected maleimido]-Pro-Phe-DPhe-

Asn-Gln-Tyr-Val-Orn-Cys-NH2 (Figure S4a) purified at the semipreparative scale (linear 

gradient from 40 to 100 % of B in 30 min). Overall synthesis and purification yield: 44 

%. Analytical HPLC (linear gradient from 30 to 100 % of B in 30 min): tR = 11.4 min; 

MALDI-TOF MS (THAP/CA, positive mode): m/z: 1281.6 [M-furan+H]+, 1377.6 [M+H]+; 

calc. for C67H88N14O16S 1376.6. 

MALDI-TOF MS analysis after treatment with H2O2 (THAP/CA, negative mode): 1327.7 

[M (non oxidized peptide)-furan-H]-; 1423.8 [M-H]-; calc. for C67H89N14O19S 1424.6. 

 

[Protected maleimido]-Glu-Ala-Arg-Glu-Arg-Ile-Leu-Pro-Thr-Tyr-Asp-Cys-NH2 

(linear precursor of 9). The [protected peptide]-resin was derivatized with 2, treated 

with the 87.5:5:5:2.5 TFA/H2O/EtSH/TIS mixture, and [protected maleimido]-Glu-Ala-

Arg-Glu-Arg-Ile-Leu-Pro-Thr-Tyr-Asp-Cys-NH2 (Figure S4b) purified at the 

semipreparative scale (linear gradient from 25 to 45 % of B in 30 min). In this case two 

fractions were obtained, one corresponding to the desired product and the other to the 

peptide that had formed a disulfide bond with ethanethiol. The latter was reacted with 

TCEP (715 mg, 2.5 mmol) at pH=5 for 1 h and purified again (in the same conditions). 

The combined fractions afforded the desired peptide in 21 % yield (synthesis and 

purification). Analytical HPLC (linear gradient from 20 to 40 % of B in 30 min): tR = 12.6 

min; MALDI-TOF MS (THAP/CA, positive mode): m/z: 1615.8 [M-furan+H]+, 1711.9 

[M+H]+; calc. for C75H114N20O24S 1710.8. 

MALDI-TOF MS analysis after treatment with H2O2 (THAP/CA, negative mode): 1757.6 

[M-H]-; 1795.6 [M+K-2H]-; calc. for C75H114N20O27S 1758.8. 

 

H-His-Lys[protected maleimide]-Tyr-Gly-Arg-Gly-Cys-NH2 (linear precursor of 10). 

The [protected peptide]-resin (assembled using derivative 11) was treated with the 

87.5:5:5:2.5 TFA/H2O/EtSH/TIS mixture, and H-His-Lys[protected maleimide]-Tyr-Gly-

Arg-Gly-Cys-NH2 (Figure S4c) purified at the semipreparative scale (linear gradient 

from 15 to 65 % of B in 30 min). Overall synthesis and purification yield: 35 %. 

Analytical HPLC (linear gradient from 5 to 50 % of B in 30 min): tR = 14.4 min; MALDI-
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TOF MS (DHB, positive mode): m/z: 970.9 [M-furan+H]+, calc. for C47H67N15O12S 

1065.5. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, negative mode): m/z: 1016.6 

[M-furan-H]-; calc. for C47H67N15O15S 1113.5. 

 
a)  

 

b) 

 
c) 

 

d) 

 
e) 

 

f) 

 
�

Figure S4. Linear precursors of 8 (profile a), 9 (profile b) and 10 (profile c): crudes 

obtained after acidolysis of peptide-resins. The target peptides are the main peaks of 

each profile, except in the case of (c), where the main peak is the hybrid disulfide 
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resulting from reaction between the peptide and ethanethiol. Profiles d, e and f: purified 

linear precursors of 8, 9 and 10, respectively. 

 

ii. Maleimide deprotection and cyclization. 
 

Cyclic maleimido*-Pro-Phe-DPhe-Asn-Gln-Tyr-Val-Orn-Cys*-NH2 8. The 

microwave-promoted [maleimide deprotection and cyclization] was carried out with a 

100 μM solution of the linear precursor at two scales, namely 1 mL and 10 mL 

solutions. HPLC analysis of the crudes (linear gradient from 30 to 100 % of B in 30 

min) showed 85 and 96 % of 8 to be present in the two crudes, respectively (Figures 

S5a and S5b). 8 Was obtained after purification at the analytical scale (same gradient) 

in 58 % overall [maleimide deprotection+cyclization] and purification yield (10 mL-scale 

deprotection reaction). Analytical HPLC: tR = 8.6 min; MALDI-TOF MS (THAP/CA, 

positive mode): m/z: 1281.4 [M+H]+; calc. for C61H80N14O15S 1280.6. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, positive mode): 1297.4 

[M+H]+; calc. for C61H80N14O16S 1296.6. 

 

Cyclic maleimido*-Glu-Ala-Arg-Glu-Arg-Ile-Leu-Pro-Thr-Tyr-Asp-Cys*-NH2 9. The 

microwave-promoted [maleimide deprotection and cyclization] was carried out with a 

25 µM solution of the linear precursor (1 mL). 9 (Figure S5c, 63 % in the crude) was 

obtained after purification at the analytical scale in 45 % overall [maleimide 

deprotection+cyclization] and purification yield. Analytical HPLC (linear gradient from 

20 to 40 % of B in 30 min): tR = 11.3 min; MALDI-TOF MS (THAP/CA, positive mode): 

m/z: 1615.9 [M+H]+; calc. for C69H106N20O23S 1614.8. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, positive mode): 1631.8 

[M+H]+; calc. for C69H106N20O24S 1630.7. 

 

Cyclic H-His-Lys[maleimido*]-Tyr-Gly-Arg-Gly-Cys*-NH2 10. The microwave-

promoted [maleimide deprotection and cyclization] was carried out with a 100 µM 

solution of the linear precursor (1 mL). 10 (77 % yield in the crude, Figure S5d) was 

obtained after purification at the analytical scale in 50 % overall [maleimide 

deprotection+cyclization] and purification yield. 

Analytical HPLC (linear gradient from 5 to 50 % of B in 30 min): tR = 10.4, 10.6 min (2 

diastereomers). MALDI-TOF MS (DHB, positive mode): m/z: 970.8 [M+H]+; calc. for 

C41H59N15O11S 969.4. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, positive mode): 986.9 

[M+H]+; calc. for C41H59N15O12S 985.4. 
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Figure S5. Crude cyclic peptides after microwave-promoted maleimide deprotection 

and cyclization: 8 (1 mL scale, profile a, and 10 mL scale, profile b), 9 (profile c) and 10 

(profile d). The target cyclic peptide is the main product in the crude in all cases. 

Profiles e, f and g: purified 8, 9 and 10, respectively. 
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4. Bicyclic peptides. 
 

i. Monocyclic precursors. 
 

Monocyclic Maleimido*-Ala-Tyr-Ser-Cys*-Gly-Gly-Cys(S-tBu)-Ala-Tyr-Ser-

Lys[protected maleimide]-NH2 13. Peptide-resin 12 was treated with the 95:2.5:2.5 

TFA/H2O/TIS mixture, which afforded 13 (Figure S6a). 13 Was purified at the 

semipreparative scale (linear gradient from 30 to 60 % of B in 30 min) and obtained in 

4 % overall yield (synthesis and purification). Analytical HPLC (linear gradient from 30 

to 60 % of B in 30 min): tR = 9.6 min; ESI MS (positive mode): m/z: 1594.9 [M+H]+, 

1616.9 [M+Na]+; calc. for C70H95N15O22S3 1593.6. 

 

Monocyclic Maleimido*-Ser-Lys-Tyr-Cys(S-tBu)-Gly-Gly-Cys*-Ala-Tyr-Ser-

Lys[protected maleimide]-NH2 16. Peptide-resin 15 was treated with the 95:2.5:2.5 

TFA/H2O/TIS mixture, which afforded 16 (Figure S6b). 16 was purified at the 

semipreparative scale (linear gradient from 30 to 60 % of B in 30 min) and obtained in 

11 % overall yield (synthesis and purification). Analytical HPLC (linear gradient from 30 

to 60 % of B in 30 min): tR = 6.6, 6.8 min; ESI MS (positive mode): m/z: 1652.0 [M+H]+, 

calc. for C73H102N16O22S3 1650.7.  

 

The structure of these two compounds (13 and 16) could not be confirmed by mass 

spectrometric analysis after reaction with H2O2. Reaction of H2O2 with the disulfide of 

Cys(S-tBu) gave a complicated mixture of products (data not shown), so that the data 

were not conclusive. 

 

 
a) 

 

b) 
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c) 

 

d) 

 
Figure S6. Crude peptides 13 (a) and 16 (b). The target peptides are the main peaks 

of each profile (tR ∼ 9.5 min and 2 peaks with tR ∼ 6.7 min, respectively). Profiles c and d 

correspond to purified 13 and 16, respectively. 

 
 
 

ii. Cys(S-tBu) deprotection. 
 

The peptide (13, 16) was dissolved in H2O to yield a 0.3 mM solution, to which tris-

(carboxyethyl)phosphine (500 eq) was added. The pH was adjusted to 5 with aqueous 

diluted NaOH and the mixture was stirred at room temperature for 4 h. Water was 

removed by lyophilization and the crude was analyzed by HPLC. 

 

Monocyclic maleimido*-Ala-Tyr-Ser-Cys*-Gly-Gly-Cys-Ala-Tyr-Ser-Lys[protected 

maleimide]-NH2. 65 % yield in the crude (HPLC trace, Figure S7a). This peptide 

intermediate was purified at the semipreparative scale (linear gradient from 30 to 60 % 

of B in 30 min) and obtained in 5 % overall yield (thiol deprotection and purification). 

Analytical HPLC (linear gradient from 20 to 50 % of B in 30 min): tR = 13.2 min; ESI MS 

(positive mode): m/z: 1506.6 [M+H]+; calc. for C66H87N15O22S2 1505.6. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, negative mode): 1473.0 [M-

furan-H]-; calc. for C66H89N15O26S2 1569.5.  

 

Monocyclic maleimido*-Ser-Lys-Tyr-Cys-Gly-Gly-Cys*-Ala-Tyr-Ser-Lys[protected 

maleimide]-NH2. 73 % yield (HPLC trace, Figure S7b). This peptide intermediate was 

purified at the semipreparative scale (linear gradient from 20 to 50 % of B in 30 min) 

and obtained in 35 % overall yield (thiol deprotection and purification). Analytical HPLC 
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(linear gradient from 20 to 50 % of B in 30 min): tR = 9.5, 9.8 min (2 diastereomers); ESI 

MS (positive mode): m/z: 1563.8 [M+H]+; calc. for C69H94N16O22S2 1562.6. 

MALDI-TOF MS analysis after treatment with H2O2 (DHB, negative mode): 1530.0 [M-

furan-H]-; calc. for C69H96N16O24S2 1626.6.  

 
a)  

 

b)  

 
c) 

 

d) 

 
Figure S7. Crude monocyclic maleimido*-Ala-Tyr-Ser-Cys*-Gly-Gly-Cys-Ala-Tyr-Ser-

Lys[protected maleimide]-NH2 (a), and monocyclic maleimido*-Ser-Lys-Tyr-Cys-Gly-

Gly-Cys*-Ala-Tyr-Ser-Lys[protected maleimide]-NH2 (b) (the target peptides are the 

main peaks of each profile, respectively). The HPLC profiles of the purified products 

are shown in c and d, respectively. 

 

 

iii. Maleimide deprotection and formation of the second cycle. 
 

Bicyclic maleimido*-Ala-Tyr-Ser-Cys*-Gly-Gly-Cys&-Ala-Tyr-Ser-Lys[maleimido&]-

NH2 14 (groups labeled with * are linked and form a cycle, and the same applies to 

groups labeled with &) . Peptide 14 was obtained by heating cyclic maleimido*-Ala-Tyr-

Ser-Cys*-Gly-Gly-Cys-Ala-Tyr-Ser-Lys[protected maleimide]-NH2 (25 µM in 1:1 
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MeOH/H2O, 1 mL) (73 % yield, HPLC trace, Figure S8a). Analytical HPLC (linear 

gradient from 20 to 50 % of B in 30 min): tR = 6.8 min; ESI MS (positive mode): m/z: 

1410.3 [M+H]+; calc. for C60H79N15O21S2 1409.5. 

MALDI-TOF MS analysis after treatment with H2O2 (THAP/CA, positive mode): 1465.2 

[M+Na]+; calc. for C60H79N15O23S2 1441.5. 

 

Bicyclic maleimido*-Ser-Lys-Tyr-Cys&-Gly-Gly-Cys*-Ala-Tyr-Ser-Lys[maleimido&]-

NH2 17. Peptide 17 was obtained by reacting cyclic maleimido*-Ser-Lys-Tyr-Cys-Gly-

Gly-Cys*-Ala-Tyr-Ser-Lys[protected maleimide]-NH2 (25 µM in 1:1 MeOH/H2O, 1 mL) 

(25 % yield, HPLC trace, Figure S8b). Analytical HPLC (linear gradient from 20 to 50 % 

of B in 30 min): tR = 4.7 min; MALDI-TOF MS (THAP/CA, positive mode): m/z: 1468.2 

[M+H]+; calc. for C63H86N16O21S2 1466.6. 

MALDI-TOF MS analysis after treatment with H2O2 (THAP/CA, positive mode): 1500.2 

[M+H]+; calc. for C63H86N16O23S2 1498.5. 

 
a) 

�

b) 

 
c) 

 

d) 

 

Figure S8. Profiles a and b: crude bicyclic peptides 14 and 17 (the target peptides are 

the peaks at 6.8 and 4.7 min, respectively). Profiles c and d: purified 14 and 17. 
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5. Abbreviations.  
 

Abbreviations: ACN=acetonitrile, Boc=tert-butoxycarbonyl, CA=ammonium citrate, 

DCM=dichloromethane, DHB=2,5-dihydroxybenzoic acid, DIPC=N,N’-

diisopropylcarbodiimide, DMF=N,N-dimethylformamide, ESI=electrospray ionization, 

Fmoc=9-fluorenylmethoxycarbonyl, HOBt=1-hydroxybenzotriazole, MALDI-TOF=matrix 

assisted laser desorption ionization – Time of flight, Pbf=2,2,4,6,7-pentamethyldihydro-

benzofuran-5-sulfonyl, TCEP=tris(carboxyethyl)phosphine, TFA=trifluoroacetic acid, 

THAP=2,4,6-trihydroxyacetophenone, TIS=triisopropylsilane, Trt=trityl.  
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the Thiol−Ene Reaction and Conjugation
Xavier Elduque, Enrique Pedroso, and Anna Grandas*
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ABSTRACT: Cyclic peptides and peptoids were prepared using the thiol−ene Michael-type reaction. The linear precursors
were provided with additional functional groups allowing for subsequent conjugation: an orthogonally protected thiol, a
protected maleimide, or an alkyne. The functional group for conjugation was placed either within the cycle or in an external
position. The click reactions employed for conjugation with suitably derivatized nucleoside or oligonucleotides were either
cycloadditions (Diels−Alder, Cu(I)-catalyzed azide−alkyne) or the same Michael-type reaction as for cyclization.

■ INTRODUCTION

With respect to the linear counterparts, conformationally
constrained peptides offer increased bioavailability and affinity
for the target.1 Cell uptake has been shown to increase if
cyclization is accompanied by the formation of internal H-
bonds, which reduces the cost of amide bond desolvation.2,3

Suitably derivatized cyclic peptides can be used as scaffolds
(cyclic decapeptide RAFT4 is an example) for the assembly of
different moieties (epitopes, drugs, ligands, labels, etc.) at
predetermined positions, affording biomolecules with a degree
of structural organization much higher than the one accessible
through derivatization of a linear peptide. Furthermore, cyclic
peptides hold promise to interfere with protein−protein or
protein−RNA interactions (refs 5−7 are some examples of
recent publications on these subjects).
A survey of the latest literature shows that the synthesis of

conjugates of cyclic peptides is an active subject of research.
In a large number of papers, the affinity of αVβ3 integrin

8 for
RGD-containing cyclic peptides9 (RGD = ArgGlyAsp) is
exploited to develop new methodologies both for the selective
targeting and the imaging of tumor cells/tissues and vessels
expressing that cell adhesion protein. Additionally, conjugates
of cyclic peptides with biological interest (immunosuppressive,
epitope mimicking, antimicrobial, antifungal, or cell penetrat-
ing, among others) or nanotube precursors have been
prepared to improve pharmacological properties10−15 and to
investigate new materials.16,17

Amide-linked units form most of these peptides, while some
incorporate unnatural linkages. As to the conjugation
chemistry, formation of peptide bonds and the Michael-type
reaction between a maleimide and a thiol are the most

common alternatives, but other “click” reactions, and
particularly the Cu(I)-catalyzed azide−alkyne cycloaddition,
are becoming increasingly frequent.
There are very few reports on the synthesis and application

of [cyclic peptide]−oligonucleotide conjugates. Hamilton and
co-workers18 linked cyclic tetrapeptides to guanine-rich
oligonucleotides that assembled onto a parallel tetraplex.
The distribution of the peptide ligands on the vertexes of the
top tetrad provided an α-chymotrypsin inhibitor that
effectively interacted with the protein surface. In a related
approach, the covalent attachment of peptides to the 5′ ends
of two guanine-rich oligonucleotides provided, in the presence
of potassium cations, a parallel G-quadruplex with two loop
mimics on its surface.19 Cyclic peptides have been covalently
linked to the sense strand of a siRNA duplex, which facilitated
transport of the oligonucleotide through the cell membrane
and inhibited gene expression.20 More recently, disulfide-
containing citrullinated peptides have been linked to various
oligonucleotides and immobilized on plates for diagnostic
ELISA assays.21

In this paper, we describe methodology allowing for the
straightforward synthesis of [cyclic peptide]−oligonucleotide
conjugates. Model peptides (and a peptoid) cyclized using the
Michael-type maleimide−thiol reaction22 and incorporating a
functional group allowing for subsequent conjugation were
prepared. Then, oligonucleotides were linked to different
positions (internal or external) of the cyclic polyamide using
various click reactions, namely the Diels−Alder and Cu(I)-
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catalyzed Huisgen cycloadditions or, again, the Michael-type
thiol−ene. We believe that easy access to [cyclic peptide]−
oligonucleotide conjugates will pave the way for new studies
aiming at assessing whether cyclic peptides facilitate the cell
uptake of oligonucleotides and promote interactions with cell
machineries different from those driven by the linear
oligomers. To our knowledge, whether the gene silencing or
splice-switching properties of oligonucleotides linked to cyclic
peptides differ from those of [linear peptide]−oligonucleotide
conjugates has never been assessed.

■ RESULTS
As recently described by the group,22 peptides can be cyclized
by reaction between a maleimide and a thiol. Cyclic peptides
can be obtained from linear precursors after the TFA
treatment that deprotects the peptide chain following stepwise
elongation on a solid matrix, using S-trityl-protected cysteine
and a maleimide moiety (Scheme 1A). Since the maleimide
moiety is labile to nucleophiles such as piperidine, which is
used at every synthesis cycle to remove the Fmoc temporary
protecting group, it can only be installed at the N-terminus.
For introduction at any other position of the chain the
maleimide has to be protected, for which purpose an Fmoc-
lysine derivative with 2,5-dimethylfuran-protected 3-maleimi-
dopropanoic acid linked to the ε-amine can be used.23 In this
case, the cyclic peptide is not obtained after the reaction with
TFA but after the thermal treatment that deprotects the
maleimide.
Cyclic peptides can be derivatized for conjugation in three

different ways (see Scheme 1B). In cyclic peptides types I and
II, the functional group for conjugation (depicted as a
triangle) is outside the cycle, and the cycle involves,
respectively, amino acids placed at either the N-terminus of
the peptide chain (the group for conjugation is then placed at
the C-terminus) or the C-terminus (and the group for
conjugation is at the N-terminus). In type III cyclic peptides
the group for conjugation is within the cycle.
Linear precursors incorporating a free and a protected

maleimide are needed to synthesize maleimido-derivatized
cyclic peptides. The free maleimide, which will form the cycle,
can only be placed at the N-terminal end, while the protected
moiety can occupy any other position. As stated above, if the
protected maleimide is closer to the C-terminus than the thiol
involved in cyclization, the result is a type I cyclic peptide
(Scheme 1C, alternative a). These peptides can be conjugated
with either thiol- or diene-derivatized molecules.
The precursors of cyclic peptides derivatized with thiols

must incorporate two orthogonally protected cysteine
residues. The cysteine residue involved in cyclization can be
protected with the trityl group (Scheme 1C, alternatives b and
c), but the best option to protect the cysteine residue
involved in conjugation depends on its position within the
chain (see below). Both thiol-derivatized cyclic peptides types
II and III have been prepared and conjugated with a
maleimido-containing compound.
The use of different reactions for cyclization and

conjugation is less complicated from a chemical point of
view and has been evaluated with a peptoid chain (peptoid
units are N-alkylglycines). Even though the thiol−ene reaction
is probably much quicker than the reduction of azides by
thiols,24,25 we preferred not to expose the azide to the
presence of a free thiol. Hence, an azide-containing molecule
was used for conjugation with the alkyne-derivatized, type III

cyclic peptide. Cyclization can be carried out with no risk in
the presence of an alkyne (Scheme 1C, alternative d), which
will not react with either the thiol or the maleimide.
Peptides were prepared by solid-phase synthesis using the

standard Fmoc/tBu methodology. All were assembled on the
Rink amide MBHA (p-methylbenzhydrylamine) resin and
were thus obtained as C-terminal carboxamides.
Acylation with 3-maleimidopropanoic acid after chain

elongation allowed a free maleimide to be attached to the
peptide N-terminus.
These compounds were conjugated with suitably derivatized

oligonucleotides (or nucleoside), as shown in Schemes 2−5 in
more detail. Diene- and maleimido-containing oligonucleo-

Scheme 1. (A) General Procedure for the Synthesis of
Peptides Cyclized Using the Thiol−Maleimide Reaction.
(B) General Structure of the Three Types of Cyclic
Peptides (or Peptoid) Prepared in This Work, Derivatized
for Conjugation.a (C) Schematic Structure of the Cyclic
Molecules Showing the Functional Group for Conjugation
and Combinations of Functional Groups (R1, R2, and R3,
Suitably Protected when Required) on the Resin-Linked
Peptide/Peptoid Precursor for Each of the Alternatives
Tested (a−d)b

aCyclization was accomplished by a Michael-type maleimide-thiol
reaction in all cases. bTwo of those groups had to react with each other
and generate the cycle, and the third provided the functionality for
conjugation with another molecule (in this work, nucleoside or
oligonucleotide). Their relative position within the chain determined
the type of cyclic molecule that was obtained (I, II or III).
Abbreviations: Fm = 9-fluorenylmethyl; Mal = maleimide; Prot mal
= (2,5-dimethylfuran)-protected maleimide; Tr = trityl.
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tides (dT5, dT = 2′-deoxythymidine) were synthesized
following the described procedures.26,27

Schemes 2−4 illustrate in more detail the different steps
required to obtain cyclic peptides types I to III and the
corresponding conjugation products.
Synthesis and Conjugation of a Type I Cyclic

Peptide. In the first alternative (aimed to provide type I
cyclic peptides, a in Scheme 1B), the fully protected peptide
precursor (1) incorporated two maleimides, one free (at the
N-terminus) and one protected (at the C-terminus), and a
trityl-protected cysteine residue (Scheme 2). Therefore, the
TFA treatment that was carried out after assembly of the
linear precursor removed all protecting groups except that on
the C-terminal maleimide and, as previously described,22

furnished the partially protected cyclic peptide 2. Maleimide
thermal deprotection (retro-Diels−Alder reaction) was
performed subsequently in the presence of 5′-diene-dT5,
which afforded the target conjugate 3.
Synthesis and Conjugation of a Type II Cyclic

Peptide. The goal of the second alternative (b in Scheme
1B) was to obtain a peptide with a free thiol group for
conjugation at the N-terminus of the chain (type II cyclic
peptide). This required a precursor with two differently
protected cysteines and a protected maleimide (Scheme 3).
The cysteine that had to participate in cyclization was
protected with the TFA-labile trityl group, and it was
necessary to assess which thiol protecting group was suitable
for the other cysteine. This group had to remain stable during
the treatments required to obtain the cycle, that is, TFA
treatment and maleimide deprotection.
We first evaluated the possibility of protecting the side

chain of the N-terminal cysteine with the StBu and
acetamidomethyl groups, whose Fmoc derivatives are
commercially available and which are TFA-stable (Scheme
3a,b). In preliminary experiments, both Fmoc-Cys(StBu)-OH
and Fmoc-Cys(Acm)-OH proved to be stable to maleimide
deprotection conditions (heating in a microwave oven a
solution of the compound in 1:1 MeOH/H2O for 90 min at
90 °C). Yet, when peptide 5 was submitted to these reaction
conditions, two products were obtained (Scheme 3a): the
target compound (6) with the thiosuccinimide-containing
cycle and a peptide (7) with a disulfide bridge and a free
maleimide (the 6:7 ratio was 1:1 when the peptide was heated
for 30 min, and 3:2 when the reaction was extended to the 90
min typically required for full maleimide deprotection27).

Mass spectrometric analysis confirmed presence of the StBu
group in 6, its loss after reaction with tris(2-carboxyethyl)-
phosphine (TCEP) to yield 16 (see structure in Scheme 3c),
and loss of the three N-terminal amino acids when 6 was
digested with thrombin. Instead, the mass of 7 was lower than
that of 6, and the product remained undigested upon
treatment with thrombin. Final confirmation of the presence
of a free maleimide in 7 was obtained from reaction with
diene-dT5, which afforded the [disulfide cyclic peptide]−
oligonucleotide conjugate 8. As expected, the Diels−Alder
reaction is fully compatible with the presence of the disulfide.
Even though the thiol−maleimide reaction slightly predomi-
nated over disulfide formation, the relative amounts of the
products obtained after maleimide deprotection are too
similar to consider this alternative a good synthetic method.
In the second group of assays (Scheme 3b), the N-terminal

cysteine was protected with the acetamidomethyl (Acm)
group. Here the problem was that none of the conditions
tested for its deprotection (reactions with either Ag+, iodine,
or Tl3+) provided clean crudes with the target cyclic peptide
(16) as the main product (see the Experimental Section).
We next evaluated the combination of protecting groups

shown for peptide-resin 12 (Scheme 3c), using commercially
available N-Boc-Cys(Fm)−OH. In this case, treatment with
TFA deprotected the N-terminus and the other functional
groups, except those on the N-terminal cysteine and the
maleimide, to yield 13. Maleimide deprotection and the
thiol−maleimide reaction that furnished the cycle (14) took
place simultaneously, and as described in the literature,28

treatment with piperidine removed the Fm protecting group
and provided the disulfide (15). The cyclic peptide with the
free thiol (16) was obtained after reduction with TCEP, and
subsequent reaction with maleimido-dT5 afforded conjugate
17. Hence, the 9-fluorenylmethyl group is fully compatible
with maleimide deprotection and peptide cyclization by the
Michael-type thiol−ene reaction. Even though removal of the
Fm group is accompanied by thiol to disulfide oxidation,
which adds a reduction step, this group is suitable to mask the
cysteine side chain provided that the so-protected cysteine is
placed at the N-terminus. Peptide elongation using the
Fmoc/tBu approach rules out any other possibility.

Synthesis and Conjugation of Type III Cyclic
Polyamides (Peptide and Peptoid). Two different type
III cyclic polyamides were synthesized (alternatives c and d in
Scheme 1B). Here the functional group for conjugation

Scheme 2. Synthesis of Type I Cyclic Peptide 2 and Conjugation with Oligonucleotide dT5
a

aAbbreviations: Pbf =2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl.

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500427c | J. Org. Chem. 2014, 79, 2843−28532845



appended from a residue placed within the cycle. In one case,
the polyamide was a peptide and the functional group for

conjugation a thiol (20), while in the other it was a peptoid
derivatized with an alkyne (24).

Scheme 3. Assays Carried out To Obtain Cyclic Peptide 16 (Type II, Alternative b in Scheme 1) Using Different Thiol
Protecting Groups for the N-Terminal Cysteine (the One To Be Involved in Conjugation)a

a(a) Deprotection of the maleimide of peptide 5 afforded two products, 6 and 7, in a similar ratio. The latter furnished conjugate 8 by reaction with
diene-dT5. (b) Removal of the Acm cysteine protecting group from 11 yielded complex mixtures of products in all the conditions tested. (c) Cyclic
peptide 16 was prepared by combining Tr and Fm as cysteine protecting groups and conjugated with maleimido-dT5. Abbreviations: Acm =
acetamidomethyl; Fm = 9-fluorenylmethyl.
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Scheme 4 depicts the preparation and conjugation of cyclic
peptide 20. The C-terminal cysteine was protected with the

trityl group, which reacted with the N-terminal, free
maleimide upon treatment with TFA. Under these conditions,
the free thiol gave the Michael-type reaction and left
untouched the internal, StBu-protected cysteine residue. In
other words, the free thiol reacted much faster with the
maleimide than with the StBu-protected cysteine. The side
chain of the internal cysteine of the cyclic peptide (19) was
deprotected by reaction with TCEP and, after purification,
reacted with 5′-maleimido-dT5 to yield conjugate 21.
Scheme 5 shows the preparation of a cyclic peptoid and the

structure of the derived conjugate. On-resin assembly of the
peptoid was carried out using the submonomer procedure,29

also on the Rink amide MBHA resin. As shown in the upper
part of Scheme 5, chain elongation involves two subsequent
steps, namely acylation with bromoacetic acid and reaction
with an amine. Three of the amines required to synthesize
peptoid 23 were commercially available (see the list in the
Supporting Information), and S-Tr-protected cysteamine and
N-Boc-1,2-diaminoethane were prepared following described
procedures.30,31 Cyclization with an N-terminal maleimide
required incorporation of a maleimide-containing monomer,
and 3-maleimidopropanoic acid is the cheapest alternative.
However, since we had observed that the quality of cyclic
peptide crudes was a bit lower when cyclization took place
upon treatment with TFA,22 we incorporated the 2,5-
dimethylfuran-protected maleimidopropanoic acid.27 To in-

troduce maleimide moieties at other positions of the chain, 2-
[(2,5-dimethylfuran-protected) maleimide]-1-aminoethane23

should be employed. In the absence of two orthogonal
maleimide protecting groups, this precludes use of maleimides
for subsequent conjugation.
Chain assembly furnished the fully protected peptoid 22,

from which all protecting groups except that on the
maleimide were removed by treatment with TFA. Maleimide
deprotection and cyclization took place simultaneously to
afford 24. Finally, the Cu(I)-catalyzed Huisgen reaction
between cyclic peptoid 24 and AZT (2′,3′-dideoxy-3′-
azidothymidine) provided the target conjugate (25). The
azide-containing molecule was in this case a simple nucleoside
analogue, but the high success of the Cu(I)-catalyzed alkyne−
azide cycloaddition has prompted many groups to develop
methodology for the preparation of azide-derivatized
oligonucleotides (see, for instance, refs 32−34) circumventing
the incompatibility between azides and phosphite-based
reagents.35,36

■ DISCUSSION
We have shown that, by adequately combining differently
protected cysteines, free and protected maleimides, and an
alkyne and choosing their relative position in the chain, it is
possible to easily obtain cyclic peptides derivatized with a
functional group allowing for subsequent conjugation, for
instance, with oligonucleotides.
In all cases, cyclization was carried out using the thiol−ene

Michael-type reaction. For this purpose, in all peptide
precursors one of the cysteine residues was masked with
the TFA-labile trityl group, so that the acidic treatment that
follows chain elongation deprotected its thiol. When a free
maleimide had been appended to the N-terminus of the chain,
this unmasked thiol reacted with the maleimide to form the
cycle (peptides 2 and 19) during the TFA deprotection
step.22 Whenever a masked maleimide was incorporated into
the chain, an additional deprotection step was required. Then,
thermal removal of the maleimide protecting group (retro-
Diels−Alder reaction) and cyclization took place simulta-
neously (peptide 14 and peptoid 24).
As required for conjugation with a suitably derivatized

molecule, cyclic peptides had to incorporate an additional
functional group. In this work, this group was either a
maleimide, a thiol, or an alkyne.
With the cyclization strategy that we have used, the only

possibility to use a maleimide for conjugation is to assemble a
peptide precursor with a free maleimide at the N-terminus (to
form the cycle) and a protected maleimide at any other
position. Placing the lysine carrying the protected maleimide
at the C-terminus (as in 1) furnishes type I cyclic peptides,
with amino acids out of the cycle and the maleimide for
conjugation at the C-terminal end. It is reasonable to surmise,
on the basis of the results here described, that placing that
lysine within the cycle will successfully provide cyclic peptides
with an internal maleimide for conjugation. Maleimide-
derivatized cyclic peptides (and any maleimide-containing
compound) can be conjugated with diene-derivatized
molecules, as in the synthesis of 3, where maleimide
deprotection and conjugation took place simultaneously. It
is also worth mentioning that, even though the proof of
principle experiments here described were carried out with
simple oligonucleotide sequences, the compatibility of
oligonucleotides of different length and composition27 with

Scheme 4. Steps Involved in the Preparation of Cyclic
Peptide 20 and Conjugate 21
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the reaction conditions in which maleimides are deprotected
suggests that any oligonucleotide can be linked to cyclic
peptides. Alternatively, maleimide-derivatized cyclic peptides
could be conjugated with thiols.
When the cyclic peptide is to be derivatized with a thiol for

conjugation, the choice of protecting group for the cysteine
providing this thiol depends on its position in the chain. If the
goal is a type II cyclic peptide, the best alternative among
those we have examined is to block the thiol with the Fm
group, which is compatible with maleimide deprotection and
cyclization and can be removed with no formation of
byproducts. The only drawback is that removal of the Fm
group by reaction with piperidine is accompanied by disulfide
formation, an additional reduction step being thus necessary
prior to conjugation. N-Terminal derivatization of a peptide
with a thiol was here accomplished by introducing a suitably
protected cysteine residue, but an S-blocked mercaptoacetic
acid should also work. Use of cysteine derivatives has the
advantage that the amino function can be further derivatized,
allowing for the attachment a fluorophore, for instance, or any
reporter group.
Conversely, the synthesis of cyclic peptides with the

cysteine that provides the thiol for conjugation at any other
position of the chain (not at the N-terminus) is much more
straightforward (this is the case of type III peptide 20, but the
same protection scheme could provide type I peptides). That
cysteine can indeed be protected with the StBu group, which
remains stable during the acidic treatment that removes most
of the protecting groups from the peptide and does not react

with the free thiol resulting from the deprotection of Cys(Tr)
(or if it does, the extent of the reaction is negligible). As
stated before, at room temperature and under these strongly
acidic conditions, formation of the cycle by reaction between
the free thiol and the free maleimide is much quicker. Yet
(see above and Scheme 3a), this is not the case when the
peptide has to be heated.
Thiol-derivatized cyclic peptides can be conjugated with

maleimido-oligonucleotides, as in the case of 17 and 21.
Type III cyclic peptoids derivatized for conjugation by the

Cu(I)-catalyzed Huisgen cycloaddition were also synthesized.
In this case, the key monomers were 3-(2,5-dimethylfuran-
protected)maleimidopropanoic acid,27 S-tritylcysteamine,30

and propargylamine. Use of S-Fm-cysteamine instead of
propargylamine would provide peptoids cyclized by the
thiol-maleimide reaction and derivatized with a thiol group
for conjugation.
As to the use of alkynes for conjugation, the triple bond

can be installed at any position of the polyamide chain. It is
neither affected by any of the peptide/peptoid synthesis
reagents nor by the thiol-maleimide cycle-forming reaction.
We have prepared a [cyclic peptoid]−nucleoside conjugate to
verify that synthesis proceeded as expected, and the triple
bond was introduced in an internal position by reacting
propargylamine with the haloacylated resin-linked, growing
peptoid chain. Commercially available alkyne-containing L-
amino acids or alkynoic acids allow triple bonds to be
attached to peptides in a straightforward manner, which is
also the case for derivatization with azides.

Scheme 5. Synthesis of Cyclic Peptoid 24 and Conjugate 25

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500427c | J. Org. Chem. 2014, 79, 2843−28532848



■ CONCLUSIONS

In summary, we have broadened the scope of applications of
peptides cyclized making use of the maleimide−thiol reaction
by introducing an additional group that allows for conjugation
with oligonucleotides (or other molecules) utilizing click
reactions and shown that this methodology can also be
employed with peptoids. The method here described is based
on the adequate choice of protection for maleimides and
thiols, as well as suitably placing maleimides, thiols, or alkynes
within the peptide/peptoid chain. These synthetic alternatives
could also provide other cyclic polyamide scaffolds derivatized
for conjugation, such as peptide nucleic acids.
It has been reported that subtle differences in the

conjugation chemistry may have considerable impact on the
biological outcome.37−39 Therefore, it is of interest to develop
chemical tools giving access to differently linked conjugates.
This manuscript describes methodology allowing oligonucleo-
tides to be linked to cyclic peptides, either to an internal
position, or to any of the two ends of a chain in which only
some of the residues of the peptide are part of a chemically
stable cycle. Both cyclic peptides and oligonucleotides (natural
or modified) are relevant chemical goals that hold promise
from the therapeutic and diagnostics point of view. So far
there is lack of information as to the differential effect of
linking oligonucleotides to cyclic peptides rather than the
linear counterparts. Work on this subject is now in progress in
the group, and results will be published in due time.

■ EXPERIMENTAL SECTION
General Methods. Peptide Synthesis. All peptides were

assembled on the Rink Amide resin, which was treated and washed
with DCM (3×), DMF (3×), 20% piperidine/DMF (2 × 15 min),
DCM (3×), DMF (3×), and MeOH (3×) prior to chain elongation.
Incorporation of the first amino acid on the solid matrix and peptide
elongation were carried out using 3 equiv of Fmoc-amino acid,
HOBt·H2O, and DIPC (DIPC = N,N′-diisopropylcarbodiimide)
dissolved in the minimum amount of DCM and a few drops of DMF
(90 min), which was followed by washing with DCM, DMF, and
MeOH (3×). In case the coupling was not complete, as assessed by
the Kaiser test, it was repeated using 2 equiv of the reagents. Fmoc
groups were removed by reaction with 20% piperidine/DMF (1 × 3
min + 1 × 10 min) followed by washing (DMF, DCM). Activation
of 3-maleimidopropanoic acid was carried out with DIPC (90 min
reaction time). Even though activation with DIPC and HOBt·H2O
seems not to cause any harm on the maleimide, use of only the
carbodiimide is safer to prevent addition of HOBt to the maleimide
of maleimidopropanoic acid.
Reaction with a TFA/H2O/TIS mixture (TIS = triisopropylsilane)

at room temperature cleaved the peptide from the resin and removed
most permanent protecting groups (see below and Schemes 2−4 for
details). Filtrate and washings (DCM) were collected and
concentrated under a N2 stream, and cold diethyl ether was added
to the resulting oil. The mixture was centrifuged (10 min, 5 °C, 4800
rpm) and decanted. This procedure was repeated three times.
Peptides were quantified by UV spectroscopy from the absorbance of
tyrosine residues at 280 nm (ε280 M−1 cm−1 = 1480).
Peptoid synthesis. Peptoid 22 was also assembled on the Rink

Amide resin, which was treated and washed as described above for
peptide synthesis. For the acylation step, bromoacetic acid (25
equiv) was dissolved in anh. DMF in a round-bottom flask, the
solution was cooled to 0 °C, and DIPC (25 equiv) was added
dropwise. After 5 min, the solution was poured onto the resin in the
syringe, and the mixture was stirred (shaker) under an Ar
atmosphere for 45 min. The resin was filtered and washed (DCM,
DMF, iPrOH, and DCM, 3× each), and the amination step was
carried out by reaction with the corresponding amine (20 equiv)

dissolved in anhyd NMP (500 μL per 100 mg of resin) for 3 h. After
this reaction, the resin was washed again (DCM, DMF and MeOH,
3× each). Cleavage from the resin and removal of most permanent
protecting groups was accomplished by reaction with TFA at room
temperature (see details below, and Scheme 5), which was followed
by washings with the cleavage mixture and DCM. Solvents and
reagents were removed from the filtrate by means of a N2 stream
until the solution became an oil. Cold diethyl ether (10 volumes)
was added, and the mixture was centrifuged (10 min, 5 °C, 4800
rpm) and decanted. The ether addition plus centrifugation procedure
was repeated three times. The crude was analyzed and purified by
HPLC, quantified by UV spectroscopy (phenoxy group: ε270 (M−1

cm−1) = 1450), and characterized by mass spectrometry.
HPLC. Unless otherwise stated, the following conditions were

used. Semipreparative HPLC, acidic conditions: Jupiter Proteo
column; 3 mL/min; solvent A: H2O + 0.1% TFA; solvent B:
ACN + 0.1% TFA. Analytical HPLC, acidic conditions: Phenomenex
C18, 4 μm, Jupiter Proteo column; 1 mL/min; solvent A: H2O +
0.045% TFA); solvent B: ACN + 0.036% TFA. Analytical HPLC
(also used for purification at a small scale), buffered medium:
Kromasil C18, 10 μm column; 1 mL/min; solvent A: 0.05 M TEAA
(triethylammonium acetate) in water; solvent B: 1:1 H2O/ACN.

MW-Promoted Polyamide Deprotection and Cyclization. The
[protected maleimido]-containing polyamide was dissolved in a 1:1
(v/v) MeOH/H2O mixture at a concentration between 25 and 100
μM in a microwave flask. The flask was sealed and heated in a
microwave oven (Biotage InitiatorTM Classic) at 90 °C for 90 min
(with stirring and internal probe for temperature monitoring).
Methanol was then removed under reduced pressure, and the
resulting aqueous solution was analyzed by HPLC. Alternatively,
methanol removal was followed by lyophilization, and the crude was
redissolved in water for HPLC analysis.

Assessment of Cyclization: Reaction with H2O2. Formation of a
cyclic product was confirmed by reacting the peptide, either linear or
cyclic, with a dilute solution of H2O2 (3.5%) for 1 h, and subsequent
MS analysis.23 When the peptide is linear, H2O2 oxidizes the free
thiol to sulfonic acid (and the mass increases 48 units), whereas
when the peptide is cyclic the thioether is oxidized to sulfoxide (and
the mass increases 16 units). This method cannot be used when the
peptide to be analyzed incorporates a Cys(StBu) residue because this
disulfide is oxidized to different products. ESI mass spectrometric
analysis showed formation of mixtures of products with and without
loss of the StBu group. When analysis was performed in the negative
mode, the main group of peaks corresponded to loss of the StBu
group and oxidation of the thiol to sulfonic acid (+ 3 oxygen atoms,
M + 48).

Assessment of Cyclization: Digestion with Thrombin. Reaction
with thrombin can also be used to assess circularity. Thrombin
cleaves the Arg-Gly bond in linear GRG peptide sequences, but not
when this sequence is within a cycle. Twenty micrograms of peptide
and 5 u of thrombin, dissolved in a 1:2 PBS/H2O solution (PBS
buffer: 140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 1.8 mM
KH2PO4, pH = 7.23), were incubated at room temperature
overnight. The crude was readily analyzed by MALDI-TOF MS.

Deprotection of Cys(StBu) and Reduction of Disulfide Bridges.
TCEP (500 equiv) was added to a 0.3 mM solution of the
polyamide in H2O (1−3 mL). The pH was adjusted to 5 with an
aqueous dilute NaOH solution, and the mixture was stirred at room
temperature for 3 h. Water was removed by lyophilization and the
crude analyzed by HPLC.

Diels−Alder Cycloadditions. The maleimido- or protected
maleimido-containing peptide and diene-dT5 were dissolved in
water, and the amounts required to carry out the reaction (typical
reagent ratio was 1:1) were taken from each of these solutions and
mixed. This mixture was diluted with water (or water and methanol,
to end up with a 1:1 proportion, if MW-promoted maleimide
deprotection and conjugation were to take place simultaneously) to
reach a reagent concentration between 30 and 300 μM. The
maleimide + diene mixture was reacted overnight at 37 °C. The
[protected maleimide] + diene mixture was reacted in a MW oven

The Journal of Organic Chemistry Article

dx.doi.org/10.1021/jo500427c | J. Org. Chem. 2014, 79, 2843−28532849



for 90 min at 90 °C. Solvents were removed by evaporation under
reduced pressure and/or lyophilization, and reaction crudes were
analyzed by HPLC. Conjugates were purified by HPLC and
characterized by MALDI-TOF MS.
Michael-Type Reactions. Aliquots of aqueous solutions containing

the required amounts of maleimido-containing compound and the
corresponding thiol derivative were mixed (final concentration of
polyamide: 50−150 μM). The mixture was stirred at room
temperature under an Ar atmosphere overnight. After lyophilization,
reaction crudes were analyzed by HPLC. Conjugates were purified
by HPLC and characterized by MALDI-TOF MS.
Assays To Assess the Stability of Cysteine Derivatives to

Microwave-Promoted Maleimide-Deprotection Conditions. The
stabilities of Fmoc-Cys(StBu)-OH, Fmoc-Cys(Acm)-OH, and Boc-
Cys(Fm)-OH were assessed by dissolving some 5−10 mg of the
product in MeOH/H2O 1:1 (v/v) and heating the resulting solution
at 90 °C for 90 min in the microwave oven. Solvent was removed
under reduced pressure, and the crude was analyzed 1H NMR. In all
cases, a spectrum with the same set of signals as for the commercial
compound was obtained, with one exception: partial loss of the tBu
signal in the case of Boc-Cys(Fm)-OH, due to partial loss of the Boc
group upon heating.
Cyclic Maleimido*-Lys-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys-

(Prot.Mal.)-NH2, 2 (the Label * Refers to the Units Linked in
the Cycle). Peptide 2 was assembled on 110 mg of resin ( f = 0.65
mmol/g). Treatment of peptide-resin 1 with TFA/TIS/H2O 90:5:5,
2 × 1 h, followed by purification at the semipreparative scale (linear
gradient from 15 to 35% of B in 30 min, tR = 15.1 min), afforded 2
as a white solid (12.1 μmol, 17%). Analytical HPLC: acidic
conditions, linear gradient from 10 to 50% of B in 30 min, tR =
16.2 min. MALDI-TOF MS (DHB, positive mode, DHB = 2,5-
dihydroxybenzoic acid): m/z 1347.4 [M − furan + H]+, 1369.4 [M
− furan + Na]+; M calcd for C66H91N17O18S 1441.6, M − furan
calcd for C60H83N17O17S 1345.6. MALDI-TOF MS after reaction
with H2O2 (DHB, positive mode): m/z 1362.8 [M − furan + 16 +
H]+; M − furan + 16 calcd for C60H83N17O18S 1361.6. MALDI-TOF
MS after digestion with thrombin (DHB, positive mode): m/z
1347.3 [M + H]+, 1369.3 [M + Na]+, 1385.2 [M + K]+; M calcd for
C66H91N17O18S 1441.6, M − furan calcd for C60H83N17O17S 1345.6.
No digestion was observed.
Conjugate 3 [Cyclic Maleimido*-Lys-Gly-Arg-Gly-Cys*-Tyr-

Ala-Tyr-Lys(Mal.)-NH2] + [Diene-dT5]. Diene-dT5 and 2 (15 nmol
each) were reacted in a 1:1 MeOH/H2O solution (500 μL, 30 μM)
in a MW oven for 90 min at 90 °C. HPLC Analysis of the crude
showed that the extent of the cycloaddition was 90%. Analytical
HPLC: buffered medium, gradient from 5% to 60% of B in 30 min,
tR = 22.3 min. MALDI-TOF (THAP, negative mode, THAP = 2,4,6-
trihydroxyacetophenone): m/z 2962.7 [M − H]−; M calcd for
C116H158N27O53P5S 2963.9.
H-Cys(StBu)-Gly-Arg-Gly-Cys-Tyr-Ala-Tyr-Lys(Prot.Mal.)-NH2,

5. Fmoc-Cys(StBu)-OH was incorporated onto 121 μmol of Fmoc-
Gly-Arg(Pbf)-Gly-Cys(Tr)-Tyr(tBu)-Ala-Tyr(tBu)-Lys(Prot.Mal.)-
resin, and the Fmoc group removed to yield 4. 4 Was deprotected
and cleaved by reaction with TFA/TIS/H2O 95:2.5:2.5, 2 × 1 h, and
purified at the semipreparative scale (linear gradient from 25 to 50%
of B in 30 min, tR = 9.6 min). A white solid corresponding to the
desired peptide (5) was obtained (28 μmol, 23%). Analytical HPLC:
acidic conditions, linear gradient from 5 to 50% of B in 30 min, tR =
22.7 min. MALDI-TOF MS (DHB, positive mode): m/z 1258.9 [M
− furan + H]+; M calcd for C60H87N15O15S3 1353.6, M − furan calcd
for C54H79N15O14S3 1257.5. MALDI-TOF MS after reaction with
H2O2 (DHB, negative mode): m/z 1216.6 [M − furan − StBu + 48
− H]−, 1264.5 [M − furan − StBu + 48 + 48−H]−; M + 48 calcd
for C60H87N15O18S3 1401.6, M − furan − StBu + 48 calcd for
C50H71N15O17S2 1217.5. MALDI-TOF MS after digestion with
thrombin (DHB, positive mode): m/z 876.4 [M − furan −
[Cys(StBu)-Gly-Arg] + Na]+, 892.4 [M − furan − [Cys(StBu)-Gly-
Arg] + K]+; M calcd for C45H59N9O12S 949.4, M − furan −
[Cys(StBu-Gly-Arg] calcd for C39H51N9O11S 853.3.

Deprotection of the Maleimide of 5. Compound 5 (100
nmol) was dissolved in H2O/MeOH (4 mL) to yield a 25 μM
solution, which was heated in a MW oven as described in the
General Methods. Two different products, namely 6 and 7, were
obtained (no trace of 5 was detected in any case) in a ratio that
varied depending on the reaction time: the 6:7 ratio was 49:51 after
30 min heating, 56:44 after 60 min, and 59:41 after 90 min.
Compunds 6 and 7 were separated using analytical acidic HPLC
conditions and characterized by MALDI-TOF MS before and after
reaction with thrombin (see below). For an additional proof of
structure, samples of 6 and 7 were subsequently reacted as described
below to yield compounds 16 and 8, respectively, which were also
characterized by MS.

Cyclic H-Cys(StBu)-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys*-NH2,
6. Analytical HPLC: acidic conditions, linear gradient from 5 to
50% of B in 30 min, tR = 20.1 min. MALDI-TOF MS (DHB,
positive mode): m/z 1258.9 [M + H]+, 1280.9 [M + Na]+, 1296.8
[M + K]+; M calcd for C54H79N15O14S3 1257.5. MALDI-TOF MS
after reaction with H2O2 (DHB, positive mode): m/z 1186.7 [M −
StBu + 16 + H]+, 1234.7 [M − StBu + 16 + 48 + H]+, 1290.7 [M +
32 + H]+; M + 32 calcd for C54H79N15O16S3 1289.5, M − StBu + 16
calcd for C50H71N15O15S2 1185.5. MALDI-TOF MS after reaction
with thrombin (DHB, positive mode): m/z 876.4 [M − [Cys(StBu)-
Gly-Arg] + Na]+, 892.4 [M − [Cys(StBu)-Gly-Arg] + K]+; M −
[Cys(StBu)-Gly-Arg] calcd for C39H51N9O11S 853.3.

Cyclic H-Cys-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys*-NH2, 16.
Compound 6 (67 nmol) was reacted with TCEP according to the
general procedures. Compound 16 was obtained in 76% yield (based
on the HPLC trace). Analytical HPLC: acidic conditions, linear
gradient from 5 to 50% of B in 30 min, tR = 16.1 min. MALDI-TOF
MS (DHB, positive mode): m/z 1170.7 [M + H]+, 1192.7 [M +
Na]+, 1208.7 [M + K]+; M calcd for C50H71N15O14S2 1169.5.
MALDI-TOF MS after reaction with H2O2 (DHB, negative mode):
m/z 1232.6 [M + 48 + 16 − H]−; M + 48 + 16 calcd for
C50H71N15O18S2 1233.5. MALDI-TOF MS after digestion with
thrombin (DHB, positive mode): m/z 876.5 [M − [Cys-Gly-Arg]
+ Na]+, 892.5 [M − [Cys-Gly-Arg] + K]+; M − [Cys-Gly-Arg] calcd
for C39H51N9O11S 853.4.

Cyclic H-Cys*-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys(Prot.Mal.)-
NH2, 7. Analytical HPLC: acidic conditions, linear gradient from 5
to 50% of B in 30 min, tR = 16.7 min. MALDI-TOF MS (DHB,
positive mode): m/z 1168.8 [M + H]+, 1190.7 [M + Na]+, 1206.7
[M + K]+; M calcd for C50H69N15O14S2 1167.5. MALDI-TOF MS
after reaction with H2O2 (DHB, negative mode): m/z 1264.7 [M +
48 + 48 − H]−; M + 48 + 48 calcd for C50H71N15O20S2 1265.4.
MALDI-TOF MS after digestion with thrombin (DHB, positive
mode): m/z 1168.8 [M + H]+, 1190.7 [M + Na]+, 1206.7 [M + K]+;
M calcd for C50H69N15O14S2 1167.5. No digestion was detected.

Conjugate 8, [Cyclic H-Cys*-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-
Lys(Mal.)-NH2] + [diene-dT5]. Compound 7 (15 nmol) and diene-
dT5 (25 nmol) were dissolved in water (65 μL) and allowed to react
overnight at room temperature, yielding the desired product 8 (8.8
nmol, 59% conjugation and purification yield). 8 Was purified using
acidic analytical HPLC conditions. Analytical HPLC: buffered
medium, linear gradient from 5 to 60% of B in 30 min, tR = 23.0
min. MALDI-TOF MS (THAP, negative mode): m/z 2785.0 [M −
H]−, 2822.9 [M − 2H + K]−; M calcd for C106H144N25O50P5S2
2785.8.

H-Cys(Acm)-Gly-Arg-Gly-Cys-Tyr-Ala-Tyr-Lys(Prot.Mal.)-NH2,
10. Fmoc-Cys(Acm)-OH was incorporated onto 34 μmol of peptide-
resin Fmoc-Gly-Arg(Pbf)-Gly-Cys-Tyr(tBu)-Ala-Tyr(tBu)-Lys-
(Prot.Mal.)-resin and the Fmoc group removed to yield 9. Treatment
with TFA/TIS/H2O 95:2.5:2.5, 2 × 1 h and purification at the
semipreparative scale (linear gradient from 25 to 70% of B in 30
min, tR = 6.2 min) afforded a white solid corresponding to the
desired peptide 10 (11.4 μmol, 34%). Analytical HPLC: acidic
conditions, linear gradient from 5 to 50% of B in 30 min, tR = 19.0
min. MALDI-TOF MS (DHB, positive mode): m/z 1170.7 [M −
furan − Acm + H]+ 1241.8 [M − furan + H]+; M calcd for
C59H84N16O16S2 1336.6, M − furan calcd for C53H76N16O15S2
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1240.5. MALDI-TOF MS after reaction with H2O2 (DHB, negative
mode): m/z 1169.0 [M − furan − Acm-H]−, 1217.0 [M − furan −
Acm + 48−H]−, 1233.0 [M − furan − Acm + 48 + 16−H]−; M +
48 calcd for C59H84N16O19S2 1384.5, M − furan − Acm + 48 calcd
for C50H71N15O17S2 1217.5.
Cyclic H-Cys(Acm)-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys*-NH2,

11. Compound 10 (100 nmol) was dissolved in the H2O/MeOH
mixture (1 mL, 100 μM) and heated in a MW oven according to the
general procedures, yielding the desired product 11 (30 nmol, 30%
cyclization and purification yield). Compound 11 was purified using
acidic analytical HPLC conditions. Analytical HPLC: acidic
conditions, linear gradient from 5 to 50% of B in 30 min, tR =
16.0, 16.2 min (2 diastereomers). MALDI-TOF MS (DHB, positive
mode): m/z 1241.7 [M + H]+, 1263.7 [M + Na]+, 1279.7 [M + K]+;
M calcd for C53H76N16O15S2 1240.5. MALDI-TOF MS after reaction
with H2O2 (DHB, positive mode): m/z 1203.2 [M − Acm + 32 +
H]+; M + 32 calcd for C53H76N16O17S2 1272.5, M − Acm + 32 calcd
for C50H71N15O16S2 1201.6.
Assays To Remove the Acm Group from Peptide 11.

Reaction with AgOTf. Compound 11 (30 nmol) was dissolved in
TFA (1 mL), and AgOTf (1 mg, 3.9 μmol) and anisole (430 μL, 3.9
μmol) were added. The mixture was allowed to react for 1 h, after
which time solvent was removed under reduced pressure and the
crude redissolved with DTT (1 mg, 6.5 μmol) in a 1:1 mixture of
H2O/AcOH (1.5 mL). After 30 min, the solution was frozen and
lyophilized. The crude was then redissolved in water and analyzed,
yielding a very complex HPLC profile. Integration of the HPLC
trace and MALDI-TOF MS analysis showed that the desired product
was obtained in less than 5% yield.
Reaction with I2. Compound 11 (500 nmol) was dissolved in a

9:1 H2O/AcOH mixture (100 μL), and I2 (100 μL of a 50 mM
solution in MeOH) was added. The mixture was allowed to react for
4 h. The reaction was quenched with 0.2 M sodium ascorbate (20
μL), and methanol was removed under reduced pressure. Neither
HPLC analysis nor MALDI-TOF MS of the crude showed the
presence of the desired product, but instead one resulting from the
addition of one to four iodines to the peptide.
Reaction with Tl(OAc)3. Compound 11 (50 nmol) was dissolved

in TFA (500 μL), and a solution of Tl(OAc)3 (390 μg, 100 nmol)
and anisole (10.9 μL, 100 nmol) in TFA (10 μL) was added. The
mixture was reacted for 1 h at 0 °C, and the solvent was removed
with a N2 stream. 10% acetic acid in water (1 mL) and chloroform
(1 mL) were added, and the two fractions were collected separately.
HPLC and MALDI-TOF analysis of the two fractions showed the
presence of multiple products, none of which could be identified.
H-Cys(Fm)-Gly-Arg-Gly-Cys-Tyr-Ala-Tyr-Lys(Prot.Mal.)-NH2,

13. Boc-Cys(Fm)-OH was incorporated onto 31 μmol of Fmoc-Gly-
Arg(Pbf)-Gly-Cys(Tr)-Tyr(tBu)-Ala-Tyr(tBu)-Lys(Prot.Mal.)-resin.
Treatment with TFA/TIS/H2O 95:2.5:2.5, 2 × 1 h, and purification
at the semipreparative scale (linear gradient from 30 to 60% of B in
30 min, tR = 9.5 min) afforded a white solid corresponding to the
desired peptide 13 (9.6 μmol, 31%). Analytical HPLC: acidic
conditions, linear gradient from 30 to 60% of B in 30 min, tR = 7.0
min. MALDI-TOF (DHB, positive mode): m/z 1348.9 [M − furan
+ H]+, 1370.8 [M − furan + Na]+, 1386.8 [M − furan + K]+; M
calcd for C70H89N15O15S2 1443.6, M − furan calcd for
C64H81N15O14S2 1347.6. MALDI-TOF MS after reaction with
H2O2 (DHB, negative mode): m/z 1214.4 [M − furan − Fm +
48 − H]−, 1232.6 [M − furan − Fm + 48 + 16 − H]−; M + 48 +
16 calcd for C70H89N15O19S2 1507.6, M − furan − Fm + 48 + 16
calcd for C50H71N15O18S2 1233.5.
Cyclic H-Cys(Fm)-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys*-NH2,

14. Compound 13 (400 nmol) was dissolved in the H2O/MeOH
mixture (4 mL, 100 μM), heated in a MW oven according to the
general procedures, and purified using analytical HPLC conditions to
yield 14 (184 nmol, 46% cyclization and purification yield).
Analytical HPLC: acidic conditions, linear gradient from 30 to
60% of B in 30 min, tR = 4.8 min. MALDI-TOF MS (DHB, positive
mode): m/z 1348.8 [M + H]+, 1370.8 [M + Na]+, 1386.7 [M + K]+;
M calcd for C64H81N15O14S2 1347.6. MALDI-TOF after reaction

with H2O2 (DHB, positive mode): m/z 1202.7 [M − Fm + 32 +
H]+, 1380.9 [M + 32 + H]+; M + 32 calcd for C64H81N15O16S2
1379.5.

Disulfide Dimer of Cyclic H-Cys-Gly-Arg-Gly-Cys*-Tyr-Ala-
Tyr-Lys*-NH2, 15. Compound 14 (92 nmol) was dissolved in 33%
piperidine in DCM (500 μL) and the mixture reacted for 45 min.
The solvent was then removed under reduced pressure and
coevaporated with acetonitrile. The crude was purified using
analytical HPLC acidic conditions (linear gradient from 5 to 50%
of B in 30 min, tR = 17.8 min), yielding 15 (41.6 nmol, 45% reaction
and purification yield). MALDI-TOF MS (DHB, positive mode): m/
z 1170.6 [monomer + H]+, 2338.3 [M + H]+; M calcd for
C100H114N30O28S4 2336.9.

Cyclic H-Cys-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-Lys*-NH2, 16.
Compound 15 (27 nmol) was reacted with TCEP as described
above. Compound 16 was obtained in 89% yield (based on the
HPLC trace) and purified using analytical HPLC conditions.
Analytical HPLC: acidic conditions, linear gradient from 5 to 50%
of B in 30 min, tR = 15.8 min. MALDI-TOF MS (DHB, positive
mode): m/z 1171.1 [M + H]+, 1193.0 [M + Na]+; M calcd for
C50H71N15O14S2 1169.5.

Conjugate 17 [Cyclic H-Cys-Gly-Arg-Gly-Cys*-Tyr-Ala-Tyr-
Lys*-NH2] + [Maleimido-dT5]. [Protected maleimido]-dT5 (25
nmol) was dissolved in the 1:1 MeOH/H2O solution (1 mL, 25
μM) and heated in the microwave oven for 60 min at 90 °C.
Methanol was removed under reduced pressure. HPLC analysis of
the crude (buffered medium) showed that maleimide deprotection
had taken place at an 85% extent. This crude was used immediately
for the conjugation reaction. Analytical HPLC: buffered medium,
linear gradient from 5 to 60% of B in 30 min, tR = 18.3 min.
MALDI-TOF MS (THAP, negative mode): m/z 1661.7 [M − H]−;
M calcd for C56H72N11O38P5 1661.3.

Mal-dT5 (5 nmol) was mixed with 16 (4 nmol) dissolved in water
(375 μL) and reacted overnight. The desired product (17) was
obtained in 73% yield (based on the HPLC trace). Analytical HPLC:
buffered medium, linear gradient from 5 to 60% of B in 30 min, tR =
22.0 min. MALDI-TOF MS (THAP, negative mode): m/z 2830.2
[M − H]−; M calcd for C106H143N26O52P5S2 2830.8.

Cyclic Lys*-Gly-Arg-Gly-Cys(StBu)-Tyr-Ala-Tyr-Cys*-NH2, 19.
The synthesis of 18 was carried out on 110 mg of resin ( f = 0.65
mmol/g). After reaction with TFA/TIS/H2O 90:5:5, 2 × 1 h, and
purification at the semipreparative scale (linear gradient from 25 to
50% of B in 30 min, tR = 9.8 min), 19 was obtained as a white solid
(8.7 μmol, 11%). Analytical HPLC: acidic conditions, linear gradient
from 20 to 60% of B in 30 min, tR = 11.7 min. MALDI-TOF MS
(DHB, positive mode): m/z 1259.1 [M + H]+; M calcd for
C54H79N15O14S3 1257.5. MALDI-TOF MS after reaction with H2O2

(DHB, positive mode): m/z 1186.6 [M − StBu + 16 + H]+, 1306.7
[M + 32 + 16 + H]+, M − StBu + 16 calcd for C50H71N15O15S2
1185.5; M + 32 + 16 calcd for C54H79N15O17S3 1305.5. MALDI-
TOF MS after digestion with thrombin (DHB, positive mode): m/z
1259.2 [M + H]+, 1281.2 [M + Na]+, 1297.2 [M + K]+; M calcd for
C54H79N15O14S3 1257.5. No digestion was observed.

Cyclic Lys*-Gly-Arg-Gly-Cys-Tyr-Ala-Tyr-Cys*-NH2, 20. Com-
pound 19 (100 nmol) was reacted with TCEP as described in the
General Methods. Compound 20 was obtained in 80% yield (based
on the HPLC trace) and purified using acidic analytical HPLC
conditions. Analytical HPLC: acidic conditions, linear gradient from
10 to 50% of B in 30 min tR = 13.5 min. MALDI-TOF MS (DHB,
positive mode): m/z 1170.9 [M + H]+; M calcd for C50H71N15O14S2
1169.5.

Conjugate 21 [Cyclic Lys*-Gly-Arg-Gly-Cys-Tyr-Ala-Tyr-
Cys*-NH2] + [Maleimido-dT5]. Compound 20 (10 nmol) and
[protected maleimido]-dT5 (10 nmol) were dissolved in a 3:1
MeOH/H2O solution (500 μL, 20 μM) and heated in a MW oven
for 90 min at 90 °C. Methanol was removed under reduced pressure.
The desired product (21) was obtained in 77% yield (based on the
HPLC trace). Analytical HPLC: buffered medium, linear gradient
from 5 to 50% of B in 30 min, tR = 14.9 min. MALDI-TOF MS
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(THAP, negative mode): m/z 2829.5 [M − H]−; M calcd for
C106H143N26O52P5S2 2830.7.
[P ro tec ted male imido] - [N - (CH2CH2NH2 )G ly ] - [N -

(CH2CH2Phenol)Gly]-[N-(CH2CH2OH)Gly]-[N-(Propargyl)Gly]-[N-
(CH2CH2Phenol)Gly]-[N-(CH2CH2NH2)Gly]-[N-(CH2CH2OH)Gly]-
[N-(CH2CH2SH)Gly]-Gly-NH2, 23. Peptoid 23 was assembled on
100 mg of resin ( f = 0.72 mmol/g). Treatment of the peptoid-resin
22 with TFA/m-cresol/TIS/H2O 90:5:2.5:2.5, 2 × 1 h, followed by
purification at the semipreparative scale (linear gradient from 20 to
40% of B in 30 min, tR = 12.0 min), afforded 23 as a white solid (3.0
μmol, 4.1%). Analytical HPLC: acidic conditions, linear gradient
from 20 to 40% of B in 30 min, tR = 9.7 min. MALDI-TOF MS
(THAP/CA, positive mode, CA = citric acid): m/z 1194.7 [M −
furan + H]+, 1290.8 [M + H]+; M calcd for C60H83N13O17S 1289.6,
M − furan calcd for C54H75N13O16S 1193.5. MALDI-TOF MS after
reaction with H2O2 (THAP/CA, negative mode): m/z 1240.7 [M −
furan + 48 − H]−; M − furan + 48 calcd for C54H75N13O19S 1241.5.
Cyclic Maleimido*-[N-(CH2CH2NH2)Gly]-[N-(CH2CH2Phenol)-

Gly]-[N-(CH2CH2OH)Gly]-[N-(Propyne)Gly]-[N-(CH2CH2Phenol)-
Gly]-[N-(CH2CH2NH2)Gly]-[N-(CH2CH2OH)Gly]-[N-(CH2CH2SH)-
Gly]*-Gly-NH2 24. Compound 23 (100 nmol) was dissolved in the
H2O/MeOH solution (1 mL, 100 μM) and heated in a MW oven
according to the general procedures. MeOH was removed under
reduced pressure. The desired product (24) was obtained in 79%
yield (based on the HPLC trace). Analytical HPLC: acidic
conditions, linear gradient from 20 to 40% of B in 30 min, tR =
15.8 min. MALDI-TOF MS (THAP/CA, positive mode): m/z
1194.7 [M + H]+; M calcd for C54H75N13O16S 1193.5. MALDI-TOF
MS after reaction with H2O2 (THAP/CA, positive mode): m/z
1210.7 [M + 16 + H]+; M + 16 calcd for C54H75N13O17S 1209.5.
Conjugate 25 [Cyclic Maleimido*-[N-(CH2CH2NH2)Gly]-[N-

(CH2CH2Phenol)Gly]-[N-(CH2CH2OH)Gly]-[N-(Propyne)Gly]-[N-
(CH2CH2Phenol)Gly]-[N-(CH2CH2NH2)Gly]-[N-(CH2CH2OH)Gly]-
[N-(CH2CH2SH)Gly]*-Gly-NH2] + AZT. A 0.5 mM solution of
CuSO4 in water (50 μL, 25 nmol) and a 12 mM solution of sodium
ascorbate in water (50 μL, 600 nmol) were mixed in a microwave
flask under an Ar atmosphere and stirred during 5 min. Then TBTA
(tris[(1-benzyl-1H-1,2,3-triazol-4-yl)methyl]amine) (50 μL of a 0.5
mM solution in MeOH:H2O 3:2, 24 nmol), AZT (3′-azido-3′-
deoxythymidine) (110 μL of a 2 mM aqueous solution, 200 nmol),
and compound 24 (100 μL of a 290 μM aqueous solution, 29 nmol)
were added. The mixture was heated in a microwave oven for 1 h at
90 °C. MeOH was then removed under reduced pressure. The
desired product (25) was obtained in 90% yield (based on the
HPLC trace, calculated from compound 24). Analytical HPLC:
acidic conditions, linear gradient from 5 to 50% of B in 30 min, tR =
17.1 min. MALDI-TOF MS (DHB, positive mode): m/z: 1462.4 [M
+ H]+, 1484.3 [M + Na]+; M calcd for C64H88N18O20S 1460.6.
S-Trityl Cysteamine Hydrochloride. Trityl chloride (279 mg,

1.6 mmol) and cysteamine hydrochloride (200 mg, 1.8 mmol) were
dissolved in DMF (1.5 mL) and stirred overnight at room
temperature. The reaction was then quenched with cold water (10
mL), and the precipitated formed was filtered and washed with cold
water (3 × 5 mL). A white solid (480 mg, 85% yield) was obtained:
Rf (hexanes/AcOEt/TEA 75:20:5) = 0.68; 1H NMR (CD3OD, 400
MHz) δ 7.5−7.1 (m, 15H, aromatics), 2.58 (t, J = 6.9, 2H, CH2-
NH2), 2.47 (t, J = 6.8, 2H, S-CH2) ppm; 13C NMR (CD3OD, 100
MHz) δ 145.6, 130.7, 129.2, 128.2, 68.4, 39.7, 30.1; ESI MS (positive
mode) m/z 319.9 [M + H]+, 639.0 [2M + H]+; M calcd for
C21H21NS 319.14.
N-Boc-ethylenediamine. A solution of Boc anhydride (1.2 g, 5.5

mmol) in DCM (80 mL) was added dropwise during 15 min to a
solution of ethylenediamine (2.2 mL, 33.5 mmol) in DCM (10 mL).
The mixture was stirred for 1 h at 0 °C and overnight at room
temperature. Solvent was removed under reduced pressure, and the
crude was dissolved in aqueous potassium carbonate (50 mL). This
solution was extracted with DCM (3 × 50 mL). The organic fraction
was dried over MgSO4 and filtered and the solvent removed under
reduced pressure. A colorless oil (857 mg, 60% yield) was obtained:
Rf (hexanes/AcOEt/TEA 47.5:47.5:5) = 0.2; 1H NMR (CDCl3, 400
MHz) δ 3.16 (q, J = 5.9, 2H, CO-NH-CH2); 2.79 (t, J = 5.7, 2H,

CH2-NH2); 1.44 (s, 9H, CH3) ppm;
13C NMR CDCl3, 100 MHz) δ

156.2, 79.2, 43.2, 41.8, 28.4 ppm; ESI MS (positive mode) m/z
161.13 [M + H]+; M calcd for C7H16N2O2 160.12.
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1. HPLC profiles of the products prepared. 

Cyclic peptide 2: 

 

  

Crude Purified 

 

 

Conjugate 3: 

 

  

Crude 
The peak eluting at 21.2 min corresponds to 

unreacted diene-dT5 

Purified 
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Peptide 5: 

 

  

Crude Purified 

 

 

Maleimide deprotection of peptide 5: 

 

 

 

 

 

  

 

 

6 

7 

Crude after heating for 90 min    
Peaks with tR=16.7 and 20.1 correspond to compounds 7 and 6, respectively 
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Conjugate 8: 

 

  

Crude 8 
Conjugate 8 elutes at 23.0 min. The peak at 22.3 

corresponds to unreacted diene-dT5. 

Purified 8 

 

 

Cyclic peptide 16 (from 6): 

 

 

 

Crude  
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Peptide 10: 

 

  

Crude Purified 

 

 

 

 

 

Cyclic peptide 11: 

 

  

Crude Purified 
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Peptide 13: 

 

  

Crude Purified 

 

 

 

 

 

Cyclic peptide 14: 

 

  

Crude Purified 
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Compound 15, disulfide dimer of cyclic peptide 16: 

 

 

 

Crude  

 

 

 

 

Cyclic peptide 16 (from 15, after reduction of the disulfide): 

 

  

Crude Purified 
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Mal-dT5 (from protected maleimido-dT5): 

 

 

Crude Mal-dT5 
 

 

 

Conjugate 17: 

 

  

Crude 17 
Conjugate 17 elutes at 22.0 min. The small peak at 

18.3 corresponds to unreacted Mal-dT5, and the 
peaks at 16.1, 17.6 and 20.4 to byproducts already 
detected in the Mal-dT5 crude (compound 16 is not 

detected). 

Purified 17 
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Cyclic peptide 19: 

 

  

Crude 
(analyzed under purification conditions) 

Purified 

 

 

Cyclic peptide 20: 

 

  

Crude Purified 
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Conjugate 21: 

 

  

Crude 
The peak at 12.4 min corresponds to deprotected 

maleimide-dT5 

 

Purified 
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Peptoid 23: 

 

  

Crude 
The peak eluting at 21 min corresponds to m-cresol 

Purified 

 

 

Cyclic peptoid 24: 

  

Crude Purified 
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Conjugate 25: 

 
 

  

Crude 
The sharp peak at 16.9 min corresponds to the 

excess of AZT, and was not taken in consideration 
for yield calculations 

Purified 

 

 

 

2. Commercially available derivatives used for peptide and peptoid synthesis: 3-
maleimidopropanoic acid, Fmoc-Gly-OH, Fmoc-Ala-OH, Fmoc-Tyr(tBu)-OH, Fmoc-
Arg(Pbf)-OH, Fmoc-Lys(Boc)-OH, Fmoc-Cys(Acm)-OH, Fmoc-Cys(Trt)-OH, Fmoc-
Cys(StBu)-OH, Boc-Cys(Fm)-OH, 4-(2-aminoethyl)phenol, 2-aminoethanol, 2-propyn-
1-amine. 
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3. 1H- and 13C-NMR spectra (400 and 100.56 MHz, respectively) of compounds 
prepared following described procedures: 

S-Tritylcysteamine hydrochloride (solvent: CH3OD) 
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N-Boc-1,2-ethandiamine (solvent: CDCl3) 
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