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Abstract Elastin-like polypeptides (ELPs) are well known for their
elastic and thermoresponsive behaviors. Their elasticity originates from
the formation of a β-spiral which is the consequence of stacking type-II
β-turns, formed from individual VPGVG pentapeptide units. Here, the
synthesis of ELPs of varying chain lengths [VPGVG, (VPGVG)2, and
(VPGVG)4] and their coupling to a mechanoresponsive catalyst are
reported. The attached ELP chains can act as “molecular springs,”
allowing for an efficient uptake and transmission of an applied force to
the mechanophoric bond. This leads to stress-induced activation of the
mechanophoric catalyst, in turn transforming mechanical energy into a
“click” reaction. Secondary structure analysis via IR and CD spectroscopy
revealed that the β–spiral formation of the ELP is not affected by the
coupling process and the β–spiral is still intact in the mechanocatalyst
after the coupling. Mechanochemical activation of the synthesized
catalysts by an external applied force, studied via ultrasonication,
showed conversions of the copper(I)-catalyzed alkyne-azide “click”
reaction (CuAAC) up to 5.6% with an increasing chain length of the
peptide, proving the potential to incorporate this chemistry into
biomaterial engineering.

Key words Elastin-like polypeptides, β-spiral, peptide coupling,
copper(I), “click” reaction, mechanochemistry, mechanocatalysts

Introduction

Elastin-like polypeptides (ELPs) are artificial derivatives
of elastin, a highly cross-linked, extracellular matrix protein,
that is responsible for elasticity and resilience of tissues that
repeatedly undergo extension and retraction such as
ligaments and arteries.1–5 ELPs consist of short amino

acid sequences, being part of the elastin sequence, whose
polymerization leads to polypeptides with similar thermor-
esponsive and elastic (when cross-linked) behaviors com-
pared to native elastin.6,7 The pentapeptide VPGVG is of
special interest because it is themost prominent amino acid
sequence of native elastin.8,9 While native elastin is
insoluble due to cross-linking, ELPs as a soluble alternative
to elastin allowed detailed investigation of the origin of
elasticity and this led to the development of the fibrillar
model.10–15 Using the VPGVG sequence it was found that
each pentapeptide unit forms a type–II β-turn indepen-
dently from the other units.10,16–18 Several β-turns will
stack on each other, leading to the formation of a loose helix,
also called β-spiral. The β-spiral is kinetically free to
undergo librational or rocking motions, but stretching
dampens these motions and the number of states of
equivalent energy is drastically reduced, in turn providing
the restoring force for elasticity.12

Since an efficient force transmissionplays a crucial role in
the field of mechanochemistry, ELPs are perfectly tailored to
take up and redirect an applied force to the mechanophoric
bond, thus acting as “molecular springs.”12,19,20 Mechano-
phores contain one or more mechanically labile bonds,
functionalgroups that are inactive in their initial statebut can
respond to an external applied force. Once activated,
mechanophores can undergo a variety of mechanochemical
transformations such as color changes,21–23 chemilumines-
cence,24,25 activation of latent metal catalysts,26–34 biased
reactivity,35 release of small molecules,36,37 generation of
protons,38 and also remodeling of polymers.39 Besides the
correct positioning of the mechanophoric bond near the
center of the molecule, the attached polymer chains play a
crucial role since they takeupandtransmit theforcealong the
polymer backbone.40,41 We previously have designed latent
Cu(I) bis(N-heterocyclic carbene) (NHC) catalysts as mecha-
nophores for the time- and spatial-controlled copper(I)-
catalyzed alkyne-azide “click” reaction (CuAAC).28,29,31,33

The ability of the attached polymer chains to transmit an
applied forcewas controlled via the Tg of the chosen polymer
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[poly(isobutylene), poly(styrene), and poly(tetrahydrofu-
ran)]. Exchanging the synthetic polymer handles with
peptides thus is a promising way to study force transmission,
since the resulting β-spiral structures could be exploited as
“molecular springs.”

As published previously, in the first step, two low-
molecular weight Cu(I) bis(NHC) mechanophoric catalysts
bearing either two carboxyl groups {[Cu(C10COOH–NHC)2]
Br} (1) or two amino groups [Cu(C3NH2–NHC)2Br] (2)
(see Figure 1) were designed, enabling peptide coupling
reactions with the N- or the C-terminus of peptides.42 The
first few reactions revealed a persisting mechanophoric
behavior after coupling of single amino acids (Gly and Val).

In the present article, we stepwise extended the amino
acid sequence [VG, VPG, VPGVG, (VPGVG)2, and (VPGVG)4]
and coupled it to the latent mechanophoric Cu(I) bis(NHC)
complexes 1 and 2, yielding mechanophores with varying
peptide chain lengths. In addition to the linear catalysts,
resulting from the coupling of 1 with the N-terminus-
deprotected peptides, we also generated chain-extended
structures. Therefore, 1 and 2were polymerized with the C-
and N-terminus-deprotected VPGVG sequence. Secondary
structure analysis via IR and CD spectroscopy were
conducted to probe whether the conformation of the

peptide is affected by the coupling to the mechanophoric
catalyst. Subsequently, ultrasonication was used to investi-
gate the mechanochemical activation of all synthesized
peptide-bearing catalysts by an external applied force.

Results and Discussion

The (VPGVG)4 sequence was built up via solution-phase
peptide synthesis, starting from the single amino acids shown
in Scheme 1, following common coupling protocols.43 The
tert-butoxycarbonyl (Boc) protecting group was used for the
N-terminus, while the C-terminus was methyl ester (OMe)
protected to ensure that it follows an orthogonal protecting-
group strategy. In the first step, glycine methyl ester
hydrochloride (3), N-(tert-butoxycarbonyl)-L-proline (4),
and N-(tert-butoxycarbonyl)-L-valine (5) were synthesized.
Coupling of 3 and 5 using the common peptide coupling
agents 1-ethyl-3(3-dimethylaminopropyl)carbodiimide hy-
drochloride (EDC·HCl) and 1-hydroxybenzotriazole (HOBt)
yielded the dipeptide 6, which was then deprotected with
trifluoroacetic acid (TFA) to generate the N-terminus-depro-
tected dipeptide 7. Coupling of 3 and 4 generated the
dipeptide 8, which was also N-terminus-deprotected, in
turn generating 9. Subsequent coupling with 5 led to the
formationof thetripeptide10,whichwasdissolvedinH2Oand
THF (4:3) and stirred in the presence of lithium hydroxide to
obtain the C-terminus-deprotected tripeptide 11. 10was also
deprotected at theN-terminus toyieldpeptide12,which later
was coupled to the mechanophoric catalyst 1. Coupling of 7
and 11 generated the pentapeptide 13, which is known to be
one of the most important ELP sequences.4 The 1H NMR
spectrum of 13 is shown in Figure 2c (for 1H and 13C NMR
spectraof theotherpeptides, seetheSupporting Information),
proving that both protection groups are still present after the

Figure 1 The bifunctional mechanocatalysts bearing either two car-
boxyl or two amino groups are used for coupling reactions via the N- or
the C-terminus of peptides.

Scheme 1 Synthetic approach for the elastin-like polypeptide sequence starting from single amino acids. C- and N-terminus protection steps for the
single amino acids are not shown.
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coupling. The Boc group gave a resonance at 1.35 ppm, while
the methyl ester group could be assigned to the signal at
3.60 ppm, overlapping with proton H-8. Splitting product 13
to deprotect theN-terminus of onehalf and the C-terminus of
theotherhalfgeneratedpeptides14and15,whichafterwards
couldbecoupled toobtainthedecapeptide17. A smallportion
of peptide 15 was also deprotected at the N-terminus,

generating the double-deprotected peptide 16, which subse-
quently was used for the synthesis of the chain-extended
catalyst. Oncemore splitting of peptide 17 followed byN- and
C-terminusprotectionyieldedpeptides18and19,whichwere
subsequently coupled to the eicosapeptide 20. Stirring 20 in
the presence of TFA generated 21 with an unprotected
N-terminus.

In the next step, peptide coupling reactions were
performed to couple the peptides 7, 12, 14, 18, and 21 to 1,
yielding the mechanophoric catalysts 22a–e as shown in
Scheme 2. 22f was generated by polycondensation of 16with
1 and 2, leading to polymeric structures with molecular
weightsofupto4500 gmol�1 [seetheSupporting Information
for gel permeation chromatography (GPC) trace]. For the
coupling reactions, N,N′-dicyclohexylcarbodiimide (DCC) and
pentafluorophenol were chosen as reagents due to the higher
yields in comparison to EDC·HCl and HOBt, as reported
previously.42 While the shorter peptides 7 and 12 were still
soluble in dichloromethane (DCM), dimethylformamide
(DMF) was chosen as a solvent for the longer peptides 14,
16, 18, and 21. Figure 2d shows the 1H NMR of 22c after the
workup, which proved that the catalyst was not destroyed
during the coupling process (for 1H and 13C NMR of the other
catalyst–peptide conjugates, check the Supporting Informa-
tion). Destruction of the catalyst would lead to a resonance at
�10.50 ppm due to destruction of the copper–carbene bond,
leading to reprotonation of C–2 (for the full 1HNMR spectrum,
see the Supporting Information). Furthermore, matching
integrals for both signals {[Cu(C10COOH–NHC)2]Br and penta-
peptide} proved a quantitative coupling reaction.

Since the peptides were coupled to the mechanophore
with the aim to exploit their “molecular spring” behavior, it
wasessential to check if the coupling affected the abilityof the
peptidetoformtheβ-spiral.WethereforeperformedIRandCD
investigations to obtain information about the secondary
structure of pentapeptide 13 and compared the obtained

Figure 2 Chemical structures of (a) pentapeptide 13 and (b) the
mechanophoric catalyst 22c bearing the pentapeptide. 1H NMR spectra
of (c) pentapeptide 13 and (d) the mechanophoric catalyst 22c bearing
the pentapeptide.

Scheme 2 Synthetic approach for the coupling of the ELP sequences to the mechanophoric catalysts. (a) Coupling of the N-terminus-deprotected
peptides with varying chain lengths to 1. (b) Polycondensation of 1, 2, and the N- and C-terminus-deprotected pentapeptide 16 generates the chain-
extended catalyst 22f.
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results with those of the mechanophoric catalyst 22c, which
alsobearsthepentapeptidesequence. IRanalysisof theamideI
band (1600–1690 cm�1) is frequently used to gain informa-
tion about the secondary structure of peptides.44 The
measurements were performed in D2O since it does not
showanyabsorption in this region, in contrast toH2O (H–O–H
bending at 1645 cm�1). Within the amide I band, the IR of 13
showed two maxima at 1654 and 1618 cm�1 as shown
in Figure 3a. It was previously reported by Franzen et al. that
this double-peaked amide I band is the signature for the
β-spiral and should not mistakenly be assigned to a α-helical
structure (usually occurring at 1653 � 3 cm�1).44,45 Forma-
tion of the β-spiral was observed at three concentrations
(10,7.5,and5 mgmL�1).Normalizationof the IRspectratothe
maximum at 1740 cm�1 (originating from the methyl ester
protection group) revealed that the formation of the β-spiral
wasnot influencedwithin the tested concentration range (see
the Supporting Information). Coupling of the pentapeptide to

the mechanophoric catalyst did not influence the β-spiral
formation as shown in the amide I band from 22c in Figure 3b.
The double-peaked spectrum with two maxima at 1618 and
1654 cm�1 was still visible for themechanophoric catalyst. IR
spectrawererecordedat thesameconcentrations (10, 7.5, and
5 mgmL�1) as done for 13. Normalization to themaximumat
1740 cm�1 again showed that β-spiral formation was not
influenced in the tested concentration range (see the
Supporting Information). Overlaying the two measurements
of13 and22c at 10 mgmL�1 clearly showed that therewasno
shift in the absorbancemaxima after the coupling reaction, as
showninFigure3c. It isnoteworthythat theβ-spiral formation
was not disturbed if two pentapeptide units were linked
together via themechanophore (22c).Asdemonstratedearlier
by Guan and Chen, each pentapeptide unit forms the β–spiral
structure independently from other pentapeptide units.43 To
ensure that the “molecular spring” behavior of the peptide is
the result of a β-spiral and not of anα-helix,we alsomeasured
CD spectroscopy of 13 and 22c, to obtain further information
about the secondary structure of the peptides.46 CDmeasure-
ments were performed in D2O at concentrations of
0.4 mg mL�1 and the results are shown in Figure 4. The
measurement results for 13, showing one maximum at
208 nm and one minimum at 226 nm, clearly indicated the
presence of a β–sheet as the only secondary-structure
element, while there was no evidence for the presence of
α-helical secondary structures. Similar to the IR spectroscopy
results, the CD spectrumof22cwas identical to that of13, still
showing only β-sheet conformation and no α-helical struc-
tures. Accordingly, an adoption of a β-spiral structure could
be concluded for the pentapeptide sequence. Coupling to the
[Cu(C10COOH–NHC)2]Br mechanophore did not prevent
the secondary structure formation, thus allowing the coupled
peptide sequence to act as a “molecular spring.”

We subsequently tested the mechanoresponsive behav-
ior of the synthesized mechanophoric catalysts 22a–f using
a model CuAAC “click” reaction between benzyl azide (23)

Figure 3 IR spectra (amide I band) measured in D2O at three different
concentrations (5, 7.5, and 10 mg mL�1) of (a) 13 and (b) 22c. (c)
Overlay of the IR spectra of 13 and 22cmeasured at a concentration of
10 mg mL�1.

Figure 4 CD spectra of 13 and 22cmeasured in D2O at a concentration
of 0.4 mg mL�1.
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and phenylacetylene (24). The switching of latent Cu(I) bis
(NHC) complexes to their active state after exposure to
mechanical stress, for example in the form of ultrasound (in
solution) or compression (in bulk), has been previously
described.28,29,31,33,42While in its latent state, theCu(I) center
is shielded by the two NHC ligands, preventing the alkyne
from coordination to the Cu(I). Once an external force is
applied, one of the NHC ligands is cleaved off from the Cu(I)
center due to the rupture of the copper–carbene bond. The
exposed Cu(I) center is no longer shielded from the alkyne, in
turn allowing the formation of the copper acetylide, which is
known to be a crucial step in the “click” reaction (Figure 5).47

Activation of the catalyst to its monocarbene form was
observed by following the “click” reaction of 23 and 24 via 1H
NMR spectroscopy. Therefore, samples were taken after the
3rd, 5th, 10th, 14th, and 17th cycles of ultrasonication.
Calculation of the “click” conversion in dependence of the
sonication time was done by observing the shifts from the
methylene group of 23 from 4.35 to 5.59 ppm for the “click”
product 25 as well as an increasing triazole resonance at
8.11 ppm. Activation of the latent catalyst could also be
followed by observing the decreasing resonances of the NHC
protons (H-3 and H-4) with proceeding ultrasonication
cycles. Calculation for catalyst 22c is shown exemplary in
the Supporting Information and activation was found to be
�30% after the last cycle.

Ultrasonication experiments revealed that a stepwise
extension of the attached peptide chain to the mechano-
phoric catalyst led to an increase of its catalytic activity (for
a tabular overview including control experiments without
ultrasonication, check the Supporting Information). Thus,
the “click” conversion could be increased from 3.4% for
catalyst 1 {[Cu(C10COOH–NHC)2]Br}, which does not bear a
peptide chain, to 5.6% for the catalyst with the longest
peptide chain 22e {[Cu(C10COOH–(VPGVG)4–NHC)2]Br}.
The chain-extended catalyst 22f, bearing the pentapeptide
moiety between the mechanophoric units, showed a
slightly lower activity in comparison to 22e with a
conversion of 4.7%.

In order to test the biocompatibility of the synthesized
catalysts, we also performed cytotoxicity tests for two

different cell lines (MCF7 and NIH/3T3) of the complexes 1
and 2 (being devoid of the ELP sequence), 22c (bearing the
ELP sequence), and fluorotris(triphenylphosphine)copper(I)
(bearing no shielding NHC ligands; see the Supporting
Information), as the cytotoxicity of some Cu(I) species is
described in the literature.48,49 Cell toxicity tests with
fluorotris(triphenylphosphine)copper(I) revealed high tox-
icity with �50% of the cells being alive at concentrations of
�4 µmol L�1 for both cell lines (MCF7 and NIH/3T3). Already
complexes 1 and 2 showed a reduced toxicity with �50% of
the cells being still alive at catalyst concentrations of
75 µmol L�1. Coupling of the peptide to the catalyst further
decreased the cytotoxicity. Half of the cells were still alive at
a concentration of �150 µmol L�1, proving an increased
biocompatibility due to the shielding effect of the attached
ELP chains from the Cu(I) for the cells. However, all results
were similar for both cell lines (MCF7 and NIH/3T3),
showing low selectivity for tumor cells.

Conclusion

In summary, we successfully synthesized and coupled
ELP sequences of different chain lengths [VG, VPG, VPGVG,
(VPGVG)2, and (VPGVG)4] to the mechanophoric catalyst
[Cu(C10COOH–NHC)2]Br. Furthermore, a chain-extended
catalyst was synthesized using the N- and C-terminus-
deprotected pentapeptide TFA·H2N-VPGVG-OH and the two
catalysts [Cu(C10COOH–NHC)2]Br and [Cu(C3NH2–NHC)2Br.
Secondary structure analysis via IR and CD spectroscopy
revealed that the β-spiral forming behavior of the penta-
peptide VPGVG sequencewas still present after the coupling
to the Cu(I) bis(NHC) complex, allowing the exploitation of
the “molecular spring” behavior. The mechanoresponsive
behavior was tested with ultrasonication experiments in
solution using a model “click” reaction and was still present
after the coupling reactions, showing an increased cleavage
efficiency with an increasing chain length from 3.4% (1) to
5.6% (22e).

Experimental Section

All chemicals were obtained from commercial suppliers
and were used without further purification. The mechano-
phoric catalysts [Cu(C10COOH–NHC)2]Br (1) and [Cu(C3NH2–
NHC)2Br (2) were synthesized as reported previously.42 DCM
and DMF were dried with calcium hydride, freshly distilled,
and degassed by bubbling nitrogen for at least 20 min prior to
use.

1H NMR and 13C NMR spectra were recorded either on a
Varian Gemini 200 (400 MHz; Agilent, Germany) or on a
Varian Unity Inova (500 MHz, Agilent, Germany) spectrome-
ter. All chemical shifts (δ) are given in part per million (ppm)

Figure 5 The latent catalyst was activated via ultrasonication leading to
a cleavage of one of the two shielding NHC ligands which allowed the
alkyne to coordinate to the Cu(I) center triggering thus the “click”
reaction.
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and were referred to the solvent residual signal [CDCl3:
7.26 ppm (1H NMR), 77.0 ppm (13C NMR); DMSO-d6:
2.50 ppm (1H NMR), 39.5 ppm (13C NMR)] and J values are
given in hertz (Hz).

GPC measurements were performed on a Viscotek
GPCmax VE 2001 (Malvern Panalytical Ltd., UK) using a
HHR-H Guard-17369 (Malvern Panalytical Ltd., UK) and a
GMHHR-N-18055 column (Malvern Panalytical Ltd., UK)
with DMF containing 10 mMLiTf2N as an eluent at 60 °C and
via detection of the refractive indexwith a Viscotek VE 3580
RI detector (Malvern Panalytical Ltd., UK) at 35 °C. The
external calibration was done using polystyrene standards
(MP ¼ 1000–115,000 g mol�1). The concentration of all
samples was 5 mg mL�1 and the flow rate was 1 mL min�1.

ESI-TOF MS measurements were performed on a Bruker
Daltonics microTOF (Bruker Daltonics, Germany) via direct
injection with a flow rate of 180 µL h�1 using either the
positive or the negative mode. Samples were prepared by
dissolving the sample in a HPLC-grade solvent at a
concentration of 1 mg mL�1 without salt addition.

Fourier-transform infrared spectroscopy was performed
onaVERTEX70 IR spectrometer (Bruker,Germany)byusinga
single reflex-diamond attenuated total reflectance unit for
solid-state investigations. Solution experiments were per-
formed in D2O using a Specac Omni Cell demountable cell
with CaF2 windows (Sigma Aldrich, Germany) and a poly-
tetrafluoroethylene (PTFE) spacer of 0.1 mm. The pure
solvent was measured as a background and the absorption
bands are reported in cm�1.

CD spectroscopy measurements were performed on a
Jasco J-810 instrument (Jasco, Germany) at 20 °C using a
cuvette with a space length of 0.1 mm and a sample
concentration of 0.4 mg mL�1 in D2O. Spectra were
measured with a wavelength range of 250 to 195 nm and
a scan rate of 1 nm s�1 performing 50 accumulations.

Ultrasonication experiments were conducted by placing
the latentmechanocatalyst (7.50 µmol) into a 10-mL reaction
vessel with two additional side necks attached to a VCX 500
ultrasonic processor (Sonics & Materials, CT, USA) equipped
with a long full-wave solid probe and an internally threaded
stainless steel adapter. The vessel was evacuated and flushed
with nitrogen at least three times to remove oxygen.
Subsequently, benzyl azide (750.0 µmol) andphenylacetylene
(750.0 µmol) were added as well as 10.0 mL of a THF–d8/
MeOH [30:1 (v/v)] mixture which resulted in a catalyst
concentrationof0.75 mM.To themixture, successive cyclesof
pulsedultrasoundwitha frequencyof20 kHzusing20%of the
maximal amplitude (experiments with 30% maximal ampli-
tudewerenotsuccessful)withasequenceof5 spulseand10 s
break for90 minwereappliedcorresponding toanultrasound
power intensity of 4.66 Wcm�1 and an energy input of 11 kJ.
During this time, the mixture was cooled in a water bath to
prevent the temperature from rising above 25 °C. Each cycle
was followedbyawaiting timeof60 min. Sampleswere taken

after the cycles 0, 3, 5, 10, 14, and 17 and the conversion of the
“click” reaction was checked via 1H NMR spectroscopy by
observing the increase in the triazole resonance at 8.11 ppm
as well as the shift of the methylene group from 4.35 to
5.59 ppm. Control experiments without ultrasound were
carried out in two-necked flasks at room temperature aswell
as at 60 °C to prove the activation of the catalyst byultrasound
(for control experiments, see the Supporting Information).

Cytotoxicity testswereevaluatedby thesulforhodamineB
(SRB; Sigma Aldrich, Germany) micro culture colorimetric
assay. Exponentially growing cells were seeded into 96-well
plates on day 0 at the appropriate cell densities to prevent
confluence of the cells during the period of the experiment.
After 24 h, the cells were treated with serial dilutions of the
compounds (0–150 µm) for 72 h. After 72 h treatment, the
supernatant mediumwas discarded from the 96-well plates
and the cells were fixed with 10% trichloroacetic acid. For a
thoroughfixation, the cellswere allowed to standat 4 °C for at
least 2 h. After fixation the cells were washed in a plate
washer (TecanAustria GmbH, Austria). Thewashing stepwas
done five times with water using alternate dispensing and
aspiration procedures. The plates were then stained with
100 µL of 0.4% SRB in a 1% acetic acid solution for about
45 min. After staining, the plateswerewashedwith 1% acetic
acid to remove the dye and allowed to air-dry overnight.
100µLof10 mMtrisbasesolutionwasadded toeachwell and
the absorbance was measured at a wavelength of 570 nm
using a plate reader (Tecan Infinite F200 Pro, Austria).

Thin-layer chromatography (TLC) was performed using
Merck silica gel 60 plates (Merck, Germany). Spots on the
TLC were visualized using an oxidizing agent blue stain or
potassium permanganate solution or UV light (256 or
366 nm). The blue staining solution was prepared as
follows: (NH4)6Mo7O24·4H2O (1.0 g) and Ce(SO4)2·4H2O
(1.0 g) were dissolved in a mixture of distilled water
(90.0 mL) and concentrated sulfuric acid (6.0 mL). The
potassium permanganate solution was prepared as follows:
KMnO4 (3.0 g) and K2CO3 (20.0 g) were dissolved in H2O
(300 mL) and 10% NaOH (5.0 mL). Column chromatography
was carried out using silica gel high-purity grade, 60 Å pore
size, 230–400 mesh particle size (Merck, Germany).

1H and 13C NMR spectra: for numbering of carbon atoms,
see the Supporting Information.

Procedures

Synthesis of Glycine Methyl Ester Hydrochloride (3)
Glycine (5.0 g; 66.6 mmol, 1.0 equiv.) was dissolved in

MeOH (65.0 mL) and cooled down to 0 °C using an ice bath.
SOCl2 (8.70 g; 73.3 mmol, 1.1 equiv.) was slowly added
under stirring of the solution. Subsequently the reaction
mixturewas heated to 55 °C for 4 h and then cooled down to
room temperature. After stirring overnight, the solvent and
the excess of SOCl2 were removed under vacuum.
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Recrystallization from MeOH yielded the pure product as
white crystalline needles.50

White solid; yield: 6.58 g (79%).
IR (cm�1): 2880 (s), 2686 (w), 2634 (w), 1742 (s), 1583
(m), 1556 (w), 1494 (m), 1458 (w), 1437 (w), 1423 (w),
1400 (w), 1245 (s), 1140 (w), 1096 (w), 1058 (s), 955 (m),
899 (s), 878 (s), 677 (w), 588 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.54 (s, 3 H, NH), 3.77
(s, 2 H, H–3), 3.73 (s, 3 H, H–1).
13C NMR (100 MHz, DMSO-d6): δ ¼ 167.9 (C–2), 52.4 (C–
1), 39.4 (C-3).
MS (ESI, 70 eV): m/z [M þ H]þ calcd for [C3H8NO2]þ:
90.1429; found: 90.0550.

General Procedure for the N-(tert-Butoxycarbonyl)
Protection

The corresponding amino acid (42.9 mmol; 1.0 equiv.)
and NaOH (42.9 mmol, 1.0 equiv.) were dissolved in water
(80.0 mL). Di-tert-butyl dicarbonate (47.2 mmol; 1.1 equiv.)
wasdissolved in 1,4-dioxane (80.0 mL) andwas slowlyadded
to the reactionmixturewhichwas cooled via an ice bath. The
mixturewas left to stir for 48 h at room temperature andwas
concentrated to�50.0 mL afterwards. EtOAc (150.0 mL) was
added and the pH was adjusted to 2 with aqueous KHSO4

(10 wt%). The aqueous phase was extracted with EtOAc
(1 � 150.0 mL, 6 � 50.0 mL) and the combined organic
phases were washed with water (20.0 mL) afterwards. After
drying over Na2SO4 and filtration, the solvent was removed
andtheproductwasobtainedasahighlyviscousandstickyoil
which slowly started to crystallize in the fridge.51

N-(tert-Butoxycarbonyl)-L-proline (4)

White solid; yield: 8.45 g (88%).
IR (cm�1): 2968 (w), 2895 (w), 1735 (s), 1632 (s), 1478
(w), 1425 (s), 1367 (w), 1332 (w), 1253 (w), 1208 (m),
1187 (w), 1161 (m), 1129 (m), 1089 (w), 978 (w), 898 (w),
852 (w), 791 (w), 774 (w), 761 (w), 640 (w), 587 (w).
1H NMR (400 MHz, CDCl3): δ ¼ 9.57 (s, 1 H, COOH), 4.33
(m, 1 H, H–7), 3.45 (m, 2 H, H–4), 2.27 (m, 2 H, H-6), 1.93
(m, 2 H, H–5), 1.47 (d, 9 H, H–1).
13C NMR (100 MHz, CDCl3): δ ¼ 178.8/175.0 (C-8), 156.4
(C–3), 154.1 (C–3), 81.5 (C–2), 80.3 (C–2), 59.2 (C–7), 58.9
(C–7), 47.0 (C–4), 46.3 (C-4), 30.8 (C–6), 28.5 (C–6), 28.4
(C–1), 24.3 (C–5), 23.6 (C–5).
MS (ESI, 70 eV): m/z [M � H]� calcd for [C10H16NO4]�:
214.1074; found: 214.1161.

N-(tert-Butoxycarbonyl)-L-valine (5)

White solid; yield: 8.12 g (88%).
IR (cm�1): 3302 (w), 2973 (w), 2937 (w), 2512 (w), 1702
(s), 1644 (s), 1476 (w), 1456 (w), 1405 (s), 1369 (m), 1346
(w), 1310 (w),1274(m),1254(w),1188(w),1158(s), 1125

(w), 1094 (w), 1010(w),982(w), 959(w), 897 (w), 857 (w),
842 (w), 781 (w), 744 (w), 685 (w), 658 (w), 595 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 12.43 (s, 1 H, COOH),
6.88 (d, 3J ¼ 8.5 Hz, 1 H, NH), 3.76 (dd, J ¼ 8.5, 6.1 Hz, 1
H, H–3), 1.97 (td, J ¼ 13.4, 6.8 Hz, 1 H, H–2,), 1.36 (s, 9 H,
H–7), 0.85 (t, 3J ¼ 6.5 Hz, 6 H, H–1).
13C NMR (100 MHz, DMSO-d6): δ ¼ 173.4 (C–4), 155.8
(C–5), 77.9 (C–6), 59.0 (C–3), 29.4 (C-2), 28.1 (C-7), 19.1
(C–1), 18.1 (C–1).

General Procedure for the Peptide Coupling
The Boc-protected peptide (7.96 mmol; 1.0 equiv.),

EDC·HCl (9.56 mmol; 1.2 equiv.), and HOBt (9.56 mmol; 1.2
equiv.) were dissolved in dry DMF (80.0 mL). Themixturewas
cooled down to 0 °C in an ice bath and was stirred for 30 min
after the addition of DIPEA (28.67 mmol; 3.6 equiv.). Subse-
quently, the methyl-ester-protected peptide (7.96 mmol; 1.0
equiv.)wasdissolvedinDMF(40.0 mL)andwasslowlyaddedto
thesolution.Thereactionwasstirredfor further48 hbeforethe
solventwas removedunder reducedpressure. The residuewas
dissolved in EtOAc (150.0 mL) and water (100.0 mL). After-
wards the organic layer was washed with HCl (1M, 20.0 mL),
saturatedNaHCO3 solution (20.0 mL), andbrine (50.0 mL). The
organic layer was dried over Na2SO4 before it wasfiltrated and
the solvent was removed. The crude product was either
recrystallized (EtOAc-petrol ether) or purified via column
chromatography (DCM-MeOH, 80:1 ® 5:1).43

General Procedure for the Boc Deprotection
The Boc-protected peptide (4.58 mmol; 1.0 equiv.) was

dissolved in DCM (10.0 mL). The mixture was cooled down
to 0 °Cwith an ice bath before TFA (51.75 mmol; 11.3 equiv.)
was added. The mixture was stirred for 17 h at room
temperature. Afterwards the solvent and the TFA were
removed under vacuum.

General Procedure for the Methyl Ester Deprotection
The peptide (5.50 mmol; 1.0 equiv.) was dissolved in

THF (55.0 mL) and the mixture was cooled down to 0 °C.
LiOH·H2O (22.16 mmol; 4 equiv.) was dissolved in water
(72.0 mL) and added to the reaction mixture. After 14 h of
stirring at room temperature, the pH was adjusted to 4 by
adding 1M HCl. After extraction with EtOAc (6 � 50.0 mL),
the combined organic phases were dried over Na2SO4,
filtered, and the solvent was removed.

Boc-VG-OMe (6)

White solid; yield: 16.6 g (72%).
IR (cm�1): 3314 (w), 2959 (w), 1749 (m), 1687 (w), 1655
(s), 1551 (w), 1524 (s), 1438 (w), 1416 (w), 1386 (w),
1367 (w), 1298 (w), 1246 (w), 1210 (m), 1168 (w), 1087
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(w), 1045 (w), 1020 (w), 985 (w), 914 (w), 705 (w), 660
(w), 573 (w).
1H NMR (400 MHz, CDCl3): δ ¼ 6.59 (s, 1 H, NH), 5.08 (d,
3J ¼ 7.7 Hz, 1 H, NH), 4.04 (m, 3 H, H–4 þ H–8), 3.74 (s, 3
H, H–10), 2.18 (td, J ¼ 13.4, 6.8 Hz, 1 H, H–5), 1.43 (s, 9 H,
H-1), 0.97 (dd, J ¼ 20.0, 6.8 Hz, 6 H, H–6).
13C NMR (100 MHz, CDCl3): δ ¼ 171.8 (C–7), 170.0 (C–9),
155.8 (C–3), 79.9 (C–2), 59.8 (C–4), 52.3 (C–10), 41.0 (C–
8), 30.7 (C–5), 28.2 (C–1), 19.1 (C–6), 17.5 (C–6).
MS (ESI, 70 eV): m/z [M þ Na]þ calcd for
[C13H24N2O5Na]þ: 311.2485; found: 311.1577.

TFA·H2N-VG-OMe (7)

Yellow, sticky liquid; yield: 9.32 g (98%).
IR (cm�1): 2970 (w), 1744 (m), 1665 (s), 1530 (w), 1438
(w), 1369 (w), 1178 (s), 1132 (s), 1034 (w), 981 (w), 837
(m), 799 (m), 721 (s), 596 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.87 (t, 3J ¼ 5.7 Hz, 1
H, NH), 8.13 (s, 3 H, NH3

þ), 3.89 (m, 2 H, H–5), 3.63 (m, 4
H, H–3 þ H–7), 2.07 (m, 1H, H–2). 0.93 (dd, 3J ¼ 6.9,
3.5 Hz, 6 H, H–1).
13C NMR (100 MHz, DMSO-d6): δ ¼ 170.2 (C–4), 168.9
(C–6), 57.6 (C–3), 52.2 (C–7), 41.0 (C–5), 30.2 (C–2), 18.5
(C-1), 18.0 (C–1).
MS (ESI, 70 eV): m/z [M]þ calcd for [C8H17N2O3]

þ:
189.1234; found: 189.1242.

Boc-PG-OMe (8)

White solid; yield: 11.72 g (52%).
IR (cm�1): 3300 (w), 2973 (w), 1753 (m), 1704 (w), 1685
(m), 1660 (m), 1529 (w), 1479 (w), 1409 (s), 1364 (m),
1258 (w), 1213 (w), 1159 (s), 1124 (w), 1089 (w), 1039
(w), 1020 (w), 978 (w), 921 (w), 854 (w), 782 (w), 755
(w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.22 (s, 1 H, NH), 4.08
(m, 1 H, H–7), 3.81 (qd, J ¼ 17.3, 5.9 Hz, 2 H, H–9), 3.60 (s,
3 H, H–11), 3.36 (m, 1 H, H–4), 3.26 (m, 1 H, H–4),
2.09 þ 1.79 (m, 4 H, H–5 þ H–6), 1.32 (d, 9 H, H–1).
13C NMR (100 MHz, DMSO-d6): δ ¼ 173.5 (C-8), 170.6
(C-10), 153.6 (C-3), 78.9 (C-2), 60.0 (C-7), 52.1 (C-11),
46.8 (C-4), 40.9 (C-9), 31.4 (C-6), 28.6 (C–1), 28.4 (C-1),
23.5 (C-5).
MS (ESI, 70 eV): m/z [M þ Na]þ calcd for
[C13H22N2O5Na]

þ: 309.1418; found: 309.1421.

TFA·H2N-PG-OMe (9)

Yellow, sticky liquid; yield: 12.01 g (98%).
IR (cm�1): 2959 (w), 1745 (w), 1665 (s), 1563 (m), 1413
(w), 1370 (w), 1175 (s), 1126 (s), 1027 (w), 983 (w), 832
(m), 798 (m), 720 (s).
1H NMR (400 MHz, DMSO-d6): δ ¼ 9.50 (s, 1 H, NH2

þ),
8.99 (t, 3J ¼ 5.8 Hz, 1 H, NH,), 8.59 (s, 1 H, NH2

þ), 4.25 (s, 1
H, H–4), 3.96 (m, 2 H, H–6), 3.65 (s, 3 H, H–8), 3.23 (s, 2 H,
H–1), 2.33 (m, 1 H, H–2), 1.89 (m, 3 H, H–2 þ H–3).

13C NMR (100 MHz, DMSO-d6): δ ¼ 170.2 (C–5), 169.2
(C–7), 59.3 (C–4), 52.4 (C–8), 46.1 (C–1), 41.2 (C–6), 29.9
(C–3), 23.8 (C–2).
MS (ESI, 70 eV): m/z [M]þ calcd for [C8H15N2O3]þ:
187.1077; found: 187.1083.

Boc-VPG-OMe (10)

White solid; yield: 12.70 g (81%); Rf ¼ 0.3 (DCM-MeOH,
20:1).
IR (cm�1): 3314 (w), 2971 (w), 1751 (w), 1689 (m), 1629
(w), 1509 (w), 1435 (w), 1390 (w), 1365 (w), 1204 (w),
1163 (s), 1090 (w), 1043 (w), 1013 (w), 881 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.20 (t, 3J ¼ 5.6 Hz , 1
H, NH), 6.73 (d, 3J ¼ 8.4 Hz, 1 H, NH), 4.35 (dd, J ¼ 8.2,
3.7 Hz, 1 H,H11), 3.98 (t, 3J ¼ 8.2 Hz, 1 H, H–4), 3.85 (m, 2
H, H–13), 3.60 (m, 5 H, H–8 þ H-15), 2.03 (m, 1 H, H–5),
1.83 (m, 4 H, H–9 þ H–10), 0.89 (dd, J ¼ 21.9, 6.6 Hz, 6 H,
H–6).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.6 (C–7), 170.8
(C–12), 170.7 (C–14), 156.0 (C–3), 78.4 (C–2), 59.5 (C–11),
57.7 (C–4), 52.1 (C–15), 47.4 (C–8), 41.0 (C–13), 30.2 (C–
5), 29.6 (C–10), 28.6 (C–1), 24.9 (C–9), 19.6 (C–6), 18.8
(C–6).
MS (ESI, 70 eV): m/z [M þ Na]þ calcd for
[C18H31N3O6Na]þ: 408.2096; found: 408.2105.

Boc-VPG-OH (11)

White solid; yield: 11.81 g (97%).
IR (cm�1): 3312 (w), 2972 (w), 1628 (m), 1519 (w), 1443
(w), 1391 (w), 1366 (w), 1242 (w), 1161 (s), 1043 (w),
1015 (w), 878 (w), 602 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 12.49 (s, 1 H, COOH),
8.08 (t, 3J ¼ 5.6 Hz, 1 H, NH), 6.72 (d, 3J ¼ 8.5 Hz, 1 H,
NH), 4.37 (dd, J ¼ 8.2, 3.5 Hz, 1 H, H–11), 3.99 (t,
3J ¼ 8.2 Hz, 1 H, H–4), 3.78 (m, 4 H, H–8 þ H–13), 2.03
(m, 1 H, H–5), 1.85 (m, 4 H, H–9 þ H–10), 0.89 (dd,
J ¼ 22.6, 6.7 Hz, 6 H, H–6).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.3 (C–7), 171.6
(C–14), 170.8 (C–12), 155.9 (C–3), 78.4 (C–2), 59.5 (C–11),
57.7 (C–4), 47.4 (C–8), 41.0 (C–13), 30.2 (C–5), 29.6 (C–
10), 28.6 (C–1), 24.9 (C–9), 19.6 (C–6), 18.8 (C–6).
MS (ESI, 70 eV): m/z [M � H]� calcd for [C17H28N3O6]

�:
370.2098; found: 370.1973.

TFA·H2N-VPG-OMe (12)

Yellow, sticky liquid; yield: 66.5 mg (98%).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.37 (t, 3J ¼ 5.8 Hz,
1 H, NH), 8.06 (s, 3 H, NH3

þ), 4.42 (dd, J ¼ 8.4, 5.1 Hz, 1
H, H–8), 3.97 (m, 1 H, H–3), 3.87 (m, 2 H, H–10), 3.60
(m, 5 H, H–5 þ H–12), 2.11 (m, 2 H, H–2 þ H–7), 1.81
(m, 3 H, H–6 þ H–7), 0.99 (dd, J ¼ 31.8, 6.9 Hz,
6 H, H–1).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.0 (C–4), 170.6
(C–9), 167.2 (C–11), 59.8 (C–8), 56.2 (C–3), 52.1 (C–12),
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47.8 (C–5), 40.9 (C–10), 27.9 (C–2), 29.7 (C–7), 25.0 (C–6),
18.9 (C–1), 17.5 (C–1).

Boc-VPGVG-OMe (13)

White solid; yield: 12.65 g (73%); Rf ¼ 0.16 (DCM-MeOH,
20:1).
IR (cm�1): 3311 (w), 2966 (w), 1746 (w), 1626 (s), 1522
(m), 1439 (w), 1390 (w), 1366 (w), 1311 (w), 1207 (w),
1162 (s), 1039 (w), 1013 (w), 675 (w), 563 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.38 (t, 3J ¼ 5.8 Hz, 1
H, NH), 8.21 (t, 3J ¼ 5.5 Hz, 1 H, NH), 7.58 (d, 3J ¼ 8.9 Hz,
1 H, NH), 6.72 (d, 3J ¼ 8.3 Hz, 1 H, NH), 4.29 (dd, J ¼ 7.5,
5.0 Hz, 1 H, H–4), 4.15 (dd, J ¼ 8.7, 7.3 Hz, 1 H, H–11),
3.96 (t, 3J ¼ 8.3 Hz, 1 H, H–15), 3.82 (m, 2 H, H–19), 3.71
(m, 3 H, H–8 þ H–13), 3.60 (m, 4 H, H–8 þ H–21), 1.92
(m, 6 H, H–5 þ H–9 þ H–10 þ H–16), 1.35 (s, 9 H, H–1),
0.86 (m, 12 H, H–6 þ H–17).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.5 (C–7), 171.8
(C–18), 171.0 (C–12), 170.6 (C–20), 169.1 (C–14), 156.0
(C–3), 78.4 (C–2), 60.1 (C–15), 58.1 (C–11), 57.8 (C–4),
52.1 (C–21), 47.6 (C–8), 42.6 (C–13), 41.0 (C–19), 30.9 (C–
16), 30.2 (C–5), 29.6 (C–10), 28.6 (C–1), 25.0 (C–9), 19.5
(C–17), 19.5 (C–6), 18.9 (C–6), 18.6 (C–17).
MS (ESI, 70 eV): m/z [M þ Na]þ calcd for
[C25H43N5O8Na]

þ: 564.3014; found: 564.3004.

TFA·H2N-VPGVG-OMe (14)

Yellow solid; yield: 2.45 g (96%).
IR (cm�1): 3290 (w), 2967 (w), 1748 (w), 1644 (s), 1524
(m), 1454 (w), 1731 (w), 1199 (s), 1176 (s), 1132 (s), 1036
(w), 835 (w), 800 (w), 720 (w), 599 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.42 (t, 3J ¼ 5.9 Hz, 1
H, NH), 8.20 (t, 3J ¼ 5.7 Hz, 1 H, NH), 8.01 (s, 3 H, NH3

þ),
7.67(dd, 3J ¼ 8.8 Hz,1H,NH),4.42(dd, J ¼ 8.3,5.3 Hz,1H,
H–3), 4.18 (dd, J ¼ 8.8, 6.7 Hz, 1 H, H–8), 3.95 (m, 1 H, H–
12), 3.83 (m, 2H,H–16), 3.70 (m, 3H,H–5 þ H–10)3.60 (s,
3H,H–18), 3.50(m,1H,H–5),2.09–1.82(m,6H,H–2 þ H–
6 þ H–7 þ H–13), 0.87 (m, 12 H, H–1 þ H–14).
13C NMR (100 MHz, DMSO-d6): δ ¼ 171.8 (C–4 þ C–15),
170.6 (C–9), 169.0 (C–11), 167.3 (C–17), 60.0 (C–12), 57.8
(C–8), 56.2 (C–3), 52.1 (C–18), 47.9 (C–5), 42.4 (C–10),
40.9 (C–16), 31.1 (C–13), 29.7 (C–2 þ C–7), 25.0 (C–6),
19.5 (C–14), 18.9 (C–14), 18.4 (C–1), 17.6 (C–1).
MS (ESI, 70 eV): m/z [M]þ calcd for [C20H36N5O6]

þ:
442.2660; found: 442.2680.

Boc-VPGVG-OH (15)

White solid; yield: 2.83 g (98%).
IR (cm�1): 3298 (w), 2968 (w), 1627 (s), 1521 (m), 1447
(w), 1391 (w), 1367 (w), 1162 (m), 1015 (w), 878 (w), 677
(w), 620 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 12.48 (s, 1 H, COOH),
8.27 (t, 3J ¼ 5.9 Hz, 1 H, NH), 8.21 (t, 3J ¼ 5.6 Hz, 1 H,
NH), 7.59 (d, 3J ¼ 9.0 Hz, 1 H, NH), 6.71 (d, 3J ¼ 8.4 Hz, 1

H, NH), 4.30 (dd, J ¼ 7.5, 5.3 Hz, 1 H, H–4), 4.16 (dd,
J ¼ 8.8, 7.2 Hz, 1 H, H–11), 3.96 (t, 3J ¼ 8.3 Hz, 1 H, H–
15), 3.73 (m, 5 H, H–8 þ H–13 þ H–19), 3.56 (m, 1 H, H–
8), 1.94 (m, 6 H, H–5 þ H–9 þ H–10 þ H–16), 1.35 (s, 9
H, H–1), 0.85 (m, 12 H, H–6 þ H–17).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.4 (C–7), 171.6
(C–18 þ C–20), 171.0 (C–12), 169.1 (C–14), 156.0 (C–3),
78.4 (C–2), 60.1 (C–15), 58.1 (C–11), 57.8 (C–4), 47.6 (C–
8), 42.6 (C–13), 41.0 (C–19), 31.0 (C–16), 30.2 (C–5), 29.6
(C–10), 28.6 (C–1), 25.0 (C–9), 19.6 (C–17), 19.5 (C–6),
18.9 (C–6), 18.6 (C–17).
MS (ESI, 70 eV): m/z [M � H]� calcd for [C24H40N5O8]�:
526.2871; found: 526.2959.

TFA·H2N -VPGVG-OH (16)

White solid; yield: 154 mg (98%).
IR (cm�1): 2969 (w), 1642 (s), 1523 (m), 1372 (w), 1179
(s), 1133 (s), 1034 (w), 835 (w), 799 (w), 720 (w), 599 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 12.43 (s, 1 H, COOH),
8.31 (t, 3J ¼ 6.0 Hz, 1 H, NH), 8.20 (t, 3J ¼ 5.7 Hz, 1 H,
NH), 8.03 (s, 3 H, NH3

þ), 7.67 (d, 3J ¼ 8.9 Hz, 1 H, NH,),
4.41 (dd, J ¼ 8.2, 5.2 Hz, 1 H, H–3), 4.18 (dd, J ¼ 10.4,
5.0 Hz, 1 H, H–8,), 3.95 (m, 1 H, H–12), 3.70 (m, 5 H, H–
5 þ H–10 þ H–16), 3.50 (m, 1 H, H–5), 2.09 (m, 2 H, H–
2 þ H–13), 1.95 (m, 2 H, H–6 þ H–7), 1.82 (m, 2 H, H–
6 þ H–7), 0.92 (m, 12 H, H–1 þ H–14).
13C NMR (100 MHz, DMSO-d6): δ¼171.8 (C–4), 171.6 (C–
17), 171.5 (C–15), 171.0 (C–12), 168.9 (C–11), 167.3 (C–9),
60.0 (C–12), 57.8 (C–8), 56.2 (C–3), 47.8 (C–5), 42.4 (C–10),
41.0 (C–16), 31.1 (C–13), 29.8 (C–7), 29.7 (C–2), 25.0 (C–6),
19.6 (C–14), 18.9 (C–14), 18.4 (C–1), 17.6 (C–1).
MS (ESI, 70 eV): m/z [M � H]� calcd for [C19H32N5O6]

�:
426.2347; found: 426.2336.

Boc-(VPGVG)2-OMe (17)

White solid; yield: 2.67 g (70%); Rf ¼ 0.12 (DCM-MeOH,
10:1).
IR (cm�1): 3300 (w), 2965 (w), 1626 (s), 1518 (m), 1440
(w), 1390 (w), 1367 (w), 1206 (w), 1164 (m), 1012 (w),
879 (w), 665 (w), 614 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.39 (t, 3J ¼ 5.9 Hz, 1
H, NH), 8.26 (t, 3J ¼ 5.8 Hz, 1 H, NH), 8.20 (t, 3J ¼ 5.7 Hz,
1 H, NH), 8.16 (t, 3J ¼ 5.8 Hz, 1 H, NH), 7.90 (d,
3J ¼ 8.5 Hz, 1 H, NH), 7.62 (d, 3J ¼ 8.9 Hz, 2 H, NH),
6.78 (d, 3J ¼ 8.4 Hz, 1 H, NH), 4.27 (m, 3 H, H–4 þ H–15),
4.16 (m, 2 H, H–11), 3.97 (t, 3J ¼ 8.4 Hz, 1 H, H–4), 3.73
(m, 10 H, H–8 þ H–13 þ H–19), 3.60 (m, 5 H, H–8 þ H–
21), 1.92 (m, 12 H, H–5 þ H–9 þ H–10 þ H–16), 1.35 (s,
9 H, H–1), 0.87 (m, 24 H, H–6 þ H–17).
13CNMR(100 MHz,DMSO-d6):δ ¼ 171.9 (C–7), 171.9 (C–
7), 171.3 (C–18), 170.9 (C–18), 170.8 (C–12), 170.1 (C–20),
169.8 (C–12), 168.6 (C–20), 168.6 (C–14), 168.6 (C–14),
155.5 (C–3), 78.0 (C–2), 59.7 (C–15), 59.5 (C–15), 58.3 (C–
11), 57.5 (C–11), 57.4 (C–4), 55.6 (C–4), 51.6 (C–21), 47.3
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(C–8), 47.2 (C–8), 42.1 (C–13), 42.0 (C–13), 41.6 (C–19),
40.5 (C–19), 30.5 (C–16), 30.4 (C–16), 30.1 (C–5), 29.7 (C–
5), 29.2 (C–10), 29.1 (C–10), 28.2 (C–1), 24.6 (C–9), 24.4 (C–
9), 19.1 (C–17), 19.0 (C–6 þ C–17), 19.0 (C–6), 18.5 (C–17),
18.4 (C–6), 18.3 (C–17), 18.0 (C–6).
MS (ESI, 70 eV): m/z [M þ Na]þ calcd for
[C44H74N10O13Na]

þ: 973.5329; found: 973.5324.

TFA·H2N-(VPGVG)2-OMe (18)

Yellow solid; yield: 860 mg (98%).
IR (cm�1): 3299 (w), 2965 (w), 1749 (w), 1641 (s), 1522
(m), 1448 (w), 1200 (m), 1173 (m), 1034 (w), 835 (w),
719 (w), 701 (w), 602 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.42 (t, 3J ¼ 5.9 Hz, 1
H, NH), 8.20 (dd, J ¼ 12.3 Hz, 5.9 Hz, 2 H, NH), 8.16 (t,
3J ¼ 5.8 Hz, 1 H, NH), 8.02 (s, 3 H, NH3

þ), 7.89 (d,
3J ¼ 8.6 Hz, 1 H, NH), 7.69 (d, 3J ¼ 8.7 Hz, 1 H, NH), 7.62
(d, 3J ¼ 8.9 Hz, 1 H, NH), 4.43 (dd, J ¼ 8.3, 5.3 Hz, 1 H, H–
3), 4.32 (m, 2 H, H–8), 4.18 (m, 2 H, H–12), 3.97 (m, 1 H,
H–3), 3.73 (m, 10 H, H–5 þ H–10 þ H–16), 3.62 (s, 3 H,
H–18), 3.49 (m, 2 H, H–5), 2.13–1.79 (m, 12 H, H–2 þ H–
6 þ H–7 þ H–13), 0.87 (m, 24 H, H–1 þ H–14).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.3 (C–4), 171.8
(C–4 þ C–15), 171.5 (C–15), 170.6 (C–9), 170.3 (C–9),
169.1 (C–11), 169.0 (C–11), 168.9 (C–17), 167.3 (C–17),
60.0 (C–12), 59.9 (C–12), 58.1 (C–8), 57.9 (C–8), 56.2 (C–
3), 56.1 (C–3), 52.1 (C–18), 47.9 (C–5), 47.6 (C–5), 42.5
(C–10), 42.4 (C–10), 42.0 (C–16), 41.0 (C–16), 31.0 (C–13),
31.0 (C–13), 30.6 (C–2), 29.8 (C–2), 29.7 (C–7), 29.7 (C–7),
25.1 (C–6), 24.9 (C–6), 19.6 (C–14), 19.5 (C–1), 18.9 (C–
14), 18.5 (C–1), 18.5 (C–14), 17.6 (C–1).
MS (ESI, 70 eV): m/z [M]þ calcd for [C39H67N10O11]

þ:
851.4975; found: 851.4985.

Boc-(VPGVG)2-OH (19)

White solid; yield: 849 mg (91%).
IR (cm�1): 3287 (w), 2965 (w), 1622 (s), 1523 (m), 1444
(w), 1390 (w), 1367 (w), 1236 (w), 1165 (m), 1042 (w),
880 (w), 660 (w), 618 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 12.47 (s, 1 H, COOH),
8.27 (dd, J ¼ 11.2, 5.6 Hz, 2H, NH), 8.20 (t, 3J ¼ 5.7 Hz, 1
H, NH), 8.16 (t, 3J ¼ 5.8 Hz, 1 H, NH), 7.92 (d, 3J ¼ 8.5 Hz,
1 H, NH), 7.61 (t, 3J ¼ 9.4 Hz, 2 H, NH), 6.80 (d,
3J ¼ 8.5 Hz, 1 H, NH), 4.29 (m, 3 H, H-4 þ H-11), 4.17
(dd, J ¼ 8.9, 6.9 Hz, 1 H, H–11), 4.10 (dd, J ¼ 8.6, 7.8 Hz, 1
H, H–15), 3.97 (t, 3J ¼ 8.3 Hz, 1 H, H–15), 3.73 (m, 10 H,
H–8 þ H–13 þ H–19), 3.56 (m, 2 H, H–8), 1.94 (m, 12 H,
H–5 þ H–9 þ H–10 þ H–16), 1.35 (s, 9 H, H–1), 0.83 (m,
24 H, H–6 þ H–17).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.0 (C–7), 171.9
(C–7), 171.1 (C–18), 171.1 (C–12), 171.0 (C–18), 170.8 (C–
12), 169.8 (C–20), 168.6 (C–14), 168.6 (C–20), 155.5 (C–
3), 78.0 (C–2), 59.7 (C–15), 59.5 (C–15), 58.3 (C–11), 57.5
(C–11), 57.4 (C–4), 55.6 (C–4), 47.2 (C–8), 47.2 (C–8), 42.1

(C–13), 42.0 (C–13), 41.6 (C–19), 40.6 (C–19), 30.6 (C–16),
30.5 (C–16), 30.1 (C–5), 29.8 (C–5), 29.2 (C–10), 29.1 (C–
10), 28.2 (C–1), 24.6 (C–9), 24.4 (C–9), 19.1 (C–17), 19.1
(C–17), 19.0 (C–6), 18.4 (C–17), 18.3 (C–6), 18.0 (C–6).
MS (ESI, 70 eV):m/z [M � H]� calcd for [C43H71N10O13]�:
935.5197; found: 935.5189.

Boc-(VPGVG)4-OMe (20)

Slightly yellow solid; yield: 704 mg (44%), Rf ¼ 0.29
(DCM-MeOH, 5:1).
IR (cm�1): 3298 (w), 2967 (w), 1627 (s), 1523 (m), 1443
(w), 1391 (w), 1369 (w), 1202 (w), 1172 (m), 1132 (w),
10126(w), 719 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.39 (t, 3J ¼ 5.9 Hz, 1
H, NH), 8.20 (m, 7 H, NH), 7.92 (m, 3 H, NH), 7.62 (d,
3J ¼ 8.8 Hz, 4 H, NH), 6.79 (d, 3J ¼ 8.4 Hz, 1 H, NH), 4.28
(m, 7 H, H–4 þ H–15), 4.15 (m, 4 H, H–11), 3.97 (t,
3J ¼ 8.4 Hz, 1 H, H–4), 3.72 (m, 20 H, H–8 þ H–13 þ H,
3.60 (m, 7 H, H–8 þ H–21), 1.92 (m, 24 H, H–5 þ H–
9 þ H–10 þ H–16), 1.35 (s, 9 H, H–1), 0.87 (m, 48 H, H–
6 þ H–17).
MS (ESI, 70 eV): m/z [M þ Na]þ calcd for
[C82H136N20O23Na]þ: 1791.9979; found: 1791.9966.

TFA·H2N-(VPGVG)4-OMe (21)

Yellow solid; yield: 702 mg (99%).
IR (cm�1): 3287 (w), 2965 (w), 1627 (s), 1525 (m), 1448
(w), 1200 (w), 1177 (w), 1131 (w), 719 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.40 (t, 3J ¼ 5.8 Hz, 1
H, NH), 8.19 (m, 7 H, NH), 8.03 (m, 3 H, NH3

þ), 7.91 (m, 3
H, NH), 7.61 (d, 3J ¼ 8.8 Hz, 4 H, NH), 4.42 (dd, J ¼ 8.2,
5.3 Hz, 1 H, H–3), 4.31 (m, 6 H, H–3 þ H–8), 4.15 (m, 4 H,
H–12), 3.96 (m, 1 H, H–3), 3.72 (m, 20 H, H–5 þ H–
10 þ H–16), 3.60 (m, 7 H, H–5 þ H–18), 1.94 (m, 24 H,
H–2 þ H–6 þ H–7 þ H–13), 0.83 (m, 48 H, H–1 þ H–
14).
MS (ESI, 70 eV): m/z [M]þ calcd for [C77H129N20O21]

þ:
1669.9636; found: 1669.9434.

General Procedure for the Peptide Coupling to [Cu
(C10COOH–NHC)2]Br

[Cu(C10COOH–NHC)2]Br (65 µmol; 1.0 equiv.) was
dissolved in DMF (500 µL). The mixture was cooled down
to 0 °C in an ice bath and a molecular sieve (3 Å) and DCC
(0.143 mmol; 2.2 equiv.) were added. The mixture was
stirred for 10 min before pentafluorophenol (0.143 mmol;
2.2 equiv.), dissolved in DMF (200 µL), was added. After
stirring for another 15 min, the Boc-deprotected peptide
(0.130 mmol; 2.0 equiv.) was dissolved in DMF (500 µL) and
DIPEA (0.286 mmol; 4.4 equiv.) and added to the reaction
mixture. The reaction was further stirred for 42 h. The
formed precipitate was removed by filtration and the
product was concentrated in vacuum. Purification by
column chromatography yielded the pure product.
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[Cu(C10COOH-VG-NHC)2]Br (22a)

White solid; yield: 26.2 mg (42%); Rf ¼ 0.18 (CHCl3-
MeOH, 20:1).
IR (cm�1): 3284 (s), 2923 (s), 2852 (m), 1735 (m), 1668
(s), 1631 (s), 1631 (s), 1544 (m), 1469 (w), 1409 (w), 1387
(w), 1341 (w), 1296 (w), 1240 (m), 1152 (w), 1112 (w),
1041 (w), 1013 (w), 846 (w), 674 (m).
1H NMR (400 MHz, CDCl3): δ ¼ 6.97 (t, 3J ¼ 5.3 Hz, 1 H,
NH), 6.27 (d, 3J ¼ 8.7 Hz, 1 H, NH), 6.14 (dd, 2 H, H–
3 þ H–4), 4.35 (dd, 3J ¼ 7.0 Hz, 1 H, H–11), 4.07 þ 3.95
(dd, 1 H, H–15), 3.72 (s, 3 H, H–17), 3.56 (m, 2 H, H–5),
3.22 (s, 3 H, H–1), 2.20 (t, 3J ¼ 7.6 Hz, 2 H, H–9), 2.09 (m,
1H, H–12), 1.59 (m, 4H, H–6 þ H–8), 1.24 (m, 12H, H–7),
0.94 (dd, J ¼ 8.8, 6.8 Hz, 6 H, H–13).
13C NMR (100 MHz, CDCl3): δ ¼ 173.3 (C–10), 171.8 (C–
14), 169.9 (C–16), 153.2 (C–2), 111.1 (C–4), 109.9 (C–3),
58.1 (C–11), 52.2 (C–17), 43.6 (C–5), 41.1 (C–15), 36.6 (C–
1), 31.0 (C–12), 30.3 (C–9), 29.5 (C–6), 29.3 (C–7), 29.2
(C–7), 29.2 (C–7), 29.1 (C–7), 29.1 (C–7), 26.5 (C–7), 25.6
(C–8), 19.1 (C–13), 18.2 (C–13).

[Cu(C10COOH-VPG-NHC)2]Br (22b)

Colorless, sticky liquid; yield: 31.7 mg (31%); Rf ¼ 0.11
(CHCl3-MeOH, 40:1).
IR (cm�1): 3289 (m), 1926 (s), 2854 (m), 1753 (m), 1629
(s), 1531 (m), 1436 (s), 1369 (m), 1237 (m), 1201 (s), 1108
(w), 1013 (w), 662 (m).
1H NMR (400 MHz, CDCl3): δ ¼ 7.30 (t, 3J ¼ 4.9 Hz, 1 H,
NH), 6.16 (d, 3J ¼ 9.0 Hz, 1 H, NH), 6.14 (dd, 2 H, H–
3 þ H–4), 4.60 (m, 2 H, H–11 þ H–18), 3.99 (m, 2H, H–
20), 3.71 (m, 5 H, H–15 þ H–22), 3.55 (t, 3J ¼ 7.3 Hz, 2 H,
H–5), 3.22 (s, 3 H, H–1), 2.33 (m, 1 H, H–12), 2.18 (t,
3J ¼ 7.6 Hz, 2 H, H–9), 2.00 (m, 4 H, H–16 þ H–17), 1.61
(m, 4 H, H–6 þ H–8), 1.25 (m, 12 H, H–7), 0.92 (dd,
J ¼ 23.9, 6.7 Hz, 6 H, H–13).
13C-NMR (100 MHz, CDCl3): δ ¼ 173.1 (C–10), 172.3 (C–
14), 171.2 (C–19), 170.0 (C–21), 153.2 (C–2), 111.0 (C–4),
109.9 (C–3), 59.7 (C–18), 55.3 (C–11), 52.2 (C–22), 47.7
(C–15), 43.6 (C–5), 41.2 (C–20), 36.6 (C–1), 31.4 (C–12),
30.3 (C–9), 29.5 (C–6), 29.3 (C–7), 29.3 (C–7), 29.2 (C–7),
29.1 (C–7), 27.2 (C–17), 26.5 (C–7), 25.6 (C–8), 25.0 (C–
16), 19.4 (C–13), 17.7 (C–13).

[Cu(C10COOH-VPGVG-NHC)2]Br (22c)

White solid; yield: 37.4 mg (38%); Rf ¼ 0.08 (CHCl3-
MeOH, 20:1).
IR (cm�1): 3305 (w), 2929 (w), 2855 (w), 1754 (w), 1652
(s), 1544 (w), 1412 (m), 1387 (m), 1312 (s), 1206 (w),
1104 (w), 1037 (w), 824 (w), 672 (m).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.41 (t, 3J ¼ 5.9 Hz, 1
H, NH), 8.18 (t, 3J ¼ 5.8 Hz, 1 H, NH), 7.93 (d, 3J ¼ 8.4 Hz,
1 H, NH), 7.63 (d, 3J ¼ 8.9 Hz, 1 H, NH), 6.46 (dd, 2 H, H–
3 þ H–4), 4.30 (m, 2 H, H–11 þ H–22), 4.18 (dd, J ¼ 8.8,

7.0 Hz, 1 H, H–18), 3.81 (m, 4 H, H–20 þ H–26), 3.62 (m,
5 H, H–15 þ H–28), 3.45 (t, 3J ¼ 7.1 Hz, 2 H, H–5), 3.09 (s,
3 H, H–1), 2.17–1.78 (m, 8 H, H–9 þ H–12 þ H–16 þ H–
17 þ H–23), 1.53 (m, 2 H, H–6), 1.46 (m, 2 H, H–8), 1.22
(s, 12 H, H–7), 0.82 (m, 12 H, H–13 þ H–24).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.5 (C–14), 172.4
(C–10), 171.8 (C–25), 170.7 (C–21), 170.6 (C–27), 169.1 (C–
19), 153.0 (C–2), 111.7 (C–4), 110.6 (C–3), 59.9 (C–22), 58.0
(C–18), 56.2 (C–11), 52.1 (C–28), 47.6 (C–15), 43.0 (C–
5 þ C–20),41.0(C–26),35.3(C–1),31.0(C–23),30.3(C–12),
30.2 (C–9), 29.7 (C–17), 29.4 (C–6), 29.3 (C–7), 29.1 (C–7),
29.0 (C–7), 29.0 (C–7), 26.4 (C–7), 25.7 (C–8), 24.9 (C–16),
19.6 (C–24), 19.5 (C–13), 19.0 (C–24), 18.5 (C–13).

[Cu(C10COOH-(VPGVG)2-NHC)2]Br (22d)

White solid; yield: 32.7 mg (11%); Rf ¼ 0.26 (DCM-
MeOH, 10:1).
IR (cm�1): 3288 (w), 2931 (w), 1648 (s), 1526 (m), 1445
(w), 1202 (w), 1130 (w), 836 (w), 800 (w), 720 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.41 (t, 3J ¼ 5.9 Hz, 1
H, NH), 8.21 (m, 3 H, NH), 7.95 (t, 3J ¼ 8.1 Hz, 2 H, NH),
7.64 (d, 3J ¼ 8.9 Hz, 1 H, NH), 6.45 (dd, 2 H, H–3 þ H–4),
4.30 (m, 4 H, H–11 þ H–22), 4.15 (m, 2 H, H–18), 3.73 (m,
10 H, H–15 þ H–20 þ H–26), 3.62 (m, 5 H, H–15 þ H–
28), 3.45 (t, 3J ¼ 7.1 Hz, 2 H, H–5), 3.09 (s, 3 H, H–1),
2.18–1.79 (m, 14 H, H–9 þ H–12 þ H–16 þ H–17 þ H–
23), 1.53 (m, 2 H, H–6), 1.46 (m, 2 H, H–8), 1.21 (s, 12 H,
H–7), 0.84 (m, 24 H, H–13 þ H–24).
13C NMR (100 MHz, DMSO-d6): δ ¼ 172.1 (C–14), 171.9
(C–14), 171.9 (C–10), 171.3 (C–25), 171.0 (C–25),
170.5 (C–19), 170.1 (C–19), 169.8 (C–27), 168.6 (C–
27), 168.6 (C–21), 168.6 (C–21), 152.5 (C–2), 111.3 (C–
4), 110.1 (C–3), 59.6 (C–22), 59.5 (C–22), 58.1 (C–18),
57.5 (C–18), 55.8 (C–11), 55.7 (C–11), 51.6 (C–28), 47.3
(C–15), 47.2 (C–15), 42.5 (C–5 þ C–20), 40.5 (C–26),
40.2 (C–26), 34.9 (C–1), 30.5 (C–23), 30.1 (C–12), 29.9
(C–12), 29.8 (C–9), 29.2 (C–17), 29.2 (C–17), 28.9 (C–
6), 28.8 (C–7), 28.7 (C–7), 28.6 (C–7), 28.5 (C–7), 25.9
(C–7), 25.3 (C–8), 24.4 (C–16), 24.4 (C–16), 19.1 (C–
24), 19.0 (C–13), 18.6 (C–24), 18.4 (C–13), 18.3 (C–24),
18.0 (C–13).

[Cu(C10COOH-(VPGVG)4-NHC)2]Br (22e)

Yellow solid; yield: 107 mg (14%), Rf ¼ 0.18 (DCM-
MeOH, 5:1).
IR (cm�1): 3285 (w), 2964 (w), 1752 (w), 1620 (s), 1523
(m), 1443 (w), 1202 (w), 1131 (w), 1034 (w), 660 (w).
1H NMR (400 MHz, DMSO-d6): δ ¼ 8.40 (t, 3J ¼ 5.9 Hz, 2
H, NH), 8.18 (m, 6 H, NH), 7.92 (m, 4 H, NH), 7.62 (d,
3J ¼ 8.8 Hz, 4 H, NH), 6.44 (dd, 2 H, H–3 þ H–4), 4.30 (m,
8H, H–11 þ H–22), 4.12 (m, 4 H, H–18), 3.72 (m, 20H, H–
15 þ H–20 þ H–26), 3.60 (m, 7 H, H–15 þ H–28), 3.43
(m, 2 H, H–5), 3.07 (s, 3 H, H–1), 2.18–1.72 (m, 26 H, H–
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9 þ H–12 þ H–16 þ H–17 þ H–23), 1.49 (m, 2 H, H–6),
1.43 (m, 2 H, H–8), 1.20 (s, 12 H, H–7), 0.82 (m, 48 H, H–
13 þ H–24).

Synthesis of Benzyl Azide (23)

Sodium azide (5.5 g, 84.7 mmol) and benzyl bromide
(13.2 g, 9.17 mL, 77.0 mmol) were dissolved in DMSO
(170.0 mL). The reaction mixture was stirred at 40 °C for
90 h. Afterwards water (50.0 mL) was added and the
reactionwas further stirred, until it cooled down to room
temperature. The mixture was extracted with Et2O
(3 � 30.0 mL) and the combined organic phases were
washed with water (2 � 50.0 mL) and brine (50.0 mL).
Subsequently the organic phase was dried over Na2SO4,
filtered, and the solvent was removed under reduced
pressure.
Yellow solution; yield: 9.45 g (92%).
IR: νmax (cm�1): 3032 (w), 2090 (s), 1496 (w), 1454 (w),
1349 (w), 1253 (m), 1201 (w), 1077 (w), 1028 (w), 875
(w), 736 (m), 697 (s), 651 (w), 566 (w).
1H NMR (400 MHz, CDCl3): δ ¼ 7.38 (m, 5 H, H–3 þ H–
4 þ H–5), 4.35 (s, 2 H, H–1).
13C NMR (100 MHz, CDCl3): δ ¼ 135.4 (C–2), 129.0 (C–4),
128.3 (C–5), 128.2 (C–3), 54.8 (C–1).
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