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aKekulé Institute of Organic Chemistry and B

Bonn, Germany. E-mail: dirk.menche@uni-b
bInstitute for Pharmaceutical Microbiology, U

D-53115 Bonn, Germany
cGerman Center for Infection Research (DZIF
dPharmaceutical Institute, Dept. of Pharmace
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is of pathogen specific bacterial
cell wall building blocks†

Lukas Martin Wingen,‡a Christina Braun,a Marvin Rausch,bc Harald Gross, d

Tanja Schneider b and Dirk Menche *a

Full details on the design, strategies and tactics for development of a novel synthetic sequence to farnesyl

lipid I and II analogs is reported. The modular route was based on a three coupling strategy involving an

efficient solid phase synthesis of the elaborate peptide fragment, which proceeded with excellent yield

and stereoselectivity and was efficiently applied for the convergent synthesis of 3-lipid I and II.

Furthermore, the generality of this route was demonstrated by synthesis of 3-lipid I congeners that are

characteristic for S. aureus and E. faecalis. All 3-lipid I and II building blocks were obtained in high purity

revealing high spectroscopic resolution.
Introduction

Lipid I and biosynthetically derived lipid II represent the key
precursors for bacterial cell wall biosynthesis (Fig. 1).1,2 On
a molecular level, they deliver their glycosylated-pentapeptide
“building blocks” into the growing peptidoglycan network and
play functional roles in the coordination of this process.1

Furthermore, they regulate cell division and inuence various
other enzymatic processes.3 In addition, they present pivotal
molecular targets for a broad range of antibiotics and antibac-
terial agents, adding to their importance for molecular
studies.1,4 Consequently, functional studies with these key
building blocks have attracted high interest from the perspec-
tive of antibacterial research and medicinal chemistry.
However, such studies have been severely hindered by unfav-
ourable physical properties of the original bactoprenol hydro-
carbon side chain, leading to unwanted aggregation
phenomena, precipitation as well as complex spectroscopic
characteristics. Also, such analyses are further hampered by the
low natural supply of these key functional compounds,2,5 which
also could not be resolved by synthetic approaches due to the
multiple steps required to access their elaborate architec-
tures.5–7 Furthermore, existing synthetic strategies could not be
adapted to pathogen specic modication, such as 5 or 6
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(Fig. 1), where the authentic lysine moiety holds an additional
peptidic sequence, despite their high structural relevance for
cell wall crosslinks.

To resolve the disadvantageous physical properties, a new
group of lipid I analogs has been introduced, where the
unfavorable authentic undecaprenyl side chain has been
shortened, leading to derivatives, such as farnesyl congeners
3 and 4.8 In recent years it has become more and more clear,
that these truncated analogs represent functional surrogates
for cell wall biosynthesis.9 Consequently, the development of
efficient synthetic routes towards these simplied versions is
of high interest for functional studies. While several
synthetic procedures were published,10–12 these existing
routes still leave ample room for further improvement, with
respect to overall yield, synthetic efficiency, experimental
documentation, robustness and purity of nal compounds,
as well as application to strain dependent peptide
modications.

Herein we report in full details our considerations, strategies
and tactics for development of a novel synthetic sequence to
truncated lipid I and II analogs.13 Themodular route is based on
a novel solid phase approach to the pentapeptide chain, which
proceeds with full stereochemical control, an improved
synthesis of the pyrophosphate fragment and a chemo-
enzymatic attachment of the second carbohydrate (GlcNAc).
Application of these routes allowed for a concise synthesis of
farnesyl analogs 3 and 4, which were obtained with unprece-
dented purity, revealing excellent spectroscopic resolution.
Furthermore, this sequence could be adopted for synthesis of
novel pentaglycine derivative 5 specic for Staphylococcus
aureus (S. aureus), as well as new analog 6 that is characteristic
for Enterococcus faecalis (E. faecalis) and Streptococcus pneumo-
niae (S. pneumoniae).
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Natural lipid I (1) and biosynthetically derived lipid II (2), key building blocks of bacterial cell wall biosynthesis: its farnesyl derivatives 3, 4 as
improved agents for functional studies and interpeptidic analogs 5 and 6, bearing interpeptidic sequences characteristic for S. aureus as well as E.
faecalis and S. pneumoniae.
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Results and discussion
Synthetic strategy

As shown in Fig. 1, the architecture of the targeted lipid analogs
is characterized by three structurally distinctively different
subunits, i.e. a pentapeptide, consisting of L-Ala–g-D-Glu–L-Lys–
D-Ala–D-Ala sequence, in combination with a muramic acid
carbohydrate that is linked to a farnesyl chain via a pyrophos-
phate bridge. Consequently, our synthetic approach was based
on initial formation of these three components in suitably
protected form, revealing monosaccharide 7, farnesyl subunit 8
and peptide 11. In a similar fashion to a reported route,7 these
should then be condensed by amide formation and pyrophos-
phate coupling. Final attachment of the second sugar (GlcNAc)
may then be possible, bioenzymatically.14 Notably, such
a strategy would be highly modular and be easily adopted to
pathogen specic analogs, such as 5 or 6.

While the monosaccharide 7 (Scheme 1) should be acces-
sible by optimizing a previously reported procedure,15 synthesis
of known pentapeptide 9 was reconsidered. In detail, it became
apparent during this study that amore effective approach would
involve a solid phase approach of only the tetrapeptide 11 and
subsequent attachment of the nal D-Ala building block 10 in
solution phase, in contrast to a previous solid phase synthesis of
full pentapeptide 9. Since the pentapeptide should include silyl
protecting groups allowing for a nal global deprotection step,
the pentapeptide was initially synthesized via the solid phase
approach, but it was found that the silyl protection of the D-Ala
residue would lead to epimerization at C-4 (Scheme 4).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Furthermore, a 2-chlorotrityl chloride (2CTC) resin was chosen
to allow for facile peptide cleavage under mild conditions
(hexauoroisopropanol, HFIP), which would also be compatible
with the silyl protecting groups selected for the two terminal
carboxylates (D-Ala, L-Glu) and the side chain amine of lysine.
This identical choice of protecting groups would also enable
a joint removal at a late stage of the synthesis. Peptide coupling
should then be realized using the respective synthesized silyl
and Fmoc protected amino acids. Furthermore, synthesis of the
peptide was planned in such a way that only slight modica-
tions would allow access to stem-specic interpeptidic bridges.
As in previous procedures and in view of the instability of an
allylic pyrophosphate moiety, a late stage carbodiimidazole
mediated coupling was envisaged for introduction of farnesyl
phosphate 8.
Synthesis of carbohydrate fragment 7

The nal synthesis towards carbohydrate fragment 7 is shown
in Scheme 2. While the overall route was adopted from previous
described procedures,7 more technical modications were
implemented to improve the practicability and raise the overall
yield. In detail, following a known procedure commercial
carbohydrate carboxylate 12 was protected as trichloroethyl
ester.15 Introduction of this ester proved to be more reliable as
compared to introduction of a trimethylsilyl ester. Resulting
carbohydrate 14 was then exposed to palladium in a hydrogen
atmosphere to cleave the anomeric benzyl group, which also led
to partial removal of the acetal group. While in principle
RSC Adv., 2022, 12, 15046–15069 | 15047
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Scheme 1 Modular three fragment retrosynthetic approach towards
3-lipid I analogs 3 and 4: novel solid phase based synthesis of
pentapeptide.

Scheme 2 Improved synthesis of protected saccharide building block
7.15
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a protocol for reattachment has been reported, which involves
treatment with benzaldehyde dimethylacetal and catalytic
amounts of p-toluenesulfonic acid in DMF,15 this method
proved to be unreliable in our hands and modications were
evaluated. Finally, a solvent exchange to more easily removable
15048 | RSC Adv., 2022, 12, 15046–15069
MeCN and a slight increase of catalyst loading (0.1 to 0.3 equiv.)
gave almost quantitative yields over two steps (96%) and
a shortened reaction time (4 h). Additionally, the amount of
benzaldehyde dimethylacetal may be dramatically reduced to
1.5 equiv. which further facilitates product isolation. Resulting
alcohol 15 resided as a 4 : 1 a : b mixture,15 while these two
anomers may be separated by HPLC giving pure a-anomer and
partially enriched b-anomer, which was prone to reequilibra-
tion. Fully resolved NMR data for the a-anomer unequivocally
conrmed the stereochemical assignment, as shown. The 3J-
coupling constant for the respective proton was found to be
3.6 Hz, which points to a 3Jae coupling to the neighbouring axial
proton. Furthermore the signal for the anomeric carbon atom
was found to be at 92.3 ppm.

A nucleophilic introduction of the anomeric phosphate was
then carried out with the anomeric mixture. Following a re-
ported procedure,6,15,16 this involved treatment with dibenzyl
N,N-diisopropylphosphoramidite and 1H-tetrazole, giving the
corresponding phosphite (structure not shown). This presum-
ably labile intermediate5 was then directly oxidized with m-
CPBA to carbohydrate 16. In agreement with a previous obser-
vation,6,15,16 the a-anomer was obtained exclusively based on
analysis of the fully resolved NMR data. In detail, assignment of
the a-anomer was based on a 3J-coupling constant of 3.2 Hz and
the shi of the respective carbon signal, located at 96.6 ppm.
Presumably, the high selectivity arises from selective capture of
the more reactive a-hydroxyl group.16 As an alternative to tet-
razole, also more readily available 1,2,4-triazole was evalu-
ated.5,16,17 However, this did not improve the process,
presumably due to reduced acidity. Finally, completion of the
synthesis involved treatment with zinc powder in acidic condi-
tion, rendering the desired monosaccharide scaffold 7 despite
the harsh conditions in an excellent yield of 97%. This approach
proved superior to likewise evaluated alternatives as it provides
comparably good yields without involving an expensive catalyst
like (Cp)2TiCl.18 Overall, carbohydrate fragment 7 was synthe-
sized with a yield of 60% over six steps from commercially
available compound 12, which compared favorably to the
previous route.15 Furthermore, the two step-conversions of 14 to
15 and of 15 to 16 may be carried out in one-pot reactions,
which further add to the efficiency of the process.
Synthesis of farnesyl fragment

Known farnesyl building block 8 was efficiently prepared by
a method published by the group of Wessjohann,11 that is based
on a one-pot conversion of the corresponding alcohol with tet-
rabutylammonium hydrogen phosphate (TBAP) and tri-
chloroacetonitrile (TCA) giving the required phosphate in
a reliable manner with useful yield (71%).
Synthesis of amino acid building blocks

To synthesize the stem peptides of targeted lipid analogs,
several amino acid building blocks were required. While some
of them were commercially available, glutamic acid derivative
17, protected alanines 26 and 33 as well as lysine 31 and glycine
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Efficient synthesis of required amino acid building blocks
17 (part a), 26 (part b), 31, 33 and 35 (part c).

Scheme 4 Solid phase synthesis of pentapeptide 39 and epimeriza-
tion during TMSE protection of terminal D-Ala. Reagents and condi-
tions: (a) HO–D-Ala–Fmoc (41), DIPEA (b) Ac2O, N-methylimidazole,
DMF (c), 20% piperidine/DMF (d) HBTU, HOBt, amino acid, DIPEA, DMF
(e) 20% HFIP/DCM.

Table 1 Conditions for the deprotection of tBu-ester 19 to free acid 17
(Scheme 3)

Entry Conditions 17/20 Yield

1 TFA/DCM (1 : 1) 1 : 4 n.d.
2 TFA/DCM (1 : 9) �1 : 1 n.d.
3 Et3SiH, TFA/DCM (1 : 4) �1 : 1 n.d.
4 ZnBr2, DCM <1 : 20 n.d.
5 H3PO4/DCM (1 : 1) — —
6 TMSOTf, 2,6-lutidine >20 : 1 97%
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35 had to be synthesized in suitably protected form for the
projected sequences.

As shown in Scheme 3a, Fmoc–D-Glu(OH)–TMSE (17) was
initially targeted by a reported procedure7 from 18 which in turn
was accessible by TMSE protection from the corresponding
commercial a-carboxylate.7 However, selective hydrogenolysis
of the benzyl group proved more challenging than expected,
leading to various degrees of concomitant removal of also the
more stable Fmoc-group under conventional hydrogenation
conditions (23% yield of 17). While this outcome could only be
partially remedied (up to 41%) by careful reactionmonitoring, it
was found that addition of CaCl2 could increase the lifetime of
the Fmoc protective group, presumably due to prevention of
basic conditions.19 In detail, addition of CaCl2 to a nal
concentration of 0.25 M had a positive effect and desired
product was isolated in 54% yield. Finally, expected stability of
targeted 17 towards a slightly acidic environment and the fact
that benzyl protecting groups are acid labile motivated addition
of 100 mL (0.38 equiv.) of acetic acid and the yield was further
increased to 84%.While cooling and solvent exchange were also
evaluated, in the end it turned out that a higher yielding,
preparative less laborious and more economical strategy could
be implemented, which involved selective cleavage of the tBu-
ester of 19. This ester was readily available by TMSE-
protection from the corresponding commercial a-carboxylate
by a Steglich esterication (96%, not shown, see ESI section†).
As shown in the respective table, a variety of reagents were
evaluated to effectuate specic removal of this ester without
affecting the TMSE group. Various acidic conditions led to
unfavorable or low selectivity (entries 1 and 2).20 Also, use of
© 2022 The Author(s). Published by the Royal Society of Chemistry
triethylsilane previously used as a carbocation scavenger in the
deprotection of tert-butyl esters,21 did not circumvent this lack
of selectivity (entry 3). A reported procedure using an excess of
ZnBr2 furnished only compound 20 (entry 4) and using a previ-
ously described aqueous phosphoric acid procedure as much
milder alternative showed no reaction at all (entry 5).22 Finally,
an excess of TMSOTf and 2,6-lutidine was able to unmask the
side chain carboxylic acid in a selective manner rendering glu-
tamic acid building block 17 in 97% yield (entry 6).23 Notably, no
column chromatography was necessary for this step and simple
extractions were adequate to give the desired compound in high
purity. This novel two-step procedure compared favorably to the
reported method,7 with respect to yield, cost of starting material
and reagent, and does not require a chromatography in the
second step (Table 1).7

The amino acid building block H2N–D-Ala–TMSE (26) in turn
was initially synthesized in a two-step procedure from
commercial 21 involving a TMSE-esterication and subsequent
Fmoc cleavage (Scheme 3b). While the former conversion could
RSC Adv., 2022, 12, 15046–15069 | 15049
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be realized in high yield using the Steglich procedure (96%),
conventional protocols using piperidine/DMF gave only
moderate amounts of desired amine 26, presumably, due to loss
of material during work up. Although various conditions like
extractions, NEt3 addition during chromatography, different
solvents or alternative chromatography materials (aluminum
oxide, different pH, silica) were employed, the overall yield
could not be improved beyond 52%. Also, a recently reported
procedure using polymer-bound piperazine 24 (ref. 24) did not
show any conversion. Finally, highest yield (87%) was obtained
by a unconventional procedure reported by Gioia et al.25

involving NEt3 in ionic liquid 25 as solvent, which allowed for
facile purication. However, elongated reaction times (2 d)
required for full conversion was considered as a too disadvan-
tageous leading to the design and implementation of an alter-
native approach. This involved Boc protected D-Ala 27, which
was esteried as a TMSE ester in quantitative amounts towards
28,26 followed by deprotection of the Boc group using a 25%
TFA/DCM mixture, which proceeded with excellent selectivity
towards carbamate cleavage. Aer evaporation of all volatiles,
amine 26 was synthesized in a quantitative yield over two steps
without the need of column chromatography.

Finally, TMSO-carbonyl (¼Teoc) protected lysine (31) and
alanine (33), as required for synthesis of interpeptidic analogs
(see below), were best prepared from the native amino acids
using succinimide reagent 30 with NEt3 in a solvent mixture of
1,4-dioxane/water.7
Table 2 Reaction conditions for the silyl protection of pentapeptide
40 (Scheme 4)

Entry Conditions 40/(4epi)-40

1 22 (1.3 equiv.), DCC, [DMAP] �1 : 1
2 22 (2.0 equiv.), PyBOP/HOBt, DIPEA �1 : 1 (42%)
3 22 (10.0 equiv.), TFFH, DIPEA �1 : 1
4 22 (2.0 equiv.), MNBA, [DMAP], DIPEA —
Synthesis of pentapeptide 44

A reliable, scalable and high yielding synthesis of the required
pentapeptides presents one of the most crucial aspects in the
development of lipid I/II analogs and it was decided that a solid
phase approach would best meet these requirements. Given
apparent limitations of existing solid phase approaches,7 a de
novo design was pursued within this project.

For solid phase a 2-chlorotrityl-chloride (2CTC) 36 resin was
chosen in order to enable a facile cleavage under mild condi-
tions (hexauoroisopropanol, HFIP),27 which was also expected
to be compatible with the silyl protecting groups that had been
chosen for the carboxylates of D-alanine 26, D-glutamic acid 17
as well as the side chain amine of L-lysine 31. Aer some
experimentation, protocols for resin functionalization, depro-
tection, coupling, washing and cleavage were developed and
then strictly followed. Optimal conditions involved loading with
0.5 equiv. of the rst amino acid in presence of DIPEA in DMF
(1 h, rt), capping of the unreacted CTC-functionalities with
acetic anhydride and N-methylimidazole in DMF and stepwise
elaboration of the peptide involving Fmoc cleavage of the solid
bound material with 20% piperidine/DMF and HBTU/HOBt
mediated attachment of the next amino acid and nal
cleavage of the fully elaborated peptide from the resin with 20%
HFIP in DCM.

Following this sequence of repetitive deprotection and
coupling with amino acid building blocks 41, 31, 17 and 42 gave
resin bound pentapeptide 38. Final treatment with HFIP and
precipitation in Et2O liberated pentapeptide 39 in high yield
15050 | RSC Adv., 2022, 12, 15046–15069
over these 11 steps (59%). The overall process may be carried
out in less than 15 h, which adds to the efficiency of this solid
phase approach.

At this stage, the terminal carboxylate had to be protected as
a TMSE ester towards 40 to allow for selective attachment of the
sugar fragment at a later stage of the synthesis (see below).
However, in contrast to previous observations with amino acid
building blocks, Steglich esterication of 39 with 2-(trime-
thylsilyl)ethanol (22), suffered from long reaction times,
incomplete conversions and epimerization (see Table 2, entry
1). Possibly, this may arise from stabilization of the generatedO-
acylisourea by formation of various hydrogen bonds with parts
of the peptide, which was supported by mass spectrometric
analysis. Alternatively, also an N-acylurea byproduct may be
involved. Also, other esterication methods were consid-
ered.28,29 However, they likewise resulted in epimerization
(entries 2 and 3) or did not lead to any conversion at all (entry
4).28,29

Separate analysis of the two products, which may be sepa-
rated by HPLC (see chromatogram), revealed identical molec-
ular ion MS data, but small NMR differences, especially in the
region of the terminal stereogenic center. Also, optical rotation
values were different (see Experimental section for details),
which supports an epimerization. Presumably, this may result
from decreased acidity of the respective activated ester inter-
mediate, leading to deprotonation and subsequent scrambling
of the a-center. Alternatively, also an oxazole intermediate may
be possible.30

At this stage it was rationalized that this unfavourable issue
may be resolved by stronger nucleophilicity of amines as
compared to alcohols and therefore coupling of free amino acid
building block H2N–D-Ala–TMSE (26) in solution was evaluated.
Consequently, instead of the full pentapeptide 39 only tetra-
peptide 43 was targeted. As shown in Scheme 5, it was prepared
on solid phase in an analogous fashion as before. However, in
contrast to the previous sequence, the terminal D-alanine was
attached aer liberation from solid support by coupling in
solution with already TMSE-protected D-alanine 26. In detail,
aer cleavage from the solid phase, tetrapeptide 43 was ob-
tained in excellent 82% yield over nine steps starting from resin
36. Subsequent attachment of nal amino acid D-Ala 26, already
incorporating the desired silyl protection, was carried out with
PyBOP/HOBt. Gratifyingly, this coupling proceeded not only in
high yield (95%) but also without loss of stereochemical purity,
as unambiguously proven by HPLC analysis. Finally, Fmoc
removal gave desired pentapeptide 40 in 76% yield. In total, this
novel route giving key stem peptide 40 in high purity and yield
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Stereoselective preparation of protected pentapeptide 40
by solid phase synthesis of tetrapeptide 43 and attachment of the final
D-Ala residue in solution. Reagents and conditions: (a) HO–D-Ala–
Fmoc (41), DIPEA (b) Ac2O, N-methylimidazole, DMF (c), 20% piperi-
dine/DMF (d) HBTU, HOBt, amino acid, DIPEA, DMF (e) 20% HFIP/
DCM.
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(59%) over eleven steps, proved reliable, scalable, fast and
compares favorably to previous lengthy solution phase
sequences10,16 or solid phase procedures giving low yield (15%)
and limited purity.7
Synthesis of decapeptide 45

At this stage our efforts were directed to evaluate the generality
and adaptability of this solid phase peptide approach also to
pathogen specic analogs. As a rst target we chose decapeptide
45 which is characteristic for S. aureus. Synthesis of 45 which
required access to the characteristic pentaglycine side chain in
suitably protected form (48). As shown in Scheme 6, our rst
approach was to introduce a Teoc protecting group to
commercially available pentaglycine 46, as this silyl protecting
group would allow for a late stage attachment of the inter-
peptidic side chain (vide infra).
Scheme 6 Unsuccessful direct protection of pentaglycine 46.

© 2022 The Author(s). Published by the Royal Society of Chemistry
However, desired product 48 could not be generated under
a variety of reaction conditions, presumably due to the very poor
solubility of 46 in a variety of solvents. In contrast, Teoc
protection of glycine proceeded uneventfully (Scheme 3). Given
the reliability and robustness of our novel solid phase approach,
we therefore planned to attach the pentaglycine moiety in
a stepwise fashion on the resin. Gratifyingly, this could be
realized. Following the sequence shown in Scheme 7 this
involved again a nal attachment of the terminal D-Ala in
solution phase. In detail, the successful solid-phase route relied
on initial attachment of the penultimate D-Ala amino acid to the
chlorotrityl resin and stepwise elaboration using Fmoc pro-
tected amino acids. However, in contrast to the previous
sequence towards pentapeptide 40, a modied lysine building
block 49 was utilized, now bearing the Fmoc group at the 3-
amine and an orthogonal allyloxycarbonyl (alloc) moiety for the
a-amine. Aer coupling of this lysine derivative, the Fmoc group
in the side chain was then removed rst. Four glycine residues
(50) were then attached in an iterative fashion using standard
Scheme 7 Solid phase synthesis of decapeptide 45 characteristic for
S. aureus. Reagents and conditions: (a) HO–D-Ala–Fmoc (41), DIPEA
(b) Ac2O, N-methylimidazole, DMF (c), 20% piperidine/DMF (d) HBTU,
HOBt, amino acid, DIPEA, DMF (e) 20% HFIP/DCM.
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coupling and deprotection protocols, before the nal glycine
was introduced as its silyl protected building block 35. At this
stage, the success of this procedure was veried, by a test
cleavage revealing heptapeptide 52, as expected. Aer this
conrmation of complete incorporation of the full pentaglycine
residue, solid bound peptide 51 was further elaborated. This
involved cleavage of the alloc protecting group with Pd(PPh)4
and phenylsilane (PhSiH3), and attachment of amino acids 17
and 42. Finally, the resulting nonapeptide was cleaved from the
resin giving peptide 54 in excellent yield (83%) over these
nineteen steps on the solid phase support. In the end,
remaining (TMSE) protected D-alanine (26) was coupled in
solution, before the Fmoc group was cleaved using piperidine.
In total, desired decapeptide 45 was obtained in high overall
yield (40%) over 21 steps starting from commercial resin 36.

Synthesis of heptapeptide 55

In order to further evaluate the generality of this solid phase
sequence, we then opted for synthesis of heptapeptide 55,
incorporating an L-Ala–L-Ala side chain that is characteristic for
Scheme 8 Solid phase synthesis of heptapeptide 55 characteristic for
E. faecalis and S. pneumoniae. Reagents and conditions: (b) 20%
piperidine/DMF, (c) HBTU, HOBt, amino acid, DIPEA, DMF, (d) 20%
HFIP/DCM.

15052 | RSC Adv., 2022, 12, 15046–15069
E. faecalis and S. pneumoniae. Accordingly, our general solid
phase approach was modied as shown in Scheme 8. In detail,
this involved again modied lysine building block 49, bearing
a terminal Fmoc group and an orthogonal alloc moiety at the a-
amine. Aer selective Fmoc cleavage, the two L-Ala fragments
could be successfully introduced, before the a-amine group was
liberated in an orthogonal fashion [Pd(PPh)4; (PhSiH3)]. Amino
acids 17 and 42 were then attached to the peptidic backbone.
Aer removal from the solid phase, desired hexapeptide 56 was
obtained in high overall yield (75%), demonstrating the gener-
ality of this solid phase sequence. Finally, completion of the
synthesis of 55 involved attachment of the terminal D-Ala motif
and Fmoc removal giving desired branched heptapeptide in
high yield (51%) over 15 steps.8

Fragment coupling and completion of the syntheses of 3-lipid
analogs

For fragment union, our strategy relied on rst coupling the
peptide fragments with the monosaccharide building block and
Scheme 9 Completion of the total synthesis of 3-lipid I.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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subsequently attaching the farnesyl phosphate subunit. As
shown in Scheme 9, we rst targeted original lipid I analog
3.6,14,31,32 Accordingly, respective peptide 44 was connected to
carbohydrate 7 with PyBOP/HOBt giving glycopeptide precursor
60 in high yield (81%). In contrast to a previous report,15 a joint
removal of the benzyl groups and the acetal moiety using
hydrogenolysis could not be realized. Even aer increase of the
reaction time from reported 30 min to 5 h, only the free phos-
phate was observed, without cleavage of the acetal group.
Apparently, such a joint removal appears challenging, as also
Arimoto et al. reported a two-step procedure for their depsi-lipid
I analog.10 In an analogous fashion for 60, the benzyl group was
rst removed by hydrogenolysis, before the acetal was cleaved
using acidic conditions giving desired deprotected 61. Pyro-
phosphate linkage of farnesyl phosphate 8 and phosphate 61
was then achieved using carbonyldiimidazole coupling.

Finally, all silyl protecting groups could be cleaved in a joint
fashion using tetrabutylammonium uoride, proving the
success of our synthetic design. For full purication of farnesyl
lipid I analog 3, a three step method was developed. First, gel
ltration with Sephadex® LH-20 was applied, followed by ion-
exchange chromatography (Dowex® 50WX8) to substitute
residual tetrabutylammonium counterions with ammonium,
which otherwise proved difficult to remove by HPLC. Final
HPLC separation yielded highly pure farnesyl lipid I analog 3 in
40% yield over four steps starting from glycopeptide precursor
60. In total, farnesyl lipid I 3 was obtained in pure form in 16
steps in the longest linear sequence from commercially avail-
able HO–D-Ala–Fmoc (41) with an excellent overall yield of 19%,
which compared favorably to the previous synthetic route
Scheme 10 Completion of the total synthesis of 3-lipid I (S. aureus).

© 2022 The Author(s). Published by the Royal Society of Chemistry
starting from Sasrin resin–D-Ala–Fmoc 63.7,15,31 The sequence
proved well scalable and highly pure 3-lipid I (3) was obtained.

Encouraged by the successful nal steps towards farnesyl
lipid I analog 3, an analogous three component sequence was
applied to complete the total synthesis of S. aureus lipid I analog
5. As shown in Scheme 10, characteristic decapeptide 45 was
coupled to carbohydrate component 7 using a previously
established PyBOP/HOBt procedure to give glycopeptide
precursor 64 in 86% yield, which was even slightly higher than
the yield aer coupling with the stem pentapeptide 44 (81%).
Caused by the longer peptide chain, solubility in solvents like
EtOAc and Et2O decreased, which can cause problems in
handling and reactions but turned out to be advantageous here,
since precipitation led to more facile purication. Removal of
the phosphate benzyl groups by hydrogenolysis, acidic cleavage
of the acetal and CDI mediated pyrophosphate coupling with
farnesyl phosphate 8 gave silyl protected 65, which was semi-
puried using Sephadex® LH-20. Again, nal global depro-
tection using TBAF freed the peptide from its silyl groups and
farnesyl lipid I analog 5, containing the S. aureus pentaglycine,
was gained in pure form aer utilization of the three step
purication developed above, consisting out of gel ltration
with Sephadex® LH-20, ion-exchange chromatography (Dowex®
50WX8) and a nal HPLC purication. Overall, lipid I analog 5
was obtained in an overall yield of 8% in its longest linear
sequence over 26 steps starting from HO–D-Ala–Fmoc (41).

The generality of this nal coupling strategy was then further
conrmed by synthesis of lipid I analog 6 containing the
interpeptidic sequence characteristic for pathogen E. faecalis
and S. pneumoniae. As shown in Scheme 11, the PyBOP/HOBt
Scheme 11 Completion of the total synthesis of 3-lipid I (E. faecalis, S.
pneumoniae).
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Scheme 12 Chemoenzymatic conversion of 3-lipid I (3) to 3-lipid II (4)
using UDP–GlcNAc (66).
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mediated amide coupling between the respective peptidic
fragment and the sugar moiety proceeded again with high
efficiency. In detail, glycopeptide precursor 66 was obtained in
essentially quantitative yield, following a slightly improved
procedure. This involved cold diethyl ether as solvent, which
does dissolve the reactants but may not solubilize the product.
Therefore, simple ltration gave glycopeptide precursor 66 in
high purity aer washing. Finally, farnesyl lipid I analog 6 was
obtained in a straightforward fashion using the four-step
sequence established above, demonstrating the general utility
of this approach.8 In total, this novel lipid analog was obtained
in 20 steps and likewise very high overall yield (25%) and high
purity.

Finally we conrmed the biochemical compatibility of the
shortened farnesyl group by conversion of 3-lipid I (3) to 3-lipid
II (4). As shown in Scheme 12, this previously reported conver-
sion,31 involves MurG catalyzed chemoenzymatic attachment of
b-1-4-linked N-acetylglucosamine. It was carried out with 1 mg
of 3 and lipid II analog 4 was obtained in pure form with
a useful yield of 55%, which represented a sufficient amount for
characterization including the assignment of NMR signals. The
generality of this approach was further conrmed by also con-
verting an analytic sample of 5 to the corresponding lipid II
analog (not shown).
Initial NMR studies

Finally, the NMR resolution of all new analogs 3–6 and useful-
ness for solution NMR measurements were analysed. Gratify-
ingly, optimum 1H signal dispersion was realised in D2O for all
shortened lipid compounds at the highest available eld
strengths (500 and 700 MHz). As shown for the NMR spectra in
the ESI section† excellent resolution was obtained for all lipid-
analogs, allowing for complete assignment of all 1H and 13C
resonances based on two dimensional techniques (see ESI
section: Table S1†). Furthermore, farnesyl lipid I analog 3 was
15054 | RSC Adv., 2022, 12, 15046–15069
analyzed in more detail, including temperature dependent
NMR measurements, which may give insights into effects like
hydrogen bonding, stability of the compound and conforma-
tional changes.33 As shown in Fig. S1 (see ESI section),† there are
detectable differences in the chemical shis at various
temperatures. With increasing temperature, a downeld shi
was observed. Additionally, broadening of the signals was seen
especially for the temperature shi from 278 K to 282 K. If the
temperature was increased further, the signals got sharp again.
31P NMR spectra were recorded at the same temperatures as
well (Fig. S2†). These measurements showed an even more
interesting effect. While the signals for the pyrophosphate were
not visible at 278 K, sharp signals appeared at 282 K, which
broadened again and vanished completely if the temperature
was increased further. Surprisingly, this observation is the
opposite of the 1H spectra in which the signals at 282 K were the
most broadened. The changes in the signals can be caused by
various effects like conformational changes, exchange
processes or temperature dependent hydrogen bonding.
Possibly, the phosphate counter ions also have an effect of
causing the disappearing signals, especially at lower tempera-
tures. During these measurements it was also noted that
synthesized farnesyl lipid I analog 3 was stable at elevated
temperatures, as the 1H spectra at 363 K did not showed
signicant degradation. These initial NMR studies make it now
even more promising to apply these analogs as chemical tools
for structural as well as functional studies.

Conclusion

In summary, an optimized, efficient, scalable and reproducible
route to farnesyl lipid I analogs 3, 5 and 6 was developed. For
this purpose, syntheses of the three components being carbo-
hydrate 7, peptide 44 and farnesyl phosphate 8 were closely
examined. Regarding carbohydrate 7, various technical modi-
cations and optimizations, for example by exchange of the
reaction solvent or by adjusting the reagent equivalents, led to
a considerable increase of the overall yield from literature re-
ported 41% to 60% over six steps (Scheme 2).15 Application of
a recently reported one-pot procedure for the conversion of
alcohols to their phosphates11 allowed to further simplify the
route towards the precious cell wall precursors, giving required
farnesyl phosphate 8 from farnesol in 71% yield using only one
step.

Considerable efforts were then invested before a novel, effi-
cient and scalable solid phase synthesis of the characteristic
stem pentapeptide was developed, which compares favorably to
previous lengthy solution phase sequences as well as low re-
ported yield (15%) for a solid phase approach.6,7,10,15,16,36 This
optimized route relied on preparation of the tetrapeptide HO–D-
Ala–L-Lys(N-Teoc)–D-g-Glu(O-TMSE)–L-Ala–Fmoc (43) using 2-
chlorotrityl chloride (2CTC) solid phase support and subse-
quent attachment of the remaining silyl protected D-Ala amino
acid (26) in solution phase, which turned out to be crucial to
avoid an unfavorable epimerization. Following this novel
sequence synthesis of pentapeptide 44, was obtained in an
excellent yield of 59% over 11 steps. This route was then further
© 2022 The Author(s). Published by the Royal Society of Chemistry
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elaborated and applied for synthesis of pathogen specic
interpeptidic analogs, i.e. the pentaglycine variation found in S.
aureus and the L-Ala–L-Ala modication observed in E. faecalis
and S. pneumoniae, were targeted, which are considered most
important among the interpeptidic variations described for
specic pathogens.37 In detail, a novel solid phase sequence was
designed to allow for the introduction of interpeptidic modi-
cations, which involved an alternative lysine building bearing
an 3-Fmoc and an a-alloc group to allowing for an orthogonal
strategy. Overall this route enabled the synthesis of required
decapeptide 45 in 40% yield over 21 steps and necessary hep-
tapeptide 55 in 51% yield over 15 steps, demonstrating the
modularity and true applicability of this sequence to various
pathogen specic analogs.

Aer coupling of the fragments and deprotection, farnesyl
lipid I analog 3 was puried with a newly developed three step
purication including gel ltration (Sephadex® LH-20), ion
exchange chromatography (Dowex® 50WX8) and HPLC sepa-
ration giving the desired product 3 in high purity over 16 steps
(longest linear sequence, 19% yield). This sequence proved well
scalable and a batch of 11 mg lipid I analog 3 was readily ob-
tained in high purity. Following analogous three component
coupling sequences then enabled completion of the rst total
syntheses of S. aureus interpeptidic analog 5 (8% over 26 steps
longest linear sequence) and of E. faecalis and S. pneumoniae
analog 6 (25% over 20 steps longest linear sequence).

Furthermore, shortened lipid I analogs were accepted as
substrates by the natural glycosyltransferase MurG, which
catalyses attachment of the b-1-4-linked N-acetylglucosamine,
demonstrating the biochemical compatibility of the shortened
side chain, which also allowed preparative synthesis of 3-lipid II
analog 4.

Finally, detailed NMR analyses of all lipid I and lipid II
analogs revealed high spectroscopic resolution in D2O and
useful stability at various temperatures, demonstrating that
they present valuable tool compounds for structural studies and
may now be used to address biochemical questions and to gain
new structural insights into bacterial cell wall biosynthesis.
Present studies along these lines will be reported in due course.
Experimental
General synthetic procedures

All reactions were performed under an atmosphere of argon in
ame-dried glassware which had been cooled under argon
unless stated otherwise. All asks were equipped with rubber
Table 3 Used MS systems for MS and HR-MS

Name Manufacturer

MAT 95 XL Thermo Finnigan (Bremen
MAT 90 Thermo Finnigan (Bremen
MALDI autoex II TOF/TOF Bruker Daltonik (Bremen)
micrOTOF-Q Bruker Daltonik (Bremen)
Orbitrap XL Thermo Fisher Scientic (B
Apex IV FT-ICR Bruker Daltonik (Bremen)

© 2022 The Author(s). Published by the Royal Society of Chemistry
septa and reactants were handled using standard Schlenk
techniques. Temperatures above rt (23 �C) refer to oil bath
temperatures which were controlled by a temperature modu-
lator. For cooling, the following baths were used: acetone/dry
ice (�78 �C), ACN/dry ice (�40 �C), water/ice (0 �C). All
reagents were purchased from commercial suppliers (Sigma-
Aldrich, Alfa Aesar, TCI, Iris Biotech, Acros) in the highest
purity grade available and used without further purication
unless otherwise stated. Anhydrous solvents (THF, Et2O, DCM,
MeCN and toluene) were freshly obtained from a solvent drying
system MB SPS-800 (MBraun) and stored over molecular sieves
(3 or 4�A). Reactions were monitored via TLC on silica gel 60 F254
precoated plates (0.2 mm SiO2, Macherey-Nagel) and visualized
using UV light and/or staining with a solution of CAM (1 g
Ce(SO4)2, 2.5 g (NH4)6Mo7O24, 8 mL conc. H2SO4 in 100mLH2O)
and subsequent heating. For column chromatography, silica gel
(pore size 60�A, 40–63 mm) obtained from Merck or Aldrich was
used. Compounds were eluated using the stated mixtures under
positive pressure of nitrogen or air. Solvents for column chro-
matography were distilled prior to use. For ion exchange chro-
matography Dowex® 50WX8, 100–200 mesh by Acros was used.
Gel permeation chromatography was performed using
Sephadex® LH-20 purchased from GE Healthcare.

Optical rotations were measured with a PerkinElmer 341 or
a Anton Paar MCP 150 polarimeter in a 10 mm cuvette and are
uncorrected. All NMR spectra were recorded on Bruker spec-
trometers at the University of Bonn under supervision of Dr
Senada Nozinovic with operating frequencies of 125 (13C), 150
(13C), 175 (13C), 400 (1H), 500 (1H) and 700 MHz (1H) in
deuterated solvents obtained from Deutero, Carl Roth, VWR
and Sigma-Aldrich. Spectra were measured at room tempera-
ture unless otherwise stated and chemical shis are reported
in ppm relative to (Me)4Si (d¼ 0 ppm) and were calibrated to the
residual signal of undeuterated solvents. Data for 1H NMR
spectra are reported as follows: chemical shi (multiplicity,
coupling constants in hertz, number of hydrogens, assign-
ments; atom numbering for 1H and 13C signals can be found in
the respective drawings in the ESI section†). Abbreviations are
as follows: s (singlet), d (doublet), t (triplet), q (quartet), quint
(quintet), m (multiplet), br (broad), pt (pseudo triplet). Mass
spectra (MS) and high resolution-mass spectra (HR-MS) were
recorded on the documented systems in Table S1† at the
University of Bonn under supervision of Dr Marianne Engeser.
Ionization processes and mol peaks were given (Tables 3 and 4).

Semi-preparative and analytical HPLC analyses were per-
formed on Knauer Wissenschaliche Geräte GmbH systems by
Ionization type

) EI
) EI, LIFDI, CI, FAB

MALDI
ESI, APCI, nano-ESI, MS/MS, LC-MS, DC-MS

remen) ESI, APCI, APPI, nano-ESI
ESI, nano-ESI, MALDI, EI, CI

RSC Adv., 2022, 12, 15046–15069 | 15055
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Table 4 HPLC configuration for analytical and preparative HPLC

System A (analytical) System A (preparative)

Series PLATINblue Smartline
Pumps Binary, HPG P1 system, 5 mL Binary, S-1800, 100 mL
Pressure 1000 bar 400 bar
Autosampler AS1 with 10 mL injection loop Assistant 6000 with a feed pump S-100
Mixing chamber Static, SmartMix 100 Static, SmartMix 350
Column heater T1
Detection type PDA UV/Vis detection PDA1, D2/Hg halogen lamps, 190–1000 nm UV-detector S-2550, 190–600 nm
Degasser Analytical 2-channel-online-degasser Preparative 2-channel-online-degasser
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Andreas Schneider. The solvents for HPLC were purchased in
HPLC grade. The chromatograms were recorded by UV-
detection at 240, 215, 210 and 205 nm.
Synthesis of compound 14

To a solution of acid 12 (1.00 g, 2.12 mmol) and 4-
(dimethylamino)-pyridine (DMAP) (25.9 mg, 212 mmol) in THF
(16 mL) was added 2,2,2-trichloroethanol (13) (0.48 mL, 4.24
mmol) followed by N,N0-dicyclohexylcarbodiimide (656 mg, 3.18
mmol). Aer stirring for 5 h at rt the mixture was ltered
through a cotton plug and the precipitate was washed with
EtOAc (2 � 20 mL). The solvent was removed under reduced
pressure and the crude product was puried by ash chroma-
tography (15% EtOAc/CH2Cl2) to yield 1.03 g (1.71 mmol, 81%)
of a white, crystalline solid.

Rf 0.44 (15% EtOAc/CH2Cl2). [a]25D ¼ +93� (c ¼ 0.90 in
CH2Cl2).

1H NMR (500 MHz, CDCl3) d ¼ 7.46–7.28 (m, 10H,
Harom.), 7.07 (d, J¼ 5.5 Hz, 1H, NH), 5.58 (s, 1H, H-7), 5.34 (d, J¼
3.4 Hz, 1H, H-1), 4.97 (d, J ¼ 11.9 Hz, 1H, H-11), 4.68 (d, J ¼
11.8 Hz, 1H, H-15), 4.66 (q, J ¼ 7.1 Hz, 1H, H-8), 4.60 (d, J ¼
11.9 Hz, 1H, H-110), 4.52 (d, J¼ 11.9 Hz, 1H, H-150), 4.21 (dd, J¼
10.1, 4.6 Hz, 1H, H-6), 4.01–3.98 (m, 2H, H-3, H-5), 3.76 (dd, J ¼
10.3 Hz, 10.3 Hz, 1H, H-60), 3.73 (dd, J¼ 9.2 Hz, 9.2 Hz, 1H, H-4),
2.03 (s, 3H, CH3-14), 1.50 (d, J ¼ 7.0 Hz, 3H, CH3-9).

13C NMR
(126 MHz, CDCl3) d ¼ 173.7 (C-10), 170.9 (C-13), 137.5 (Carom.),
137.3 (Carom.), 129.2 (Carom.), 128.6 (Carom.), 128.5 (Carom.), 128.1
(Carom.), 128.0 (Carom.), 126.0 (Carom.), 101.6 (C-7), 97.5 (C-1), 94.6
(C-12), 83.4 (C-4), 75.2 (C-8), 75.1 (C-3), 74.3 (C-11), 70.5 (C-15),
69.1 (C-6), 63.1 (C-5), 54.2 (C-2), 23.3 (C-14), 18.8 (C-9). HRMS
(ESI)m/z: calcd for C27H30Cl3NO8Na [M + Na]+: 624.0929, found:
624.0932. The spectroscopic data were in agreement with those
previously reported.13,15
Synthesis of compound 15

To a solution of carbohydrate 14 (500 mg, 829 mmol) in EtOAc
(40 mL) was added Pd–C (650 mg, 10% Pd). The reaction vessel
was lled with hydrogen. Aer stirring for 20 min at rt the
suspension was ltered through Celite and the precipitate was
washed with methanol (2 � 20 mL). The solvent was removed
under reduced pressure and acetonitrile (30 mL) was added
followed by benzaldehyde dimethyl acetal (187 mL, 1.24 mmol)
and a solution of p-TsOH in acetonitrile (1 mL of a 232 mM
solution, 232 mmol) dried over 3�A MS. Aer stirring for 4 h at rt
the reaction was neutralized with Net3 and the solvent was
15056 | RSC Adv., 2022, 12, 15046–15069
removed under reduced pressure. The crude product was puri-
ed by ash chromatography (90% EtOAc/cyclohexane) to yield
409 mg (798 mmol, 96%) of a white, crystalline solid as a mixture
of a and b anomers (ratio a : b¼ 4 : 1). Themixture was used for
the next reactions without separation. For analytical purpose,
separation of the a and b anomer was achieved with HPLC (50%
ACN/water, retention time 11.5 min (b anomer), 16.1 min (a
anomer), using a KNAUER Eurospher II 100-5 C18; 5 mm; 250 �
16 mm + precolumn 30 � 16 mm, 210 nm).

Rf (a anomer) 0.33, Rf (b anomer) 0.26 (90% EtOAc/
cyclohexane). a anomer: [a]25D ¼ +59� (c ¼ 0.73 in CH2Cl2).

1H
NMR (700 MHz, CD2Cl2) d ¼ 7.47–7.45 (m, 2H, Harom.), 7.40–
7.36 (m, 3H, Harom.), 7.19 (d, J ¼ 4.5 Hz, 1H, NH), 5.60 (s, 1H, H-
7), 5.58 (dd, J¼ 3.9 Hz, 3.6 Hz, 1H, H-1), 5.01 (d, J¼ 12.0 Hz, 1H,
H-11), 4.68 (q, J ¼ 7.1 Hz, 1H, H-8), 4.65 (d, J ¼ 12.0 Hz, 1H, H-
110), 4.24 (dd, J ¼ 10.3, 5.0 Hz, 1H, H-6), 4.03 (td, J ¼ 10.3 Hz,
5.0 Hz, 1H, H-5), 3.94–3.86 (m, 1H, H-3), 3.87–3.83 (m, 1H, H-2),
3.75 (dd, J ¼ 10.3 Hz, 10.3 Hz, 1H, H-60), 3.73 (dd, J ¼ 10.3 Hz,
10.3 Hz, 1H, H-4), 3.68 (dd, J ¼ 3.9 Hz, 1.0 Hz, 1H, OH), 2.01 (s,
3H, CH3-14), 1.51 (d, J¼ 7.1 Hz, 3H, CH3-9).

13C NMR (176 MHz,
CD2Cl2) d ¼ 174.3 (C-10), 171.5 (C-13), 138.1 (Carom.), 129.5
(Carom.), 128.8 (Carom.), 126.5 (Carom.), 101.9 (C-7), 95.1 (C-12),
92.3 (C-1), 83.8 (C-4), 75.7 (C-8), 75.2 (C-3), 74.7 (C-11), 69.6
(C-6), 63.3 (C-5), 55.2 (C-2), 23.5 (C-14), 19.1 (C-9). HRMS (ESI)m/
z: calcd for C20H24Cl3NO8Na [M + Na]+: 534.0460, found:
534.0463. The spectroscopic data were in agreement with those
previously reported.15
Synthesis of compound 16

Alcohol 15 (100 mg, 195 mmol) was dissolved in dry CH2Cl2 (5
mL) and a 0.45 M solution of 1H-tetrazole in acetonitrile (1.63
mL, 731 mmol) was added. The reaction was cooled to �40 �C
and dibenzyl(N,N-diisopropyl)phosphoramidite (164 mL, 488
mmol) was added. Aer 1 h warming to rt the reaction was
stirred for another hour. Then, mCPBA (101 mg, 585 mmol) was
added at �60 �C and the reaction was stirred for 30 min at 0 �C
followed by 30 min stirring at rt. The mixture was diluted with
5 mL CH2Cl2 and washed two times with aq. Na2SO3 (10 mL,
10%), two times with aq. sat. NaHCO3 (10 mL) and two times
with water (10 mL). Aer drying over MgSO4 the mixture was
ltered, concentrated and puried by ash chromatography
(65% EtOAc/cyclohexane) to yield 101 mg of a white, crystalline
solid (79%, 585 mmol).

Rf 0.22 (70% EtOAc/cyclohexane). [a]25D ¼ +67� (c ¼ 0.66 in
CH2Cl2).

1H NMR (700 MHz, CD2Cl2) d ¼ 7.45–7.44 (m, 2H,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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Harom.), 7.42–7.33 (m, 13H, Harom.), 7.15 (d, J ¼ 4.9 Hz, 1H, NH),
6.04 (dd, J ¼ 6.1, 3.2 Hz, 1H, H-1), 5.57 (s, 1H, H-7), 5.06 (d, J ¼
8.3 Hz, 4H, 2� CH2–Ph), 5.01 (d, J¼ 12.0 Hz, 1H, H-11), 4.65 (q, J
¼ 7.0 Hz, 1H, H-8), 4.62 (d, J ¼ 12.0 Hz, 1H, H-110), 4.08 (dd, J ¼
10.3, 4.9 Hz, 1H, H-6), 4.00–3.96 (m, 1H, H-2), 3.92 (ddd, J ¼
10.3, 10.3, 4.9 Hz, 1H, H-5), 3.82 (dd, J ¼ 9.9, 9.9 Hz, 1H, H-3),
3.77 (dd, J ¼ 10.3 Hz, 9.9 Hz, 1H, H-4), 3.72 (dd, J ¼ 10.3,
10.3 Hz, 1H, H-60), 1.87 (s, 3H, H-14), 1.51 (d, J ¼ 7.1 Hz, 3H, H-
9). 13C NMR (176 MHz, CD2Cl2) d ¼ 174.2 (C-10), 171.3 (C-13),
137.8 (Carom.,quart.–Ph), 136.4 (d, J ¼ 7.2 Hz, Carom.,quart.–Bn),
136.4 (d, J ¼ 7.2 Hz, Carom.,quart.–Bn), 129.6 (Carom.), 129.2
(Carom.), 129.2 (Carom.), 129.2 (Carom.), 129.1 (Carom.), 128.8
(Carom.), 128.4 (Carom.), 128.4 (Carom.), 126.5 (Carom.), 102.1 (C-7),
96.6 (d, J¼ 6.7 HZ, C-1) 95.0 (C-12), 82.9 (C-4), 75.8 (C-8), 74.8 (C-
11), 74.7 (C-3), 70.0 (d, J ¼ 4.1, CH2–Ph), 70.0 (d, J ¼ 4.1, CH2–

Ph), 69.0 (C-6), 65.1 (C-5), 54.5 (C-2), 23.2 (C-14), 19.0 (C-9). 31P
NMR (284 MHz, CD2Cl2) d ¼ �2.4. HRMS (ESI) m/z: calcd for
C34H37Cl3NO11PH [M + H]+: 772.1243, found: 772.1236. The
spectroscopic data were in agreement with those previously
reported.15

Synthesis of compound 7

Carbohydrate 16 (160 mg, 207 mmol) was dissolved in a mixture
of 90% AcOH/water (15 mL) and zinc powder (120 mg, 1.84
mmol) was added. The suspension was stirred vigorously for 3 h
at rt. Aer ltering and washing with MeOH the solvent was
removed under reduced pressure and the crude product was
puried by ash chromatography (0.1% AcOH/10% MeOH/
CH2Cl2) to yield 129 mg of a white, crystalline solid (97%, 201
mmol).

Rf 0.29 (0.1% AcOH/10% MeOH/CH2Cl2). [a]
25
D ¼ +61� (c ¼

0.46 in MeOH). 1H NMR (700 MHz, CD3OD) d ¼ 7.48–7.45 (m,
2H, Harom.), 7.41–7.35 (m, 13H, Harom.), 6.06 (dd, J ¼ 6.0, 3.3 Hz,
1H, H-1), 5.62 (s, 1H, H-7), 5.11–5.08 (m, 4H, 2� CH2–Ph), 4.42
(q, J ¼ 7.1 Hz, 1H, H-8), 4.03–4.01 (m, 1H, H-6), 3.87–3.84 (m,
1H, H-2), 3.79–3.71 (m, 4H, H-3, H-4, H-5, H-60), 1.87 (s, 3H, H-
12), 1.37 (d, J ¼ 7.1 Hz, 3H, H-9). 13C NMR (176 MHz, CD3OD)
d ¼ 178.4 (C-10, not resolved but HMBC correlation), 173.9 (C-
11), 138.9 (Carom.,quart.–Ph), 137.0 (d, J ¼ 2.4 Hz, Carom.,quart.–
Bn), 137.0 (d, 2.4 Hz, Carom.,quart.–Bn), 130.0 (Carom.), 129.9
(Carom.), 129.9 (Carom.), 129.8 (Carom.), 129.8 (Carom.), 129.2
(Carom.), 129.2 (Carom.), 129.2 (Carom.), 128.4 (Carom.), 127.2
(Carom.), 102.7 (C-7), 97.3 (d, J ¼ 6.7, C-1), 83.0 (C-4), 77.0 (C-8),
75.1 (C-3), 71.2 (d, J¼ 2.2 Hz, CH2–Ph), 71.1 (d, J¼ 2.3 Hz, CH2–

Ph), 69.1 (C-6), 66.1 (C-5), 55.8 (C-2), 22.6 (C-12), 19.2 (C-9). 31P
NMR (284 MHz, CD2Cl2) d ¼ �3.0. HRMS (ESI) m/z: calcd for
C32H36NO11Pna [M + Na]+: 664.1918, found: 664.1914. The
spectroscopic data were in agreement with those previously
reported.15

Synthesis of compound 19

Fmoc–D-Glu(O-tBu)–OH (1.50 g, 3.53 mmol) and DMAP
(86.1 mg, 705 mmol) were dissolved in 20 mL EtOAc and cooled
to 0 �C. 2-(Trimethylsilyl)ethanol (758 mL, 5.29 mmol) and DCC
(1 M in CH2Cl2, 4.23 mL, 4.23 mmol) were added. Aer stirring
for 2 h at rt, the reaction was ltered over Celite and the residue
© 2022 The Author(s). Published by the Royal Society of Chemistry
was washed with EtOAc (2 � 20 mL). The solvent was removed
under reduced pressure and the crude product was puried by
ash chromatography (15% EtOAc/cyclohexane) to yield 1.77 g
(3.37 mmol, 96%) of a white, amorphous solid.

Rf 0.32 (15% EtOAc/cyclohexane). [a]25D ¼ +14� (c ¼ 1.98 in
MeOH). 1H NMR (700 MHz, CD3OD) d ¼ 7.79 (d, J ¼ 7.5 Hz, 2H,
Harom.), 7.66 (t, J ¼ 8.3 Hz, 2H, Harom.), 7.38 (t, J ¼ 7.2 Hz, 2H,
Harom.), 7.30 (t, J ¼ 8.0 Hz, 2H, Harom.), 4.38–4.32 (m, 2H, H-10),
4.23–4.19 (m, 4H, H-2, H-4, H-11), 2.33 (t, J ¼ 7.0 Hz, 2H, H-6),
2.15–2.07 (m, 1H, H-5), 1.92–1.83 (m, 1H, H-5), 1.44 (s, 9H, 3�
CH3–Boc), 1.04–0.96 (m, 2H, H-1), 0.04 (s, 9H, Si(CH3)3).

13C
NMR (176 MHz, CD3OD) d¼ 173.8 (C-7), 173.7 (C-3), 158.6 (C-9),
145.3 (Carom.), 145.2 (Carom.), 142.6 (Carom.), 128.8 (Carom.), 128.2
(Carom.), 128.1 (Carom.), 126.3 (Carom.), 126.2 (Carom.), 120.9
(Carom.), 81.8 (C-8), 68.0 (C-10), 64.6 (C-2), 54.8 (C-4), 48.4 (C-11),
32.6 (C-6), 28.4 (3� CH3–Boc), 27.8 (C-5), 18.2 (C-1), �1.5 (3�
CH3). HRMS (ESI) m/z: calcd for C29H40NO6Si [M + H]+:
526.2619, found: 526.2598. The spectroscopic data were in
agreement with those previously reported.8

Synthesis of compound 17

Fmoc–D-Glu(O-tBu)–OTMSE (19) (1.00 g, 1.90 mmol) was dis-
solved in CH2Cl2 (30 mL). 2,6-Lutidine (4.42 mL, 38.0 mmol)
and trimethylsilyl triuoromethanesulfonate (TMSOTf, 3.44
mL, 19.0 mmol) were added at 0 �C and stirred for 30 min. The
reaction was stirred for further 30 min at rt followed by slowly
addition of aq. sat. NH4Cl (30 mL). The aqueous phase was
extracted with EtOAc (3 � 40 mL). The organic phase was
washed with 30% AcOH/water, dried over MgSO4 and the
solvent was removed under reduced pressure to yield 866 mg
(1.84 mmol, 97%) of a white, amorphous solid.

Rf 0.44 (10% EtOAc/CH2Cl2). [a]
25
D ¼ +19� (c¼ 1.04 in MeOH).

1H NMR (500 MHz, CD3OD) d ¼ 7.79 (d, J ¼ 7.5 Hz, 2H, Harom.),
7.67 (t, J ¼ 6.3 Hz, 2H, Harom.), 7.39 (t, J ¼ 7.5 Hz, 2H, Harom.),
7.31 (td, J ¼ 7.5, 1.1 Hz, 2H, Harom.), 4.39–4.32 (m, 2H, H-9),
4.24–4.19 (m, 4H, H-2, H-4, H-10), 2.40 (t, J ¼ 7.4 Hz, 2H, H-
6), 2.19–2.12 (m, 1H, H-5), 1.95–1.88 (m, 1H, H-5), 1.02–0.99
(m, 2H, H-1), 0.04 (s, 9H, Si(CH3)3).

13C NMR (126 MHz, CD3OD)
d ¼ 176.3 (C-7), 173.8 (C-3), 158.6 (C-8), 145.3 (Carom.), 145.2
(Carom.), 142.6 (Carom.), 128.2 (Carom.), 128.1 (Carom.), 126.3
(Carom.), 126.2 (Carom.), 120.9 (Carom.), 68.0 (C-9), 64.7 (C-2), 55.0
(C-4), 48.4 (C-10), 31.1 (C-6), 27.7 (C-5), 18.2 (C-1), �1.5 (3�
CH3). HRMS (ESI) m/z: calcd for C25H31NO6SiNa [M + Na]+:
492.1813, found: 492.1817. The spectroscopic data were in
agreement with those previously reported.

Synthesis of compound 28

Boc–D-Ala–OH (27) (1.50 g, 7.93 mmol) and DMAP (194 mg, 1.59
mmol) were dissolved in EtOAc (40 mL) and cooled to 0 �C. 2-
(Trimethylsilyl)ethanol (22) (1.70 mL, 11.9 mmol) and DCC (1 M
in CH2Cl2, 9.51 mL, 9.51 mmol) were added. Aer stirring for
2 h at rt, the reaction was ltered through Celite and the residue
was washed with EtOAc (2 � 20 mL). The solvent was removed
under reduced pressure and the crude product was puried by
ash chromatography (10% EtOAc/cyclohexane) to yield 2.27 g
(7.84 mmol, 99%) of a white, amorphous solid.
RSC Adv., 2022, 12, 15046–15069 | 15057

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01915a


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
4:

36
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Rf 0.17 (10% EtOAc/cyclohexane). [a]25D ¼ +31� (c ¼ 2.00 in
MeOH). 1H NMR (700 MHz, CD3OD) d ¼ 4.25–4.18 (m, 2H, H-2),
4.09 (q, J ¼ 7.2 Hz, 1H, H-4), 1.44 (s, 9H, 3� CH3–Boc), 1.33 (d, J
¼ 7.2 Hz, 3H, H-5), 1.04–1.00 (m, 2H, H-1), 0.06 (s, 9H, Si(CH3)3).
13C NMR (176 MHz, CD3OD) d¼ 175.2 (C-3), 157.9 (C-6), 80.5 (C-
7), 64.4 (C-2), 50.8 (C-4), 28.7 (3� CH3–Boc), 18.2 (C-1), 17.7 (C-
5), �1.5 (3� CH3). HRMS (ESI) m/z: calcd for C13H27NO4SiNa [M
+ Na]+: 312.1597, found: 312.1602. The spectroscopic data were
in agreement with those previously reported.8

Synthesis of compound 26

Boc–D-Ala–TMSE 28 (220 mg, 760 mmol) was dissolved in 20%
TFA/CH2Cl2 (4.5 mL). Aer stirring for 1 h at rt, toluene (15 mL)
was added and the solvent was removed under reduced pressure
to yield 144 mg (760 mmol, quant.) of a white, amorphous solid.

Rf 0.16 (10% MeOH/CH2Cl2). [a]25D ¼ +1.2� (c ¼ 0.82 in
MeOH). 1H NMR (500 MHz, CD3OD) d ¼ 4.35–4.31 (m, 2H, H-2),
4.00 (q, J ¼ 7.2 Hz, 1H, H-4), 1.51 (d, J ¼ 7.2 Hz, 3H, H-5), 1.09–
1.06 (m, 2H, H-1), 0.07 (s, 9H, Si(CH3)3).

13C NMR (126 MHz,
CD3OD) d¼ 171.7 (C-3), 65.8 (C-2), 50.0 (C-4), 18.2 (C-1), 16.6 (C-
5), �1.6 (3� CH3). HRMS (ESI) m/z: calcd for C8H20NO2Si [M +
H]+: 190.1258, found: 190.1263. The spectroscopic data were in
agreement with those previously reported.8

Synthesis of compound 31

Fmoc–L-Lys(N-Boc)–OH (29) (1.50 g, 3.20 mmol) was dissolved
in CH2Cl2 (20 mL) and TFA (20 mL) was added. The mixture was
stirred for 20 min at rt. Aer removing the solvent under
reduced pressure DMF (20 mL) and diisopropylethylamine (2.72
mL, 16.0 mmol) were added. 2-(Trimethylsilyl)ethyl p-nitro-
phenyl carbonate (47) (1.09 g, 3.84 mmol) was dissolved in DMF
(6 mL) and transferred to the reaction solution. Aer stirring for
2 h at rt the solvent was removed under reduced pressure and
the crude product was puried by ash chromatography
(eluting rst with EtOAc, then with 10% MeOH/CH2Cl2/0.1%
AcOH) to yield 1.79 g (3.81 mmol, 99%) of a colorless, amor-
phous solid.

Rf 0.42 (10% MeOH/CH2Cl2). [a]25D ¼ �1.1� (c ¼ 2.42 in
MeOH). 1H NMR (500 MHz, CD3OD) d ¼ 7.80 (d, J ¼ 7.5 Hz, 2H,
Harom.), 7.67 (t, J ¼ 7.4 Hz, 2H, Harom.), 7.39 (t, J ¼ 7.3 Hz, 2H,
Harom.), 7.31 (td, J ¼ 7.5, 1.1 Hz, 2H, Harom.), 4.37–4.34 (m, 2H,
H-8), 4.23 (t, J ¼ 6.9 Hz, 1H, H-9), 4.18–4.08 (m, 3H, H-11, H-2),
3.09 (t, J ¼ 6.9 Hz, 2H, H-6), 1.89–1.82 (m, 1H, H-3), 1.73–1.65
(m, 1H, H-3), 1.55–1.48 (m, 2H, H-5), 1.45–1.39 (m, 2H, H-4),
0.95 (t, J ¼ 8.6 Hz, 2H, H-12), 0.02 (s, 9H, TMS). 13C NMR (126
MHz, CD3OD) d ¼ 159.3 (C-10), 158.7 (C-7), 145.4 (Carom.), 142.6
(Carom.), 128.8 (Carom.), 128.2 (Carom.), 126.3 (Carom.), 120.9
(Carom.), 67.9 (C-8), 63.7 (C-11), 55.9 (C-2), 48.5 (C-9), 41.4 (C-6),
32.7 (C-3), 30.6 (C-5), 24.1 (C-4), 18.7 (C-12), �1.5 (3� CH3).
HRMS (ESI) m/z: calcd for C27H36N2O6SiNa [M + Na]+: 535.2235,
found: 535.2231. The spectroscopic data were in agreement
with those previously reported.15

Synthesis of compound 43

(a) Functionalization of the resin. A frit-containing syringe
was loaded with 2-chlorotrityl chloride resin (36) (280mg, initial
15058 | RSC Adv., 2022, 12, 15046–15069
loading 2.1 mmol g�1). The resin was swelled for 20 min in 3mL
CH2Cl2. The solvent was removed and a solution of Fmoc–D-Ala–
OH (91.5 mg, 0.29 mmol) and DIPEA (201 mL, 1.16 mmol) in
2 mL CH2Cl2 was added. The syringe was shaken for 1 h at rt.
Aer draining the solvent, the resin was washed with DMF (5 �
1 min shaking with 2 mL). The initial resin loading 2.1 mmol
g�1 was reduced in this step to 1.0 mmol g�1. The new loading
was determined by UV-metric Fmoc analysis aer the rst
deprotection. The used amounts for the coupling solutions
used in (c) were calculated with the new reduced loading of
1.0 mmol g�1, which was determined as described in (c2).

(b) Capping of free reaction sites. A solution of DMF (900 mL),
N-methylimidazole (600 mL) and acetic anhydride (300 mL) was
added to the resin and the syringe was shaken for 45 min at rt.
The reaction solution was removed and the resin was washed
with DMF (5 � 1 min shaking with 2 mL).

(c) Deprotection (removal of Fmoc). The resin was shaken
5 min at rt with 20% piperidine/DMF (2 mL). The deprotection
solution was removed and the resin was loaded again with 20%
piperidine/DMF (2 mL) and was shaken for 15 min at rt. Aer
removal of the deprotection solution, the resin was washed with
DMF (4� 1 min shaking with 2 mL), CH2Cl2 (3� 1 min shaking
with 2 mL) and again with DMF (3 � 1 min shaking with 2 mL).

(c2) Deprotection analysis. To get the new loading aer (a) or
to get predictions about the couplings from (d) the deprotection
solutions aer (a) or couplings (d) were collected in a 5 mL
volumetric ask and lled up with 20% piperidine/DMF. A
dilution series was prepared and the loadings were determined
using a UV/Vis-spectrometer and the following formula:

Loading
�
mmol g�1

� ¼ E � Vstock �D

3�m� l

with: E ¼ absorption of the sample solution at 301 nm, Vstock ¼
volume of the stock solution [mL], D¼ dilution factor, 3¼molar
absorption coefficient at 301 nm ¼ 6054 [L mol�1 cm�1], m ¼
sample weight of the resin [mg], l ¼ optical path length of the
cell ¼ 1 [cm].

(d) Coupling. The resin was loaded with a solution of amino
acid (for Fmoc–L-Lys(N-Teoc)–OH, Fmoc–D-Glu(OH)–TMSE 1.5
equiv. and Fmoc–L-Ala–OH 4 equiv.), HBTU (same equiv. as the
used amino acid), HOBt (same equiv. as the used amino acid)
and DIPEA (twice the equiv. of the used amino acid) in DMF (2
mL). The resin was shaken 40 min at rt, washed with DMF (3 �
1 min shaking with 2 mL) and the resin was loaded again with
a fresh reaction solution of the same amino acid and was
shaken for 40 min. Aer this double coupling procedure the
resin was washed with DMF (5 � 1 min shaking with 2 mL).

(e) Cleavage from the solid phase. A solution of 20%
1,1,1,3,3,3-hexauoro-2-propanol (HFIP) in CH2Cl2 (3 mL) was
added to the dry resin and shaken for 3 h at rt. The solvent was
collected and the resin was washed further 2� with 20% HFIP/
CH2Cl2. The solvent was removed under reduced pressure and
the residue dissolved in tBuOH/water and lyophilized to yield
219 mg (82%, 229 mmol) of the tetrapeptide as a white, amor-
phous solid.

Rf 0.19 (10% MeOH/CH2Cl2). [a]25D ¼ �9.0� (c ¼ 0.44 in
MeOH). 1H NMR (700 MHz, (CD3)2SO) d ¼ 12.48 (br, s, 1H,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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COOH), 8.25 (d, J ¼ 7.7 Hz, 1H, NH(Glu)), 8.17–8.13 (m, 1H,
NH(Ala)), 7.90–7.88 (m, 3H, 2� Harom., NH(Lys)), 7.75–7.69 (m,
2H, Harom.), 7.47 (d, J ¼ 7.9 Hz, 1H, NH(Ala)), 7.41 (t, J ¼ 7.4 Hz,
2H, Harom.), 7.32 (t, J ¼ 7.4 Hz, 2H, Harom.), 6.95–6.93 (m, 1H,
NH(Teoc)), 4.28–4.24 (m, 3H, H-4, H-12), 4.22–4.16 (m, 4H, H-8,
H-13, H-10, H-2), 4.14–4.10 (m, 2H, H-23), 4.01–3.98 (m, 2H, H-
20), 2.93–2.89 (m, 2H, H-18), 2.22–2.13 (m, 2H, H-6), 1.99–1.92
(m, 1H, H-7), 1.81–1.73 (m, 1H, H-7), 1.61–1.55 (m, 1H, H-15),
1.47–1.43 (m, 1H, H-15), 1.36–1.32 (m, 2H, H-17), 1.24 (d, J ¼
7.2 Hz, 3H, H-14), 1.24 (d, J ¼ 7.2 Hz, 3H, H-25), 1.22–1.17 (m,
2H, H-16), 0.95–0.93 (m, 2H, H-24), 0.91–0.88 (m, 2H, H-21),
0.01 (s, 9H, Si(CH3)3), �0.00 (s, 9H, Si(CH3)3).

13C NMR (176
MHz, (CD3)2SO) d ¼ 174.0 (C-1), 172.4 (C-9), 171.5 (C-22), 171.1
(C-5), 170.8 (C-3), 156.0 (C-19), 155.3 (C-11), 149.3 (Carom.), 140.4
(Carom.), 127.3 (Carom.H), 126.8 (Carom.H), 125.0 (Carom.H), 119.8
(Carom.H), 65.4 (C-12), 62.3 (C-23), 61.0 (C-20), 51.9 (C-4), 51.5 (C-
8), 49.6 (C-10), 47.2 (C-2), 46.4 (C-13), 39.8 (C-18), 31.8 (C-15),
31.0 (C-6), 28.9 (C-17), 26.9 (C-7), 22.3 (C-16), 18.4 (C-14), 17.1
(C-25), 16.9 (C-21), 16.5 (C-24), �1.4 ((Lys)Si(CH3)3), �1.5 ((Glu)
Si(CH3)3). HRMS (ESI) m/z: calcd for C43H66N5O11Si2 [M + H]+:
884.4279, found: 884.4279. The spectroscopic data were in
agreement with those previously reported.8
Synthesis of compound 40

To a solution of Fmoc–L-Ala–g-D-Glu(O-TMSE)–L-Lys(N-Teoc)–D-
Ala–COOH (43) (25.0 mg, 28.7 mmol), PyBOB (22.1 mg, 42.4
mmol) and HOBt (5.73 mg, 42.4 mmol) in DMF (0.5 mL) was
added dropwise a solution of H2N–D-Ala-O–TMSE 26 (7.49 mg,
39.6 mmol), DIPEA (24.0 mL, 141 mmol) in DMF (0.5 mL). Aer
stirring for 25 min at rt the solvent was removed under reduced
pressure and the crude product was puried by HPLC (85% can/
water, retention time 14.6 min, using a KNAUER Eurospher II
100-5 C18; 5 mm; 250 � 16 mm + precolumn 30 � 16 mm, 265
nm) to yield 28.3 mg (26.8 mmol, 95%) of a white, amorphous
solid.

Rf 0.34 (10%MeOH/CH2Cl2). [a]
25
D ¼ +10� (c¼ 0.60 inMeOH).

1H NMR (700 MHz, (CD3)2SO) d ¼ 8.24 (d, J ¼ 7.7 Hz, 1H,
NH(Glu)), 8.16 (d, J ¼ 7.5 Hz, 1H, NH(D-Ala)), 8.14 (d, J ¼ 7.5 Hz,
1H, NH(D-Ala)), 8.00 (d, J ¼ 7.3 Hz, 1H, NH(Lys)), 7.89 (d, J ¼
7.4 Hz, 2H, Harom.), 7.75–7.69 (m, 2H, Harom.), 7.47 (d, J¼ 7.5 Hz,
1H, NH(L-Ala)), 7.41 (t, J ¼ 7.4 Hz, 2H, Harom.), 7.32 (t, 2H, J ¼
7.4 Hz, Harom.), 6.94 (t, J ¼ 5.4 Hz, 1H, NH(Teoc)), 4.30 (q, J ¼
7.5 Hz, 1H, H-6), 4.24 (d, J ¼ 7.0 Hz, 2H, H-16), 4.21–4.07 (m,
12H, H-12, H-8, H-4, H-14, H-2, H-17, H-28), 4.01–3.99 (m, 2H,
H-25), 2.92–2.90 (m, 2H, H-23), 2.21–2.12 (m, 2H, H-10), 1.95–
1.90 (m, 1H, H-11), 1.80–1.75 (m, 1H, H-11), 1.59–1.54 (m, 1H,
H-20), 1.47–1.44 (m, 1H, H-20), 1.35 (p, J ¼ 6.8 Hz, 2H, H-22),
1.28 (d, J ¼ 7.3 Hz, 3H, H-18), 1.23 (d, J ¼ 7.5 Hz, 3H, H-30),
1.19 (d, J ¼ 7.0 Hz, 3H, H-19), 1.26–1.15 (m, 2H, H-21), 0.94–
0.88 (m, 6H, H-1, H-26, H-28), 0.01 (s, 9H, Si(CH3)3), 0.01 (s, 9H,
Si(CH3)3), 0.00 (s, 9H, Si(CH3)3).

13C NMR (176 MHz, (CD3)2SO)
d ¼ 172.2 (C-14), 171.9 (C-3), 171.3 (C-5), 171.0 (C-27), 171.0 (C-
7), 171.0 (C-9), 156.2 (C-24), 155.4 (C-15), 143.6 (Carom.), 140.6
(Carom.), 127.5 (Carom.H), 126.9 (Carom.H), 125.2 (Carom.H), 120.0
(Carom.H), 65.5 (C-16), 62.4 (C-28), 62.3 (C-2), 61.2 (C-25), 52.7 (C-
8), 51.6 (C-12), 49.7 (C-14), 47.6 (C-4), 47.4 (C-6), 46.5 (C-17), 39.7
© 2022 The Author(s). Published by the Royal Society of Chemistry
(C-23), 31.3 (C-20), 31.1 (C-11), 29.1 (C-22), 26.9 (C-11), 22.5 (C-
21), 18.5 (C-30), 17.9 (C-19), 17.3 (C-26), 16.7 (C-29), 16.6 (C-1),
16.6 (C-18), �1.6 (Si(CH3)3), �1.6 (Si(CH3)3), �1.7 (Si(CH3)3).
HRMS (ESI) m/z: calcd for C51H81N6O12Si3Na [M + Na]+:
1077.5191, found: 1077.5195. The spectroscopic data were in
agreement with those previously reported.8

Synthesis of compound 44

Fmoc–L-Ala–g-D-Glu(O-TMSE)–L-Lys(N-Teoc)–D-Ala–D-Ala–O-
TMSE 40 (100 mg, 94.7 mmol) was dissolved in 20% piperidine/
DMF (1 mL). Aer stirring for 30 min at rt, the solvent was
removed under reduced pressure. The crude product was puri-
ed by ash chromatography (10% MeOH/CH2Cl2) to yield
60.3 mg (72.4 mmol, 76%) of a white, amorphous solid.

Rf 0.23 (10%MeOH/CH2Cl2). [a]
25
D ¼ +23� (c¼ 0.44 inMeOH).

1H NMR (700 MHz, (CD3)2SO) d ¼ 8.15 (d, J ¼ 7.9 Hz, 1H, NH(D-
Ala)), 8.14 (d, J ¼ 7.9 Hz, 1H, NH(D-Ala)) 8.08 (d, J ¼ 6.8 Hz, 1H,
NH(Glu)), 8.00 (d, J ¼ 7.3 Hz, 1H, NH(Lys)), 6.94 (t, J ¼ 5.5 Hz,
1H, NH(Teoc)), 4.31–4.27 (m, 1H, H-6), 4.21–4.17 (m, 2H, H-4,
H-12), 4.17–4.08 (m, 5H, H-8, H-2, H-25), 4.02–3.97 (m, 2H, H-
22), 3.29 (q, J ¼ 6.9 Hz, 1H, H-14) 2.91 (dt, J ¼ 6.8 Hz, 2H, H-
20), 2.52 (m, 2H, NH2), 2.21–2.13 (m, 2H, H-10), 1.97–1.92 (m,
1H, H-11), 1.81–1.76 (m, 1H, H-11), 1.59–1.54 (m, 1H, H-17),
1.49–1.44 (m, 1H, H-17), 1.35 (p, J ¼ 7.5 Hz, 2H, H-19), 1.28
(d, J ¼ 7.3 Hz, 3H, H-15), 1.26–1.22 (m, 2H, H-18), 1.19 (d, J ¼
7.1 Hz, 3H, H-16), 1.11 (d, J ¼ 6.9 Hz, 3H, H-27), 0.96–0.88 (m,
6H, H-1, H-23, H-26), 0.02 (s, 18H, 2� Si(CH3)3), 0.01 (s, 9H,
Si(CH3)3).

13C NMR (176 MHz, (CD3)2SO) d ¼ 175.7 (C-13), 172.1
(C-3), 171.7 (C-5), 171.6 (C-24), 171.2 (C-9), 171.1 (C-7), 156.0 (C-
21) 62.3 (C-25), 62.2 (C-2), 61.0 (C-22), 52.6 (C-8), 51.1 (C-12),
49.8 (C-14), 47.4 (C-4), 47.2 (C-6), 39.7 (C-20), 31.2 (C-17), 31.0
(C-10), 28.9 (C-19), 26.9 (C-11), 22.3 (C-18), 21.3 (C-27), 17.7 (C-
16), 17.1 (C-23), 16.5 (C-26), 16.5 (C-1), 16.4 (C-15), �1.7 (2�
Si(CH3)3), �1.8 (Si(CH3)3), �1.8 (Si(CH3)3). HRMS (ESI) m/z:
calcd for C36H73N6O10Si3 [M + H]+: 833.4690, found: 833.4690.
The spectroscopic data were in agreement with those previously
reported.34

Synthesis of compound 35

Glycine (34) (250 mg, 3.33 mmol) was dissolved in 50% dioxane/
water (8 mL) and NEt3 (1.38 mL, 9.99 mmol) and N-(2-(trime-
thylsilyl)ethoxycarbonyloxy)succinimide (950 mg, 3.66 mmol)
were added. The solution was stirred at rt and diluted with water
(20 mL). Citric acid 0.5 M (aq.) was added until the pH turned 4.
The aqueous phase was extracted with diethylether (3 � 40 mL)
and the combined ether layer was washed twice with water (15
mL). The organic phase was dried over MgSO4 and the solvent
was removed under reduced pressure to yield 714 mg
(3.26 mmol, 98%) of a white, amorphous solid.

Rf 0.41 (10%MeOH/0.1% AcOH/CH2Cl2).
1H NMR (500 MHz,

CD3OD) d ¼ 4.18–4.14 (m, 2H, H-4), 3.80 (s, 2H, H-2), 1.02–0.99
(m, 2H, H-5), 0.05 (s, 9H, Si(CH3)3).

13C NMR (126 MHz, CD3OD)
d¼ 173.7 (C-1), 159.4 (C-3), 64.2 (C-4), 43.0 (C-2), 18.6 (C-5),�1.5
(3� CH3). HRMS (ESI) m/z: calcd for C8H16NO4Si [M � H]�:
218.0854, found: 218.0851. The spectroscopic data were in
agreement with those previously reported.8
RSC Adv., 2022, 12, 15046–15069 | 15059
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Synthesis of compound 54

(a) Functionalization of the resin. A frit-containing syringe
was loaded with 2-chlorotrityl chloride resin (137 mg, initial
loading 2.1 mmol g�1). The resin was swelled for 20 min in
CH2Cl2 (2 mL). The solvent was removed and a solution of
Fmoc–D-Ala–OH (44.7 mg, 142 mmol) and DIPEA (98.3 mL, 0.57
mmol) in CH2Cl2 (1 mL) was added. The syringe was shaken for
1 h at rt. Aer draining the solvent, the resin was washed with
DMF (5 � 1 min shaking with 2 mL). The initial resin loading
2.1 mmol g�1 was reduced in this step to 1.0 mmol g�1. The new
loading was determined by UV-metric Fmoc analysis aer the
rst deprotection. The used amounts for the coupling solutions
used in (c) were calculated with the new reduced loading of
1.0 mmol g�1, which was determined as described in (c2).

(b) Capping of free reaction sites. A solution of DMF (450 mL),
N-methylimidazole (300 mL) and acetic anhydride (150 mL) was
added to the resin and the syringe was shaken for 45 min at rt.
The reaction solution was removed and the resin was washed
with DMF (5 � 1 min shaking with 2 mL).

(c) Deprotection (removal of Fmoc). The resin was shaken
5 min at rt with 20% piperidine/DMF (2 mL). The deprotection
solution was removed and the resin was loaded again with 20%
piperidine/DMF (2 mL) and was shaken for 15 min at rt. Aer
removal of the deprotection solution, the resin was washed with
DMF (4� 1 min shaking with 2 mL), CH2Cl2 (3� 1 min shaking
with 2 mL) and again with DMF (3 � 1 min shaking with 2 mL).

(c2) Deprotection analysis. To get the new loading aer (a) or
to get predictions about the couplings from (d) the deprotection
solutions aer (a) or couplings (d) were collected in a 5 mL
volumetric ask and lled up with 20% piperidine/DMF. A
dilution series was prepared and the loadings were determined
using a UV/Vis-spectrometer and the following formula:

Loading
�
mmol g�1

� ¼ E � Vstock �D

3�m� l

with: E ¼ absorption of the sample solution at 301 nm, Vstock ¼
volume of the stock solution [mL], D¼ dilution factor, 3¼molar
absorption coefficient at 301 nm ¼ 6054 [L mol�1 cm�1], m ¼
sample weight of the resin [mg], l ¼ optical path length of the
cell ¼ 1 [cm].

(d) Coupling. The resin was loaded with a solution of amino
acid (for Alloc–L-Lys(N-Fmoc)–OH, Fmoc–D-Glu(OH)–TMSE 1.5
equiv. and Fmoc–Gly–OH, Teoc–Gly–OH, Fmoc–L-Ala–OH 4
equiv.), HBTU (same equiv. as the used amino acid), HOBt
(same equiv. as the used amino acid) and DIPEA (twice the
equiv. of the used amino acid) in 2 mL DMF. The resin was
shaken 40 min at rt washed with DMF (3� 1 min shaking with 2
mL) and the resin was loaded again with a fresh reaction
solution of the same amino acid and was shaken again for
40 min. Aer this double coupling procedure the resin was
washed with DMF (5 � 1 min shaking with 2 mL).

(e) Cleavage from the solid phase. A solution of 20%
1,1,1,3,3,3-hexauoro-2-propanol (HFIP) in CH2Cl2 (3 mL) was
added to the dry resin and shaken for 3 h at rt. The solvent was
collected and the resin was washed further 2 � with 20% HFIP/
CH2Cl2. The solvent was added slowly to cold ether resulting in
15060 | RSC Adv., 2022, 12, 15046–15069
precipitation and aer centrifugation the supernatant solvent
was discarded and the precipitate dissolved in tBuOH/water and
lyophilized to yield 133 mg (114 mmol, 83%) of the nonapeptide
as a white, amorphous solid. Aer the glycine couplings and
before the alloc removal a test cleavage from the resin was
performed with 15.0 mg to yield 9.10 mg of the alloc protected
heptapeptide.

(f) Deprotection (removal of alloc). The peptide containing
resin was dried at HV and ushed with argon. CH2Cl2 (0.5 mL)
were added and the suspension was stirred for 15 min at rt.
Then, phenylsilane (591 mL, 4.79 mmol) in 1 mL CH2Cl2 and
Pd(PPh3)4 (57.6 mg, 49.9 mmol) in 3 mL CH2Cl2 were added and
the reaction was stirred for 2 h at rt. The suspension was lled
back to a syringe containing a frit and the solvent was drained.
The resin was washed with CH2Cl2 (6 � 1 min shaking with 3
mL), DMF (4� 1 min shaking with 3 mL) and again with CH2Cl2
(4 � 1 min shaking with 3 mL). Before the next coupling the
resin was swollen again with 2 mL of DMF for 20 min at rt and
the solvent was drained.

Characterization data for compound 52 (test cleavage)

Rf 0.30 (20% MeOH/CH2Cl2). [a]
25
D ¼ �3.5� (c ¼ 0.28 in MeOH).

1H NMR (700 MHz, (CD3)2SO) d ¼ 8.22–8.16 (br, m, 2H, 2�
NH(Gly)), 8.10 (t, J ¼ 5.2 Hz, 2H, 2� NH(Gly)), 8.04 (s, 1H,
NH(Ala)), 7.73 (t, J ¼ 5.6 Hz, 1H, NH(Lys)), 7.27–7.23 (m, 2H,
NH(Lys), NH(Teoc)), 5.93–5.87 (m, 1H, H-24), 5.29 (dd, J ¼
17.2 Hz (trans coupling), 1.5 Hz, 1H, H-25), 5.17 (d, J ¼ 10.5 Hz
(cis coupling), 1.2 Hz, 1H, H-25), 4.46 (d, J ¼ 5.2 Hz, 2H, H-23),
4.17–4.12 (m, 1H, H-2), 4.05–4.02 (m, 2H, H-20), 3.98–3.96 (m,
1H, H-4), 3.75 (d, J ¼ 5.7 Hz, 2H, H-14), 3.75 (d, J ¼ 5.7 Hz, 2H,
H-16), 3.73 (d, J ¼ 5.8 Hz, 2H, H-12), 3.65 (d, J ¼ 5.9 Hz, 2H, H-
10), 3.62 (d, J ¼ 6.0 Hz, 2H, H-18), 3.02 (q, J ¼ 6.7 Hz, 2H, H-8),
1.63–1.54 (m, 1H, H-5), 1.52–1.47 (m, 1H, H-5), 1.40–1.34 (m,
2H, H-7), 1.31–1.26 (m, 2H, H-6), 1.24 (d, J ¼ 7.2 Hz, 3H, H-26),
0.93–0.91 (m, 2H, H-21), 0.02 (s, 9H, Si(CH3)3).

13C NMR (176
MHz, (CD3)2SO) d ¼ 174.0 (C-1), 171.5 (C-3), 169.7 (C-17), 169.3
(C-15), 169.3 (C-13), 169.0 (C-11), 168.4 (C-9), 156.7 (C-19), 155.7
(C-22), 133.6 (C-24), 116.9 (C-25), 64.4 (23), 61.9 (C-20), 54.4 (C-
4), 47.7 (C-2), 43.5 (C-18), 42.1 (C-16), 42.0 (C-14), 42.0 (C-12),
42.0 (C-10), 38.3 (C-8), 31.8 (C-5), 28.6 (C-7), 22.7 (C-6), 17.6
(C-21), 17.3 (C-26), �1.4 (Si(CH3)3). HRMS (ESI) m/z: calcd for
C29H49N8O12Si [M + H]+: 729.3245, found: 729.3241.

Characterization data for compound 54

Rf 0.21 (15% MeOH/CH2Cl2). [a]
25
D ¼ �2.8� (c ¼ 0.70 in MeOH).

1H NMR (700 MHz, (CD3)2SO) d ¼ 8.26 (d, J ¼ 7.5 Hz, 1H,
NH(Glu)), 8.19 (br, s, 2H, 2� NH(Gly)), 8.10–8.07 (m, 3H, 2�
NH(Gly), NH–D-Ala), 7.91 (d, J ¼ 8.2 Hz, 1H, NH(Lys)), 7.89 (d, J
¼ 7.5 Hz, 2H, Harom.), 7.74–7.71 (m, 3H, NH(Lysside chain), 2�
Harom.), 7.48 (d, J¼ 7.0 Hz, 1H, NH–L-Ala), 7.41 (t, J¼ 7.8 Hz, 2H,
Harom.), 7.32 (t, J ¼ 7.4 Hz, 2H, Harom.), 7.23 (t, J ¼ 5.9 Hz, 1H,
NH(Teoc)), 4.25–4.10 (m, 9H, H-33, H-12, H-13, H-10, H-2, H-4,
H-8), 4.04–4.02 (m, 2H, H-30), 3.75 (d, J¼ 5.7 Hz, 2H, H-24), 3.75
(d, J ¼ 5.7 Hz, 2H, H-26), 3.73 (d, J ¼ 5.8 Hz, 2H, H-22), 3.65 (d, J
¼ 5.8 Hz, 2H, H-20), 3.62 (d, J ¼ 5.9 Hz, 2H, H-28), 3.01 (q, J ¼
6.4 Hz, 2H, H-18), 2.22–2.14 (m, 2H, H-6), 1.98–1.93 (m, 1H, H-
© 2022 The Author(s). Published by the Royal Society of Chemistry
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7), 1.81–1.75 (m, 1H, H-7), 1.62–1.57 (m, 1H, H-15), 1.47–1.46
(m, 1H, H-15), 1.36 (p, J ¼ 7.1 Hz, 2H, H-17), 1.24 (d, J ¼ 7.0 Hz,
3H, H-35), 1.23 (d, J ¼ 7.3 Hz, 3H, H-14), 1.28–1.19 (m, 2H, H-
16), 0.95–0.90 (m, 4H, H-31, H-34), 0.02 (s, 9H, Si(CH3)3), 0.00
(s, 9H, Si(CH3)3).

13C NMR (176 MHz, (CD3)2SO) d ¼ 174.0 (C-1),
172.7 (C-9), 171.7(C-3), 171.3 (C-32), 171.1 (C-5), 169.7 (C-27),
169.3 (C-25), 169.3 (C-23), 169.0 (C-21), 168.4 (C-19), 156.7 (C-
29), 155.6 (C-11), 143.8 (Carom.), 140.7 (Carom.), 127.6 (Carom.H),
127.1 (Carom.H), 125.3 (Carom.H), 120.1 (Carom.H), 65.7 (C-12),
62.6 (C-33), 61.9 (C-30), 52.3 (C-4), 51.7 (C-8), 49.8 (C-10), 47.6
(C-2) 46.6 (C-13), 43.5 (C-28), 42.1 (C-24), 42.1 (C-22), 42.0 (C-26),
42.0 (C-20), 38.4 (C-18), 31.9 (C-15), 31.3 (C-6) 28.7 (C-17), 27.1
(C-7), 22.6 (C-16), 18.6 (C-14), 17.3 (C-35), 16.8 (C-31), 16.8 (C-
34), �1.4 (Si(CH3)3), �1.5 (Si(CH3)3). HRMS (ESI) m/z: calcd
for C53H79N10O16Si2 [M + H]+: 1167.5220, found: 1167.5216. The
spectroscopic data were in agreement with those previously
reported.8
Synthesis of alanine derivative of 54 (compound 68)

Fmoc–L-Ala–g-D-Glu(O-TMSE)–L-Lys((Gly)5–Teoc)–D-Ala–COOH
(54) (60.0 mg, 51.3 mmol), PyBOB (40.1 mg, 76.9 mmol), HOBt
(10.4 mg, 76.9 mmol) and H2N–D-Ala–O-TMSE 26 (13.6 mg, 71.8
mmol) were dissolved in DMF (2 mL) and DIPEA (34.9 mL, 205
mmol) was added immediately. Aer stirring for 40 min at rt the
solvent was removed under reduced pressure and the crude
product was dissolved in a minimum DMF and added to ice
cold diethyl ether. The formed precipitate was ltered and
washed with cold ether and dichloromethane, redissolved in
MeOH and the solvent was removed under reduced pressure to
yield to yield 38.5 mg (28.7 mmol, 56%) of a white, amorphous
solid.

Rf 0.27 (10% MeOH/CH2Cl2). [a]25D ¼ +7.4� (c ¼ 0.68 in
MeOH). 1H NMR (700 MHz, (CD3)2SO) d ¼ 8.24 (d, J ¼ 7.6 Hz,
1H, NH(Glu)), 8.17–8.12 (m, 4H, 2� NH–D-Ala, 2� NH(Gly)),
8.08–8.04 (m, 2H, 2� NH(Gly)), 8.01 (d, J¼ 7.4 Hz, 1H, NH(Lys)),
7.89 (d, J ¼ 7.6 Hz, 2H, Harom.), 7.73–7.70 (m, 3H, NH(Lysside
chain), 2� Harom.), 7.47 (d, J ¼ 7.0 Hz, 1H, NH–L-Ala), 7.41 (t, J ¼
7.4 Hz, 2H, Harom.), 7.32 (t, J ¼ 7.3 Hz, 2H, Harom.), 7.22 (t, J ¼
6.0 Hz, 1H, NH(Teoc)), 4.31 (q, J ¼ 7.6 Hz, 1H, H-6), 4.25–4.07
(m, 11H, H-2, H-38, H-16, H-17, H-14, H-12, H-8, H-4), 4.04–4.02
(m, 2H, H-35), 3.75 (d, J ¼ 5.6 Hz, 2H, H-31), 3.75 (d, J ¼ 5.6 Hz,
2H, H-29), 3.73 (d, J ¼ 5.8 Hz, 2H, H-27), 3.65 (d, J ¼ 5.8 Hz, 2H,
H-25), 3.62 (d, J ¼ 6.0 Hz, 2H, H-33), 3.02–2.99 (m, 2H, H-23),
2.22–2.12 (m, 2H, H-10), 1.95–1.90 (m, 1H, H-11), 1.80–1.76
(m, 1H, H-11), 1.60–1.56 (m, 1H, H-20), 1.50–1.45 (m, 1H, H-20),
1.39–1.35 (m, 2H, H-22), 1.28 (d, J¼ 7.3 Hz, 3H, H-18), 1.27–1.20
(m, 2H, H-21), 1.23 (d, J ¼ 7.1 Hz, 3H, H-40), 1.19 (d, J ¼ 7.1 Hz,
3H, H-19), 0.94–0.90 (m, 6H, H-1, H-36, H-39), 0.02 (s, 9H,
Si(CH3)3), 0.01 (s, 9H, Si(CH3)3), 0.00 (s, 9H, Si(CH3)3).

13C NMR
(176 MHz, (CD3)2SO) d ¼ 172.7 (C-13), 172.4 (C-3), 172.0 (C-5),
171.7 (C-7), 171.5 (C-37), 171.4 (C-9), 169.7 (C-32), 169.3 (C-30),
169.3 (C-28), 169.0 (C-26), 168.4 (C-24), 156.7 (C-34), 155.6 (C-
15), 143.8 (Carom.), 140.7 (Carom.), 127.6 (Carom.), 127.1 (Carom.),
125.3 (Carom.), 120.1 (Carom.), 65.7 (C-16), 62.6 (C-38), 62.5 (C-2),
61.9 (C-35), 52.8 (C-8), 51.7 (C-12), 49.8 (C-14), 47.7 (C-4), 47.5 (C-
6), 46.6 (C-17), 43.5 (C-33), 42.1 (C-29), 42.1 (C-27), 42.0 (C-31),
© 2022 The Author(s). Published by the Royal Society of Chemistry
42.0 (C-25), 38.4 (C-23), 31.4 (C-20), 31.2 (C-10), 28.8 (C-22),
27.0 (C-11), 22.7 (C-21), 18.7 (C-40), 18.1 (C-19), 17.3 (C-18),
16.8 (C-36), 16.7 (C-1), 16.7 (C-39), �1.4 (Si(CH3)3), �1.5
(Si(CH3)3), �1.5 (Si(CH3)3). HRMS (ESI) m/z: calcd for C61H97-
N11O17Si3Na [M + Na]+: 1362.6264, found: 1362.6238. The
spectroscopic data were in agreement with those previously
reported.8

Synthesis of compound 45

Fmoc–L-Ala–g-D-Glu(O-TMSE)–L-Lys((Gly)5–Teoc)–D-Ala–D-Ala–
O-TMSE (68) (35.0 mg, 26.1 mmol) was dissolved in 20%
piperidine/DMF (2 mL). Aer stirring for 30 min at rt the solvent
was removed under reduced pressure. Cold diethyl ether was
added and the resulting precipitate was ltered, washed with
cold diethyl ether, dissolved in MeOH and the solvent was
removed under reduced pressure to yield 25.5 mg (22.8 mmol,
87%) of a white, amorphous solid.

Rf 0.53 (22%MeOH/CH2Cl2). [a]
25
D ¼ +10� (c¼ 0.99 inMeOH).

1H NMR (700 MHz, (CD3)2SO) d ¼ 8.22–8.11 (m, 5H, NH(Glu),
2� NH–D-Ala, 2� NH(Gly)), 8.07 (dt, J ¼ 11.3, 5.7 Hz, 2H, 2�
NH(Gly)), 8.01 (d, J ¼ 7.4 Hz, 1H, NH(Lys)), 7.73 (t, J ¼ 5.5 Hz,
1H, NH(Lysside chain)), 7.22 (t, J ¼ 5.9 Hz, 1H, NH(Teoc)), 4.29 (p,
J ¼ 7.1 Hz, 1H, H-6), 4.20–4.08 (m, 7H, H-2, H-4, H-8, H-12, H-
35), 4.06–3.99 (m, 2H, H-32), 3.75 (d, J ¼ 5.5 Hz, 2H, H-28),
3.75 (d, J ¼ 5.5 Hz, 2H, H-26) 3.73 (d, J ¼ 5.8 Hz, 2H, H-24),
3.65 (d, J ¼ 5.8 Hz, 2H, H-22), 3.62 (d, J ¼ 6.0 Hz, 2H, H-30),
3.29 (q, J ¼ 6.9 Hz, 1H, H-14), 3.01 (q, J ¼ 6.9 Hz, 2H, H-20),
2.52 (m, 2H, NH2), 2.20–2.14 (m, 2H, H-10), 1.97–1.95 (m, 1H,
H-11), 1.80–1.78 (m, 1H, H-11), 1.61–1.56 (m, 1H, H-17), 1.49–
1.46 (m, 1H, H-17), 1.39–1.34 (m, 2H, H-19), 1.28 (d, J ¼ 7.3 Hz,
3H, H-15), 1.28–1.19 (m, 2H, H-18), 1.19 (d, J ¼ 7.1 Hz, 3H, H-
16), 1.16 (d, J ¼ 6.9 Hz, 3H, H-37), 0.96–0.91 (m, 6H, H-1, H-
26, H-33), 0.02 (s, 9H, Si(CH3)3), 0.02 (s, 9H, Si(CH3)3), 0.02 (s,
9H, Si(CH3)3).

13C NMR (176 MHz, (CD3)2SO) d ¼ 172.4 (C-3),
172.0 (C-5), 171.8 (C-7), 171.5 (C-34), 171.4 (C-9), 169.7 (C-29),
169.3 (C-27), 169.3 (C-25), 169.0 (C-23), 168.4 (C-21), 156.7 (C-
31), 62.7 (C-35), 62.5 (C-2), 61.9 (C-32), 52.8 (C-8), 51.5 (C-12),
49.8 (C-14), 47.7 (C-4), 47.5 (C-6), 43.5 (C-30), 42.1 (C-26), 42.1
(C-24), 42.0 (C-28), 42.0 (C-22), 38.4 (C-20), 31.4 (C-17), 31.2 (C-
10), 28.8 (C-19), 27.1 (C-11), 22.7 (C-18), 20.9 (C-37) 18.0 (C-
16), 17.3 (C-15), 16.8 (C-33), 16.8 (C-1), 16.7 (C-39), �1.4
(Si(CH3)3), �1.5 (Si(CH3)3), �1.5 (Si(CH3)3). HRMS (ESI) m/z:
calcd for C46H88N11O15Si3 [M + H]+: 1118.5764, found:
1118.5750. The spectroscopic data were in agreement with
those previously reported.8

Synthesis of compound 33

L-Ala (250.0 mg, 2.81 mmol, 1.00 equiv.) was dissolved in 50%
dioxane/water (6.7 mL) and triethylamine (1.2 mL, 8.43 mmol,
3.00 equiv.) and Teoc–OSu (802 mg, 3.1 mmol, 1.10 equiv.) were
added. The reaction mixture was stirred overnight at room
temperature and then diluted with water (17 mL). Aerwards
a 0.5 M solution of citric acid in water was added until the pH
turned 4. The aqueous phase was extracted with diethyl ether (3
� 35 mL) and the organic phase was washed with water (2 � 13
mL). The combined organic phases were dried over magnesium
RSC Adv., 2022, 12, 15046–15069 | 15061
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sulfate and the solvent was removed under reduced pressure to
yield 656 mg (2.81 mmol, quant.) of a colorless, amorphous
solid. The product was used without further purication.

Rf ¼ 0.55 (10%MeOH/0.1% AcOH/CH2Cl2). [a]
25
D ¼ +3.4� (c ¼

1.20 in MeOH). 1H-NMR (500 MHz, CD3OD) d ¼ 15.93 (br, 1H,
COOH), 7.05 (d, J¼ 7.2 Hz, 1H, NH), 4.17 (t, J¼ 6.8 Hz, 1H, H-2),
4.14 (t, J ¼ 7.1 Hz, 2H, H-4), 1.37 (d, J ¼ 7.3 Hz, 3H, H-6), 1.02–
0.98 (m, 2H, H-5), 0.05 (s, 9H, TMS). 13C-NMR (126 MHz,
CD3OD) d ¼ 176.6 (C-1), 158.7 (C-3), 64.0 (C-4), 50.7 (C-2), 18.6
(C-5), 17.9 (C-6), �1.5 (3� CH3). HRMS (ESI) m/z: calcd for
C9H20NO4Si [M + H]+: 323.1633, found: 323.1639.
Synthesis of compound 56

(a) Funtionalization of the resin. The 2-chloro-trityl resin (36)
(200 mg, initial loading: 1.39 mmol g�1) was lled in a syringe
containing a frit. First the resin was swollen in CH2Cl2 (2 mL)
for 20 min. The solvent was removed and a solution of Fmoc–D-
Ala–OH (173 mg, 556 mmol, 2.00 equiv.) and DIPEA (95.2 mL,
556.0 mmol, 2.00 equiv.) in CH2Cl2 (2 mL) was added. The
syringe was shaken for 1 h at room temperature. Aerwards the
solvent was discarded and the resin washed with DMF (5 �
1 min shaking with 2 mL).

(b) Deprotection (removal of Fmoc). To remove the Fmoc-
protection group a solution of 20% piperidine/DMF (2 mL)
was added to the resin and shaken for 5 min at room temper-
ature. The deprotection solution was discarded and again 2 mL
of a 20% piperidine/DMF solution were added. The syringe was
shaken for 15 min at room temperature. Aerwards the resin
was washed with DMF (4� 1 min shaking with 2 mL), CH2Cl2 (3
� 1 min shaking with 2 mL) and again DMF (3 � 1 min shaking
with 2 mL).

(c) Coupling. To introduce a new amino acid to the growing
chain the resin was loaded with a solution of the amino acid (for
Fmoc–L-Lys(Teoc)–OH, Fmoc–D-Glu(OH)–OTMSE 1.50 equiv.
and Fmoc–L-Ala–OH$H2O 4.00 equiv.), HBTU (same equivalents
as the used amino acid), HOBt (same equivalents as the used
amino acid) and DIPEA (twice the equivalents as the used amino
acid) in DMF (2 mL). The resin was shaken for 30 min at room
temperature, washed with DMF (3 � 1 min shaking with 2 mL)
and loaded again with fresh reaction solution. Aer the double
coupling procedure the resin was washed with DMF (5 � 1 min
shaking with 2 mL).

(d) Cleavage from the solid phase. The resin was loaded with
2 mL of a 20%HFIP/CH2Cl2 solution and shaken for 3 h at room
temperature. The solvent was collected and the resin washed
with the cleavage solution (2 � 1 min with 2 mL). To the
combined organic phases ice cold diethyl ether was added and
the suspension centrifuged. The supernatant was discarded and
the precipitant dissolved in tBuOH/H2O and lyophilised to yield
213.4 mg of a colorless, amorphous solid (207.9 mmol, 75%).

(e) Deprotection (removal of alloc). Aer the completed
synthesis of the side chain the peptide containing resin was
dried at HV and ushed with argon. CH2Cl2 (0.73 mL) was
added and the suspension was stirred 15 min at room
temperature. Aerwards phenylsilane (722 mL, 5.85 mmol) in
1.5 mL CH2Cl2 and Pd(PPh3)4 (80.3 mg, 69.49 mmol) in 4.4 mL
15062 | RSC Adv., 2022, 12, 15046–15069
CH2Cl2 were added and the reaction was stirred for 2 h at room
temperature. The suspension was lled back to a syringe con-
taining a frit and the solvent was drained. The resin was washed
with CH2Cl2 (6 � 1 min shaking with 4 mL), DMF (4 � 1 min
shaking with 4 mL) and again with CH2Cl2 (4 � 1 min shaking
with 4 mL). Before the next coupling the resin was swollen again
with 2 mL of DMF for 20 min at room temperature and the
solvent was discarded.

Rf ¼ 0.24 (10% MeOH/CH2Cl2). [a]
25
D ¼ �5.8� (c ¼ 0.88 in

MeOH). 1H-NMR (700 MHz, (CD3)2SO) d ¼ 12.53 (br, 1H,
COOH), 8.26 (d, J ¼ 7.6 Hz, 1H, NH–Glu), 8.09 (m, J ¼ 7.6 Hz,
1H, NH–D-Ala), 7.91 (d, J ¼ 8.4 Hz, 1H, NH–Lys), 7.89 (d, J ¼
7.5 Hz, 2H, Harom.), 7.83 (m, 1H, NH–Ala), 7.77 (m, 1H,
NH(Lysside chain)), 7.73 (dd, J ¼ 7.8 Hz, 1.8 Hz, 2H, Harom.), 7.47
(d, J ¼ 7.8 Hz, 1H, NH–Ala), 7.41 (td, J ¼ 7.4 Hz, 1.1 Hz, 2H,
Harom.), 7.32 (td, J ¼ 7.4 Hz, 1.2 Hz, 2H, Harom.), 7.20 (d, J ¼
7.5 Hz, 1H, NH(Teoc)), 4.25 (s, 1H, H-4), 4.24 (s, 2H, H-12), 4.22–
4.15 (m, 4H, H-2, H-8, H-10, H-13), 4.15–4.09 (m, 2H, H-29),
4.05–3.97 (m, 2H, H24), 3.06–3.00 (m, 1H, H-18), 2.98–2.92 (m,
1H, H-18), 2.23–2.13 (m, 2H, H-6), 1.99–1.92 (m, 1H, H-7), 1.83–
1.75 (m, 1H, H-7), 1.63–1.56 (m, 1H, H-15), 1.49–1.42 (m, 1H, H-
15), 1.39–1.31 (m, 2H, H-17), 1.24 (d, J ¼ 5.1 Hz, 3H, H-31), 1.23
(d, J¼ 5.1 Hz, 3H, H-14), 1.25–1.22 (dd, J¼ 7.2 Hz, 5.1 Hz, 2H, H-
20), 1.17 (d, J ¼ 7.2 Hz, 8H, H-16, H-26, H-27), 0.95–0-90 (dt, J ¼
8.7 Hz, 16.4 Hz, 4H, H-25, H-30), 0.01 (s, 9H, TMS),�0.00 (s, 9H,
TMS). 13C-NMR (176MHz, (CD3)2SO) d¼ 173.9 (C-1), 172.7 (C-9),
171.8 (C-3), 171.4 (C-28), 171.1 (C-5), 169.0 (C-21), 168.4 (C-19),
156.8 (C-23), 155.9 (C-11), 143.8 (Carom.), 140.7 (Carom.), 127.6
(Carom.–H), 127.1 (Carom.–H), 125.3 (Carom.–H), 120.1 (Carom.–H),
65.7 (C-12), 62.6 (C-29), 61.8 (C-24), 52.2 (C-4), 51.7 (C-8), 50.5 (C-
20), 50.3 (C-22), 49.8 (C-10), 48.1 (C-2), 46.6 (C-13), 38.3 (C-18),
31.9 (C-15), 31.3 (C-6), 28.6 (C-17), 27.1 (C-7), 22.6 (C-16), 18.5
(C-14), 18.5 (C-26), 17.8 (C-27), 17.3 (C-31), 16.8 (C-25), 16.8 (C-
30), �1.5 (3� CH3), �1.5 (3� CH3). HRMS (ESI) m/z: calcd for
C49H76N7O13Si2 [M + H]+: 1026.5034, found: 1026.5034.
Synthesis of alanine derivative of 56 (compound 69)

The free acid 56 (210.3 mg, 204.6 mmol, 1.00 equiv.), PyBOP
(160 mg, 307 mmol, 1.50 equiv.), HOBt (41.5 mg, 307 mmol, 1.50
equiv.) and 2-(trimethylsilyl)ethyl–D-alaninate (26) (55.7 mg, 287
mmol, 1.40 equiv.) were dissolved in DMF (7.0 mL). DIPEA (139
mL, 818 mmol, 4.00 equiv.) was added directly and the reaction
mixture was stirred for 40min at room temperature. The solvent
was removed under reduced pressure and the residue dissolved
in minimum DMF. Ice cold diethyl ether was added to the
solution and the precipitate was ltered and washed with cold
diethyl ether (two times) and CH2Cl2 (two times). The precipi-
tate was dissolved in MeOH and the solvent removed under
reduced pressure to yield 227 mg of a colorless, amorphous
solid (190 mmol, 93%). The product was used for the next
reaction without further purication.

Rf ¼ 0.34 (10% MeOH/CH2Cl2). [a]
25
D ¼ +12� (c ¼ 0.66 in

MeOH). 1H-NMR (500 MHz, (CD3)2SO) d ¼ 8.24 (d, J ¼ 7.3 Hz,
1H, NH–Glu), 8.16 (d, J ¼ 6.9 Hz, 1H, NH–D-Ala), 8.14 (d, J ¼
7.9 Hz, 1H, NH–D-Ala), 7.97 (d, J¼ 8.3 Hz, 1H, NH–Lys), 7.88 (d, J
¼ 7.6 Hz, 2H, Harom.), 7.80 (d, J¼ 7.3 Hz, 1H, NH–Ala), 7.78–7.75
© 2022 The Author(s). Published by the Royal Society of Chemistry
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(m, 1H, NH(Lysside chain)), 7.72 (t, J¼ 7.3 Hz, 2HHarom.), 7.46 (d, J
¼ 7.9 Hz, 1H, NH–Ala), 7.41 (t, J¼ 7.6 Hz, 2H, Harom.), 7.32 (t, J¼
6.9 Hz, 2H, Harom.), 7.19 (d, J ¼ 7.8 Hz, 1H, NH(Teoc)), 4.30
(quint, J ¼ 7.5 Hz, 1H, H-6), 4.26–4.23 (m, 2H, H-16), 4.23–4.15
(m, 4H, H-17, H-12, H-14, H-4), 4.13–4.06 (m, 5H, H-8, H-34, H-
2), 4.06–3.96 (m, 2H, H-29), 3.63–3.58 (m, 2H, H-20), 3.17–3.10
(m, 2H, H-22), 3.03–3.00 (m, 2H, H-23), 2.21–2.12 (m, 2H, H-10),
1.97–1.89 (m, 1H, H-11), 1.83–1.76 (m, 1H, H-11), 1.28 (m, 3H,
H-18), 1.25 (m, 2H, H-27, H-25), 1.22 (m, 3H, H-36), 1.20 (m, 3H,
H-19), 1.17 (m, 8H, H-31, H-32, H-21), 0.95–0.89 (m, 6H, H-30,
H-1, H-35), 0.01 (s, 9H, TMS), 0.01 (s 9H, TMS), �0.00 (s, 9H,
TMS). 13C-NMR (126 MHz, (CD3)2SO) d ¼ 172.3 (C-3), 172.1 (C-
13), 172.0 (C-5), 171.7 (C-7), 171.4 (C-9), 169.0 (C-26), 168.5 (C-
24), 157.1 (C-28), 156.0 (C-15), 143.9 (Carom.), 140.7 (Carom.),
127.6 (Carom.–H), 127.0 (Carom.–H), 125.3 (Carom.–H), 120.1
(Carom.–H), 65.7 (C-16), 62.6 (C-34), 62.5 (C-2), 61.8 (C-29), 53.6
(C-8), 51.7 (C-12), 50.0 (C-14), 49.8 (C-6), 48.0 (C-25), 47.7 (C-4),
46.6 (C-17), 45.9 (C-27), 38.3 (C-23), 31.7 (C-20), 31.2 (C-10), 28.6
(C-22), 27.1 (C-11), 22.6 (C-21), 18.6 (C-31), 18.5 (C-19), 18.1 (C-
32), 18.1 (C-36), 17.4 (C-18), 16.8 (C-30), 16.7 (C-1), 16.7 (C-35),
�1.5 (3� CH3), �1.5 (3� CH3), �1.5 (3� CH3). HRMS (ESI) m/
z: calcd for C57H92N8O14Si3Na [M + Na]+: 1219.5939, found:
1219.5934. The spectroscopic data were in agreement with
those previously reported.8
Synthesis of compound 55

Fmoc–L-Ala–g-D-Glu(O-TMSE)–L-Lys((L-Ala)2–Teoc)–D-Ala–D-Ala–
O-TMSE (69) (223 mg, 186 mmol, 1.00 equiv.) was dissolved in
20% piperidine/DMF (14.4 mL) and stirred for 2 h at room
temperature. The solvent was removed under reduced pressure
and cold diethyl ether was added. The formed precipitate was
ltered and washed with diethyl ether. Aerwards it was dis-
solved in MeOH and the solvent was removed under reduced
pressure to yield 136.1 mg of a colorless, amorphous solid (140
mmol, 75%), which was used in the next reaction without further
purication.

Rf ¼ 0.28 (10% MeOH/CH2Cl2). [a]
25
D ¼ +21� (c ¼ 0.66 in

MeOH). 1H-NMR (700 MHz, (CD3)2SO) d ¼ 8.18 (d, J ¼ 6.9 Hz,
1H, NH–D-Ala), 8.14 (d, J ¼ 7.9 Hz, 1H, NH–D-Ala), 8.01 (d, J ¼
7.5 Hz, 1H, NH–Glu), 7.80 (d, J ¼ 7.7 Hz, 1H, NH–Lys), 7.76 (d, J
¼ 5.7 Hz, 1H, NH(Lysside chain)), 7.50 (d, J¼ 8.2 Hz, 1H, NH–Ala),
7.19 (d, J¼ 7.4 Hz, 1H, NH(Teoc)), 4.30 (quint, J¼ 7.6 Hz, 1H, H-
6), 4.23–4.16 (m, 2H, H-4, H-12), 4.16–4.11 (dd, J ¼ 9.1 Hz,
7.8 Hz, 2H, H-8, H-14), 4.11–4.08 (td, J ¼ 8.4 Hz, 1.3 Hz, 2H, H-
31), 4.06–3.97 (m, 4H, H-2, H-26), 3.07–2.93 (m, 2H, H-20), 2.52
(t, J ¼ 2.0 Hz, 2H, NH2), 2.23–2.13 (m, 2H, H-10), 1.99–1.93 (m,
1H, H-11), 1.83–1.77 (m, 1H, H-11), 1.77–1.73 (m, 1H, H-22),
1.65–1.61 (m, 1H, H-24), 1.61–1.52 (m, 1H, H-17), 1.50–1.43
(m, 1H, H-17), 1.41–1.33 (m, 2H, H-19), 1.28 (d, J ¼ 7.3 Hz, 3H,
H-15), 1.23 (d, J ¼ 6.4 Hz, 3H, H-33), 1.18 (d, J ¼ 7.2 Hz, 3H, H-
16), 1.17 (dd, J¼ 7.1 Hz, 2.6 Hz, 8H, H-28, H-29, H-18), 0.96–0.91
(m, 6H, H-1, H-27, H-32), 0.03 (s, 9H, TMS), 0.02 (s, 9H, TMS),
0.02 (s, 9H, TMS). 13C-NMR (176MHz, (CD3)2SO) d¼ 172.4 (C-3),
172.1 (C-13), 172.0 (C-5), 171.8 (C-7), 171.6 (C-30), 171.3 (C-9),
169.1 (C-23), 168.5 (C-21), 156.8 (C-25), 62.7 (C-31), 62.5 (C-2),
61.8 (C-26), 53.0 (C-8), 51.6 (C-12), 50.0 (C-14), 48.1 (C-22),
© 2022 The Author(s). Published by the Royal Society of Chemistry
47.7 (C- 4), 47.5 (C-6), 45.9 (C-24), 38.3 (C-20), 31.5 (C-17), 31.2
(C-10), 28.7 (C-19), 27.1 (C-11), 22.6 (C-18), 18.5 (C-28), 18.1 (C-
16), 18.1 (C-33), 18.0 (C-29), 17.4 (C-15), 16.9 (C-27), 16.8 (C-1),
16.7 (C-32), �1.4 (3� CH3), �1.5 (3� CH3), �1.5 (3� CH3).
HRMS (ESI) m/z: calcd for C42H83N8O12Si3 [M + H]+: 975.5433,
found: 975.5436. The spectroscopic data were in agreement
with those previously reported.8

Synthesis of compound 8

Trichloroacetonitrile (TCA, 433 mL, 4.32 mmol) was added to
farnesol (449 mL, 1.80 mmol). To this stirred solution was added
tetrabutylammonium phosphate (TBAP, 0.4 M in acetonitrile,
8.99 mL, 3.60 mmol) over 1 h via syringe pump. The reaction
was stirred for further 7 h at rt and the solvent was removed
under reduced pressure. The crude product was rst puried by
ash chromatography (10% water/20% NH3 (conc.)/
isopropanol) and then percolated through Dowex® 50WX8
with a 0.025 M NH4HCO3 solution. Dowex® 50WX8 was washed
before usage with 3 : 1 NH3/water and 0.025 M NH4HCO3

solution until pH of the eluent turned 8. The solvent was
removed by lyophilisation to yield 425 mg (1.27 mmol, 71%) of
a white powder.

Rf 0.14 (10% water/20% NH3 (conc., aq.)/isopropanol). 1H
NMR (500 MHz, D2O) d¼ 5.40 (t, J¼ 6.4 Hz, 1H, H-2), 5.12 (t, J¼
7.5 Hz, 1H, H-6), 5.08 (t, J ¼ 6.8 Hz, 1H, H-10), 4.38 (s, 2H, H-1),
2.14–1.88 (m, 8H, H-4, H-5, H-8, H-9), 1.69 (s, 3H, H-13), 1.64 (s,
3H, H-15), 1.58 (s, 3H, H-14), 1.56 (s, 3H, H-12). 13C NMR (126
MHz, D2O) d ¼ 141.4 (C-3), 135.0 (C-7), 130.8 (C-11), 124.5 (C-
10), 124.1 (C-6), 120.2 (d, J ¼ 7.3 Hz, C-2), 61.9 (d, J ¼ 4.8 Hz,
C-1), 39.6 (C-4), 39.5 (C-5), 26.6 (C-8), 26.4 (C-9), 25.2 (C-15), 17.2
(C-12), 15.9 (C-13), 15.6 (C-14). 31P NMR (202 MHz, D2O) d ¼
0.76. HRMS (ESI) m/z: calcd for C15H26O4P [M]2�: 301.1574,
found: 301.1575. The spectroscopic data were in agreement
with those previously reported.11

Synthesis of compound 60

H2N–L-Ala–g-D-Glu(O-TMSE)–L-Lys(N-Teoc)–D-Ala–D-Ala–O-
TMSE 44 (45.6 mg, 54.7 mmol), PyBOB (32.9 mg, 63.1 mmol),
HOBt (8.53 mg, 63.1 mmol) and 7 (27.0 mg, 42.1 mmol) were
dissolved in DMF (2 mL) and DIPEA (35.8 mL, 210 mmol) was
added immediately. Aer stirring for 45 min at rt the solvent
was removed under reduced pressure and the crude product
was puried by ash chromatography (2.5% MeOH/CH2Cl2) to
yield 49.8 mg (34.2 mmol, 81%) of a white, crystalline solid.

Rf 0.35 (10%MeOH/CH2Cl2). [a]
25
D ¼ +41� (c¼ 0.32 inMeOH).

1H NMR (700 MHz, CD3OD) d ¼ 7.49–7.48 (m, 2H, Harom.), 7.39–
7.33 (m, 13H, Harom.), 5.85 (dd, J¼ 5.9, 3.5 Hz, 1H, H-19), 5.63 (s,
1H, H-22), 5.15–5.08 (m, 4H, 2� CH2–Ph), 4.38 (q, J ¼ 7.1 Hz,
1H, H-16), 4.38 (q, J¼ 7.1 Hz, 1H, H-6), 4.36–4.31 (m, 3H, H-4, H-
12, H-14), 4.20–4.11 (m, 8H, H-2, H-8, H-18, H-31, H-34), 4.04
(dd, J ¼ 9.9, 4.1 Hz, 1H, H-23), 3.85–3.79 (m, 3H, H-17, H-20, H-
21), 3.77 (dd, J¼ 9.9 Hz, J¼ 9.9 Hz, 1H, H-23), 3.11–3.07 (m, 2H,
H-29), 2.26 (t, J ¼ 7.2 Hz, 2H, H-10), 2.22–2.15 (m, 1H, H-11),
1.93–1.89 (m, 1H, H-110), 1.85 (s, 3H, CH3–NHAc), 1.79–1.74
(m, 1H, H-26), 1.69–1.63 (m, 1H, H-26), 1.48 (p, J ¼ 7.0 Hz, 2H,
H-28), 1.39 (d, J¼ 7.3 Hz, 3H, CH3), 1.37 (d, J¼ 7.1 Hz, 3H, CH3),
RSC Adv., 2022, 12, 15046–15069 | 15063
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1.35 (d, J ¼ 7.2 Hz, 1H, CH3), 1.36 (d, J ¼ 6.8 Hz 3H, CH3), 1.37–
1.32 (m, 2H, H-27), 1.02–0.95 (m, 6H, H-1, H-32, H-35), 0.04 (s,
9H, Si(CH3)3), 0.04 (s, 9H, Si(CH3)3), 0.02 (s, 9H, Si(CH3)3).

13C
NMR (176 MHz, CD3OD) d ¼ 175.6 (C]O), 174.9 (C]O), 174.7
(C]O), 174.6 (C]O), 174.4 (C]O), 174.1 (C]O), 173.8 (NHAc–
C]O), 172.9 (C]O), 159.5 (not resolved in 13C-cpd but hmbc
correlation, C-40), 138.9 (Carom.,quart.–Ph), 137.0 (d, J ¼ 6.5 Hz,
Carom.,quart.–Bn), 137.0 (d, J ¼ 6.5 Hz, Carom.,quart.–Bn), 130.0
(Carom.), 130.0 (Carom.), 129.9 (Carom.), 129.8 (Carom.), 129.8
(Carom.), 129.3 (Carom.), 129.2(Carom.), 129.2 (Carom.), 127.3
(Carom.), 102.8 (C-22), 97.9 (C-19), 82.3 (C-21), 78.3 (C-16), 76.4
(C-17), 71.2 (d, J¼ 6.0 Hz, CH2–Ph), 71.1 (d, J¼ 6.0 Hz, CH2–Ph),
69.1 (C-23), 66.0 (C-20), 64.7 (C-2), 64.5 (C-34), 63.7 (C-31), 55.4
(C-18), 55.1 (C-8) 53.1 (C-12), 50.4 (C-14/C-4/C-6), 50.1 (C-4/C-14/
C-6), 49.7 (C-6/C-14/C-4), 41.3 (C-29) 32.4 (C-10), 32.2 (C-26), 30.6
(C-28), 28.2 (C-11), 24.1 (C-27), 22.9 (NHAc–CH3), 19.9 (CH3),
18.7 (C-32), 18.5 (CH3), 18.3 (C-35), 18.2 (C-1), 17.9 (CH3), 17.4
(CH3), �1.4 (Si(CH3)3), �1.5 (Si(CH3)3), �1.5 (Si(CH3)3).

31P
NMR (202 MHz, CD3OD) d ¼ �3.0. HRMS (ESI) m/z: calcd for
C68H106N7O20Si3Pna [M + Na]+: 1478.6430, found: 1478.6431.
The spectroscopic data were in agreement with those previously
reported.15

Debenzylation of compound 60: synthesis of compound 70

To a solution of glycopeptide 60 (35.6 mg, 24.4 mmol) in MeOH
(2.5 mL) was added Pd–C (40.0 mg, Pd-10%). The reaction vessel
was lled with hydrogen. Aer stirring for 30 min at rt full
conversion was detected by mass spectrometry and the
suspension was ltered over Celite. The precipitate was washed
with methanol and the solvent was removed under reduced
pressure to yield 29.0 mg (24.4 mmol, quant.) of a colorless,
crystalline solid, which was used for the next reaction without
further purication or analysis.

HRMS (ESI) m/z: calcd for C54H93N7O20Si3P [M � H]�:
1274.5526, found: 1274.5628. The spectroscopic data were in
agreement with those previously reported.8

Synthesis of compound 61

Phosphate 70 (27.0 mg, 21.2 mmol) was dissolved in 80% AcOH/
water (3 mL) and stirred for 2 d at rt. Mass spectrometry showed
full conversion at this point and toluene (20 mL) was added and
the solvent was removed under reduced pressure to yield
25.1 mg (21.1 mmol, quant.) of a white, amorphous solid, which
was used for the next reaction without further purication or
analysis.

HRMS (ESI) m/z: calcd for C47H89N7O20Si3P [M � H]�:
1186.5213, found: 1186.5334. The spectroscopic data were in
agreement with those previously reported.8

Synthesis of compound 62

Farnesol phosphate 8 (60.0 mg, 200 mmol) was coevaporated two
times from toluene (1 mL) under argon and dissolved in 50%
DMF/THF (1.4 mL). Carbonyldiimidazole (CDI, 130 mg, 799
mmol) was dissolved in 50% DMF/THF (1 mL) and added to the
farnesol phosphate solution. The reaction was stirred for 2 h at
rt and MeOH (35 mL) was added before stirring for further
15064 | RSC Adv., 2022, 12, 15046–15069
45 min. The solvents were removed under reduced pressure and
the synthesized phosphoimidazole intermediate A was coeva-
porated twice from toluene (1 mL) under argon before the
addition of DMF (1 mL). Mass spectrometry showed the
successfully synthesized A.

HRMS (ESI) m/z: calcd for C18H28N2O3P [M � H]�: 351.1843,
found: 351.1835.

In the meantime 61 (28.0 mg, 23.6 mmol) was coevaporated
rst from pyridine (200 mL) and then, twice from toluene (1 mL)
under argon. DMF (1 mL) and the freshly prepared phosphoi-
midazole solution were added and the mixture was stirred for 3
d at rt. The solvent was removed under reduced pressure and
the crude product was semi-puried by gel permeation chro-
matography (Sephadex® LH-20, GE Healthcare, 260 � 20 mm,
methanol) to yield 26.8 mg (<18.2 mmol, <77%) of a colorless,
amorphous solid, which was used for the next reaction without
further purication or analysis.

Rf 0.80 (4 MeOH/2 CHCl3/0.5 water). HRMS (ESI) m/z: calcd
for C62H114N7O23Si3P2 [M � H]�: 1470.6755, found: 1470.6750.
The spectroscopic data were in agreement with those previously
reported.8
Synthesis of compound 3

Protected, semi-pure 62 (26.8 mg, <18.2 mmol) was coevaporated
from toluene (1 mL) twice and dissolved in DMF (0.5 mL). The
solution was cooled to 0 �C and a 1 M solution of tetrabuty-
lammonium uoride in THF (TBAF, 419 mL, 419 mmol) was
added. The reaction mixture was allowed to warm to rt and was
stirred for 2 d at rt before removing the solvent under reduced
pressure. The crude product was puried by gel permeation
chromatography (Sephadex® LH-20, GE Healthcare, 260 � 20
mm, methanol) and the tetrabutylammonium counterions were
exchanged to ammonium ions using percolation through
Dowex® 50WX8 with a 0.02 M NH4HCO3 solution. Dowex®
50WX8 was washed before usage with 3 : 1 NH3/water and
0.02 M NH4HCO3 solution until pH of the eluent turned 8. The
solvent was removed by lyophilisation to yield 20.3 mg (<18.0
mmol) of the semi-puried 3. Final purication was achieved by
HPLC (25–50% NH4HCO3 (0.1% aq.)/methanol, retention time
8.9 min, using a KNAUER Eurospher II 100-5 C8; 5 mm; 250 �
16 mm + precolumn 30 � 16 mm, 205 nm) yielding 10.7 mg
(7.28 mmol, 40% over four steps) of a white, amorphous solid.

Rf 0.46 (3 MeOH/3 CHCl3/1 water). [a]25D ¼ +59� (c ¼ 0.51 in
MeOH). 1H NMR (500 MHz, D2O) d ¼ 5.50–5.47 (m, 1H, H-17),
5.46 (t, J ¼ 7.1 Hz, 1H, H-31), 5.22 (t, 1H, J ¼ 6.5 Hz, H-35),
5.20 (t, J ¼ 7.8 Hz, 1H, H-39), 4.54–4.49 (m, 2H, H-30), 4.35 (q,
J¼ 7.2 Hz, 1H, H-4), 4.29 (q, J¼ 7.2 Hz, 1H, H-12), 4.25–4.22 (m,
2H, H-6, H-14), 4.20–4.10 (m, 3H, H-2, H-10, H-16), 3.98–3.96
(m, 1H, H-18), 3.92–3.84 (m, 2H, H-20), 3.80 (dd, J ¼ 9.6 Hz, J ¼
9.6 Hz, 1H, H-15), 3.66 (dd, J¼ 9.6 Hz, J¼ 9.6 Hz, 1H, H-19), 3.02
(t, J ¼ 7.5 Hz, 2H, H-26), 2.32 (t, J ¼ 7.8 Hz, 2H, H-8), 2.20–2.15
(m, 3H, H-9, H-34), 2.15–2.11 (m, 4H, H-33, H-38), 2.04 (t, J ¼
7.1 Hz, 2H, H-37), 2.02 (s, 3H, CH3–NHAc), 1.93–1.89 (m, 1H, H-
9), 1.87–1.77 (m, 2H, H-23), 1.74 (s, 3H, H-43), 1.72–1.70 (m, 2H,
H-25), 1.70 (s, 3H, H-42), 1.64 (s, 6H, H-41, H-44), 1.52–1.47 (m,
2H, H-24), 1.46 (d, J ¼ 7.3 Hz, 3H, H-28), 1.43 (d, J ¼ 6.8 Hz, 3H,
© 2022 The Author(s). Published by the Royal Society of Chemistry
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H-29), 1.39 (d, J ¼ 7.2 Hz, 3H, H-22), 1.35 (d, J ¼ 7.2 Hz, 3H, H-
21). 13C NMR (176 MHz, D2O) d¼ 179.8 (C-1), 177.6 (C-27), 175.8
(C-11), 175.7 (C-7), 174.1 (C-5), 174.1 (NHAc–C]O), 174.0 (C-3),
173.6 (C-13), 143.2 (C-32), 136.7 (C-36), 133.4 (C-40), 124.4 (C-
39), 124.2 (C-35), 119.3 (C-31), 94.7 (C-17), 79.9 (C-15), 78.0 (C-
4), 73.0 (C-18), 68.0 (C-19), 63.1 (C-30), 60.3 (C-20), 54.2 (C-10),
54.2 (C-6) 53.4 (C-16), 51.0 (C-2), 49.9 (C-12), 49.6 (C-14), 39.1
(C-26), 38.8 (C-33), 38.8 (C-37), 31.7 (C-8), 30.5 (C-23), 28.1 (C-9),
26.3 (C-25), 25.8 (C-38), 25.5 (C-34), 24.9 (C-42), 22.2 (NHAc–
CH3), 22.0 (C-24), 18.6 (C-22), 17.4 (C-21), 17.0 (C-41), 16.8 (C-
28), 16.5 (C-29), 15.7 (C-43), 15.3 (C-44). 31P NMR (284 MHz,
D2O) d ¼ �10.9 (d, J ¼ 14.0 Hz), �13.4 (d, J ¼ 14.0 Hz). HRMS
(ESI) m/z: calcd for C46H78N7O21P2 [M � H]�: 1126.4731, found:
1126.4715. The spectroscopic data were in agreement with
those previously reported.31
Synthesis of compound 4

In vitro synthesis of compound 4 was performed in a total
volume of 4.5 mL containing 1.50 mg (1.33 mmol) compound 3,
2 mM UDP–D-GlcNAc, 50 mM NaPi and 0.5 mM MgCl2, pH 6.5.
The reaction was initiated by the addition of 300 mg of MurG–
His6. Aer incubation for 4 h at 30 �C the reaction was
quenched by the addition of 9 mL MeOH and evaporated to
dryness. Dried samples were dissolved in distilled water for
mass spectrometric analysis. The crude product was puried by
HPLC (35–50% NH4HCO3 (0.1% aq.)/methanol, retention time
8.0 min, using a KNAUER Eurospher II 100-5 C8; 5 mm; 250 �
16 mm + precolumn 30 � 16 mm, 205 nm) yielding 0.98 mg
(0.73 mmol, 55%) of a white, amorphous solid. Recombinant
MurG–His6 enzyme was overexpressed and puried as
described for MurG35 and dialyzed against 10 mM NaPi buffer,
pH 7.0.

[a]25D ¼ +11� (c ¼ 0.18 in H2O).
1H NMR (700 MHz, D2O) d ¼

5.50–5.47 (m, 1H, H-17), 5.46 (t, J¼ 6.9 Hz, 1H, H-31), 5.23 (t, J¼
6.4 Hz, 1H, H-35), 5.20 (t, J ¼ 6.4 Hz, 1H, H-39), 4.63 (d, J ¼
8.3 Hz, 1H, H-45), 4.51–4.49 (m, 2H, H-30), 4.35 (q, J ¼ 7.1 Hz,
1H, H-4), 4.32–4.27 (m, 2H, H-12, H-14), 4.24–4.20 (m, 2H, H-6,
H-10), 4.15–4.12 (m, 3H, H-2, H-16), 3.98–3.89 (m, 4H, H-18, H-
19, H-20, H-50), 3.86–3.81 (m (pt), 1H, H-15), 3.79–3.74 (m, 3H,
H-200, H-49, H-500), 3.58 (pt (dd), J ¼ 8.6 Hz, J ¼ 8.6 Hz, 1H, H-
48), 3.46–3.91 (m, 2H, H-46, H-47), 2.97 (t, J ¼ 7.0 Hz, 2H, H-26),
2.34–2.33 (m, 2H, H-8), 2.19–2.17 (m, 3H, H-9, H-34), 2.14–2.11
(m, 4H, H-33, H-38), 2.07 (s, 3H, CH3–NHAc), 2.05 (t, J ¼ 7.7 Hz,
2H, H-37), 2.01 (s, 3H, CH3–NHAc), 1.93–1.89 (m, 1H, H-90),
1.86–1.82 (m, 1H, H-23), 1.81–1.79 (m, 1H, H-230), 1.74 (s, 3H,
H43), 1.71 (s, 3H, H-42), 1.69–1.66 (m, 2H, H-25), 1.64 (s, 6H, H-
41, H-44), 1.47 (d, J ¼ 6.9 Hz, H-28), 1.46 (d, J ¼ 6.8 Hz, 3H, H-
29), 1.45–1.39 (m, 2H, H-24), 1.40 (d, J ¼ 7.2 Hz, 3H, H-22), 1.35
(d, J ¼ 7.2 Hz, 3H, H-21). 13C NMR (176 MHz, D2O) d ¼ 179.8 (C-
1), 177.6 (C-27), 175.7 (C-11), 175.7 (C-7), 174.4 (NHAc–C]O),
174.2 (NHAc–C]O), 174.1 (C-5), 174.0 (C-3), 173.6 (C-13), 143.2
(C-32), 136.7 (C-36), 133.5 (C-40), 124.4 (C-39), 124.2 (C-35),
119.3 (C-31), 100.1 (C-45), 94.2 (C-17), 78.4 (C-14), 77.9 (C-15),
75.9 (C-46), 74.0 (C-48), 73.8 (C-18), 72.4 (C-19), 70.3 (C-47),
63.1 (C-30), 61.1 (C-50/C-20), 59.7 (C-50/C-20), 56.1 (C-49), 54.3
(C-6), 53.7 (C-10), 53.5 (C-16), 51.0 (C-2), 50.0 (C-12), 49.6 (C-4),
© 2022 The Author(s). Published by the Royal Society of Chemistry
39.2 (C-26), 38.8 (C-33), 38.8 (C-37), 31.8 (C-8), 30.5 (C-23), 28.2
(C-9), 26.5 (C-25), 25.8 (C-38), 25.6 (C-34), 24.9 (C-42), 22.2 (C-
24), 22.2 (NHAc–CH3), 22.1 (NHAc–CH3), 18.7 (C-22), 17.4 (C-
21), 17.0 (C-41), 16.9 (C-28), 16.5 (C-29), 15.7 (C-43), 15.3 (C-
44). 31P NMR (284 MHz, D2O) d ¼ �10.9 (d, J ¼ 20.7 Hz),
�13.4 (d, J¼ 19.2 Hz). HRMS (ESI)m/z: calcd for C54H90N8O26P2
[M� 2H]2�: 664.2726, found: 664.2719, calcd for C54H89N8O26P2
[M � 3H]3�: 442.5127, found: 442.5117. The spectroscopic data
were in agreement with those previously reported.8
Synthesis of compound 64

H2N–L-Ala–g-D-Glu(O-TMSE)–L-Lys((Gly)5–Teoc)–D-Ala–D-Ala–O-
TMSE 45 (21.1 mg, 18.9 mmol), PyBOB (13.4 mg, 25.7 mmol),
HOBt (3.47 mg, 25.7 mmol) and acid 7 (11.0 mg, 17.4 mmol) were
dissolved in DMF (1.5 mL) and DIPEA (11.7 mL, 68.6 mmol) was
added immediately. Aer stirring for 45 min at rt the solvent
was removed under reduced pressure. Cold EtOAc was added
and the resulted precipitate was ltered off, washed with cold
EtOAc, dissolved in MeOH and the solvent was removed under
reduced pressure to yield 26.0 mg (14.9 mmol, 86%) of a color-
less, amorphous solid.

Rf 0.27 (10%MeOH/CH2Cl2). [a]
25
D ¼ +25� (c¼ 0.36 inMeOH).

1H NMR (700 MHz, CD3OD) d ¼ 7.49–7.47 (m, 2H, Harom.), 7.43–
7.34 (m, 13H, Harom.), 5.84 (dd, J¼ 5.8, 3.6 Hz, 1H, H-19), 5.63 (s,
1H, H-22), 5.15–5.08 (m, 4H, 2� CH2–Ph), 4.38 (q, J ¼ 7.1 Hz,
1H, H-16), 4.38 (q, J¼ 7.1 Hz, 1H, H-6), 4.35–4.30 (m, 3H, H-4, H-
12, H-14), 4.20–4.12 (m, 8H, H-2, H-8, H-18, H-41, H-44), 4.03
(dd, J¼ 9.8, 4.0 Hz, 1H, H-23), 3.92–3.77 (m, 15H, H-17, H-20, H-
21, H-23, H-31, H-33, H-35, H-37, H-39), 3.21–3.19 (m, 2H, H-29),
2.28 (t, J ¼ 7.2 Hz, 2H, H-10), 2.19–2.12 (m, 1H, H-11), 1.91–1.87
(m, 1H, H-110), 1.85 (s, 3H, CH3–NHAc), 1.77–1.72 (m, 1H, H-26),
1.68–1.62 (m, 1H, H-26), 1.56–1.49 (m, 2H, H-28), 1.40 (d, J ¼
7.2 Hz, 3H, CH3), 1.37 (d, J¼ 7.2 Hz, 3H, CH3), 1.37–1.32 (m, 2H,
H-27) 1.35 (d, J¼ 7.2 Hz, 3H, CH3), 1.34 (d, J¼ 6.8 Hz, 3H, CH3),
1.02–0.94 (m, 6H, H-1, H-42, H-45), 0.05 (s, 9H, Si(CH3)3), 0.04
(s, 9H, Si(CH3)3), 0.02 (s, 9H, Si(CH3)3).

13C NMR (176 MHz,
CD3OD) d ¼ 175.6 (C]O), 174.9 (C]O), 174.7 (C]O), 174.6
(C]O), 174.5 (C]O), 174.1 (C]O), 173.8 (NHAc–C]O), 173.4
(C]O), 172.9 (C]O), 172.7 (C]O), 172.7 (C]O), 172.1 (C]O),
171.5 (C]O), 159.4 (C-40), 138.9 (Carom.,quart.–Ph), 137.0 (d, J ¼
6.5 Hz, Carom.,quart.–Bn), 137.0 (d, J ¼ 6.5 Hz, Carom.,quart.–Bn),
130.1 (Carom.), 130.0 (Carom.), 129.9 (Carom.), 129.8 (Carom.), 129.8
(Carom.), 129.3 (Carom.), 129.2 (Carom.), 129.2 (Carom.), 127.3
(Carom.), 102.8 (C-22), 97.9 (C-19), 82.3 (C-21), 78.4 (C-16), 76.5
(C-17), 71.2 (d, J¼ 6.0 Hz, CH2–Ph), 71.1 (d, J¼ 6.0 Hz, CH2–Ph),
69.1 (C-23), 66.0 (C-20), 64.7 (C-2), 64.5 (C-44), 64.5 (C-41), 55.5
(C-18), 55.0 (C-8), 53.2 (C-12), 50.3 (C-14/C-4/C-6), 50.1 (C-4/C-14/
C-6), 49.7 (C-6/C-14/C-4), 45.0 (CH2–Gly), 44.0 (CH2–Gly), 43.9
(CH2–Gly), 43.8 (CH2–Gly), 43.7 (CH2–Gly), 40.0 (C-29), 32.4 (C-
10), 32.2 (C-26), 29.8 (C-28), 28.2 (C-11), 24.1 (C-27), 22.9
(NHAc–CH3), 19.9 (CH3), 18.7 (C-42), 18.5 (CH3), 18.3 (C-45),
18.2 (C-1), 18.0 (CH3), 17.4 (CH3), �1.4 (Si(CH3)3), �1.4
(Si(CH3)3), �1.5 (Si(CH3)3).

31P NMR (284 MHz, CD3OD) d ¼
�2.6. HRMS (ESI)m/z: calcd for C78H121N12O25Si3pNa [M + Na]+:
1763.7503, found: 1763.7525. The spectroscopic data were in
agreement with those previously reported.8
RSC Adv., 2022, 12, 15046–15069 | 15065
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Debenzylation of compound 64: synthesis of compound 71

To a solution of glycopeptide 64 (24.2 mg, 13.9 mmol) in MeOH
(2 mL) was added Pd–C (25.0 mg, Pd-10%). The reaction vessel
was lled with hydrogen. Aer stirring for 30 min at rt full
conversion was detected by mass spectrometry and the
suspension was ltered over Celite. The catalyst was washed
with methanol and the solvent was removed under reduced
pressure to yield 19.5 mg (12.5 mmol, 90%) of a colorless, crys-
talline solid, which was used for the next reaction without
further purication or analysis.

HRMS (ESI) m/z: calcd for C64H108N12O25Si3P [M � H]�:
1559.6599, found: 1559.6516. The spectroscopic data were in
agreement with those previously reported.8
Acetal cleavage of compound 71: synthesis of compound 72

Acetal 71 (16.7 mg, 10.7 mmol) was dissolved in 80% AcOH/
water (3 mL) and stirred for 2 d at rt. Mass spectrometry
showed full conversion at this point and toluene (30 mL) was
added and the solvent was removed under reduced pressure to
yield 15.7 mg (10.7 mmol, quant.) of a white, crystalline solid,
which was used for the next reaction without further puri-
cation or analysis.

HRMS (ESI) m/z: calcd for C57H104N12O25Si3P [M � H]�:
1471.6286, found: 1471.6201. The spectroscopic data were in
agreement with those previously reported.8
Synthesis of compound 65

Farnesol phosphate 8 (27.7 mg, 92.1 mmol) was coevaporated
from toluene (1 mL) two times and dissolved in 50% DMF/
THF (1.4 mL). Carbonyldiimidazole (CDI, 59.7 mg, 368
mmol) was dissolved in 50%DMF/THF (1 mL) and added to the
farnesol phosphate solution. The reaction was stirred for 2 h
at rt and MeOH (16 mL) was added before stirring further
45 min. The solvents were removed under reduced pressure
and the synthesized phosphoimidazole intermediate was
coevaporated from toluene (1 mL) twice before the addition of
DMF (1 mL). Mass spectrometry showed the successful
synthesis.

HRMS (ESI) m/z: calcd for C18H28N2O3P [M � H]�: 351.1843,
found: 351.1835.

In the meantime phosphate 72 (15.7 mg, 10.7 mmol) was
coevaporated rst from 95 mL pyridine and then twice from
1 mL toluene under argon. DMF (0.5 mL) and the freshly
prepared phosphoimidazole solution were added and the
reaction was stirred for 3 d at rt. The solvent was removed under
reduced pressure and the crude product was semi-puried by
gel permeation chromatography (Sephadex® LH-20, GE
Healthcare, 260 � 20 mm, methanol) to yield 10.9 mg (<6.20
mmol, <58%) of a colorless, amorphous solid, which was used
for the next reaction without further purication or analysis.

Rf 0.62 (4 MeOH/2 CHCl3/0.5 water). HRMS (ESI) m/z: calcd
for C72H129N12O28Si3P2 [M � H]�: 1755.7828, found: 1755.7826,
calcd for C72H128N12O28Si3P2 [M � 2H]2�: 877.3877, found:
877.3879. The spectroscopic data were in agreement with those
previously reported.8
15066 | RSC Adv., 2022, 12, 15046–15069
Synthesis of compound 5

Protected, semi-pure 65 (10.9 mg, <6.20 mmol) was coevaporated
twice from 1 mL toluene under argon and dissolved in DMF (0.7
mL). The solution was cooled to 0 �C and a 1 M solution of
tetrabutylammonium uoride in THF (TBAF, 116 mL, 116 mmol)
was added. The reaction mixture was allowed to warm to rt and
was stirred for 2 d at rt before removing the solvent under
reduced pressure. The crude product was puried by gel
permeation chromatography (Sephadex® LH-20, GE Health-
care, 260 � 20 mm, methanol) and the tetrabutylammonium
counterions were exchanged to ammonium using percolation
through Dowex® 50WX8 with a 0.02 M NH4HCO3 solution.
Dowex® 50WX8 was washed before usage with 3 : 1 NH3/water
and 0.02 M NH4HCO3 solution until pH of the eluent turned 8.
The solvent was removed by lyophilisation to yield 8.20 mg
(<5.80 mmol) of the semi-puried 5. Final purication was
achieved using HPLC (25–50% NH4HCO3 (0.1% aq.)/methanol,
retention time 8.1 min, using a KNAUER Eurospher II 100-5 C8;
5 mm; 250 � 16 mm + precolumn 30 � 16 mm, 205 nm) yielding
4.4 mg (3.04 mmol, 22% over four steps) of a white, amorphous
solid.8

Rf 0.38 (3 MeOH/3 CHCl3/1 water). [a]25D ¼ +21� (c ¼ 0.44 in
MeOH). 1H NMR (700 MHz, D2O) d ¼ 5.50–5.48 (m, 1H, H-17),
5.46 (t, J ¼ 6.7 Hz, 1H, H-31), 5.22 (t, J ¼ 6.7 Hz, 1H, H-35),
5.20 (t, J ¼ 6.7 Hz, 1H, H-39), 4.54–4.49 (m, 2H, H-30), 4.37 (q,
J¼ 7.2 Hz, 1H, H-14), 4.30 (q, J¼ 7.2 Hz, 1H, H-4), 4.26–4.17 (m,
3H, H-6, H-10, H-12), 4.16–4.10 (m, 2H, H-2, H-16), 4.08 (s, 2H,
H-52), 4.03 (H-48/H-50), 4.01 (H-48/H-50), 3.98–3.96 (m, 1H, H-
18), 3.91 (s, 2H, H-46), 3.90–3.83 (m, 2H, H-20), 3.82 (s, 2H, H-
45), 3.80 (dd, J ¼ 9.6 Hz, J ¼ 9.6 Hz, 1H, H-15), 3.66 (dd, J ¼
9.6 Hz, J¼ 9.6 Hz, 1H, H-19), 3.23 (t, J¼ 6.7 Hz, 2H, H-26), 2.37–
2.28 (m, 2H, H-8), 2.20–2.16 (m, 3H, H-9, H-34), 2.15–2.11 (m,
4H, H-33, H-38), 2.04 (t, J ¼ 7.1 Hz, 2H, H-37), 2.02 (s, 3H, CH3–

NHAc), 1.93–1.88 (m, 1H, H-9), 1.83–1.73 (m, 2H, H-23), 1.74 (s,
3H, H-43), 1.72–1.70 (m, 2H, H-25), 1.71 (s, 3H, H-42), 1.64 (s,
6H, H-41, H-44), 1.56–1.51 (m, 2H, H-24), 1.46 (d, J¼ 7.2 Hz, 3H,
H-22), 1.43 (d, J ¼ 6.8 Hz, 3H, H-28), 1.38 (d, J ¼ 7.2 Hz, 3H, H-
29), 1.35 (d, J ¼ 7.2 Hz, 3H, H-21). 13C NMR (176 MHz, D2O) d ¼
179.9 (C-1), 177.7 (C-27), 175.7 (C-11), 175.6 (C-7), 174.2 (C-5),
174.1 (NHAc–C]O), 174.0 (C-3), 173.6 (C-13), 172.2 (C-47/C-
49/C-51), 172.1 (C-47/C-49/C-51), 172.0 (C-47/C-49/C-51), 171.0
(C-45), 169.9 (C-53) 143.2 (C-32), 136.7 (C-36), 133.4 (C-40), 124.4
(C-39), 124.2 (C-35), 119.3 (C-31), 94.7 (C-17), 79.9 (C-15), 78.0
(C-12), 73.0 (C-18), 68.0 (C-19), 63.2 (C-30), 60.3 (C-20), 54.3 (C-
10), 54.3 (C-6), 53.4 (C-16), 51.0 (C-2), 49.8 (C-4), 49.5 (C-14),
42.6 (C-48/C-50), 42.5 (C-48/C-50), 42.5 (C-46), 42.4 (C-52), 41.2
(C-54), 39.0 (C-26), 38.8 (C-33), 38.8 (C-37), 31.8 (C-8), 30.7 (C-
23), 28.1 (C-9), 27.8 (C-25), 25.8 (C-38), 25.5 (C-34), 24.9 (C-42),
22.4 (NHAc–CH3), 22.2 (C-24), 18.7 (C-28), 17.4 (C-21), 17.0 (C-
41), 16.9 (C-22), 16.6 (C-29), 15.7 (C-43), 15.3 (C-44). 31P NMR
(162 MHz, D2O) d ¼ �10.8 (d, J ¼ 15.4 Hz), �13.3 (d, J ¼ 15.4
Hz). HRMS (ESI) m/z: calcd for C56H93N12O26P2 [M � H]�:
1411.5805, found: 1411.5810, calcd for C56H92N12O26P2 [M �
2H]2�: 705.2866, found: 705.2877. The spectroscopic data were
in agreement with those previously reported.8
© 2022 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2ra01915a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
M

ay
 2

02
2.

 D
ow

nl
oa

de
d 

on
 1

0/
19

/2
02

5 
4:

36
:4

7 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n-
N

on
C

om
m

er
ci

al
 3

.0
 U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Synthesis of compound 66

H2N–L-Ala–g-D-Glu(O-TMSE)–L-Lys((L-Ala)2–Teoc)–D-Ala–D-Ala–
OTMSE (55) (16.0 mg, 16.4 mmol, 1.10 equiv.), PyBOP (12.2 mg,
23.4 mmol, 1.50 equiv.) and the free acid 7 (9.6 mg, 14.9 mmol,
1.00 equiv.) were dissolved in DMF (1.34 mL) and DIPEA (10.5
mL, 61.8 mmol, 4.00 equiv.) was added directly. The reaction was
stirred for 45 min at room temperature and then the solvent was
removed under reduced pressure. The residue was dissolved in
cold ethyl acetate and the formed precipitate ltered and
washed with cold ethyl acetate. Aerwards it was dissolved in
MeOH and the solvent was removed under reduced pressure to
yield 6.5 mg of a colorless, crystalline solid (4.07 mmol, 27%).

Rf ¼ 0.31 (10% MeOH/CH2Cl2). [a]
25
D ¼ +39� (c ¼ 0.28 in

MeOH). 1H-NMR (700 MHz, CD3OD) d ¼ 7.50–7.44 (m, 2H,
Harom.), 7.40–7.33 (m, 13H, Harom.), 5.85 (dd, J ¼ 3.7 Hz, 2.4 Hz,
1H, H-19), 5.63 (m, 1H, H-22), 5.14–5.08 (m, 4H, 2� CH2–Ph),
4.39 (d, J¼ 7.1 Hz, 1H, H-6), 4.38 (d, J¼ 7.1 Hz, 1H, H-16), 4.35–
4.30 (m, 3H, H-4, H-12, H-14), 4.21–4.14 (m 8H, H-2, H-8, H-18,
H-35, H-40), 4.03 (dd, J ¼ 5.9 Hz, 3.9 Hz, 1H, H-23), 3.86–3.78
(m, 3H, H-17, H-20, H21), 3.78–3.72 (m, 1H, H-23), 3.17–3.14 (m,
2H, H-29), 2.38–2.29 (dt, J ¼ 7.2 Hz, 6.7 Hz, 2H, H-10), 2.25–2.17
(m, 1H, H-11), 1.99–1.93 (m, 2H, H-33, H-31), 1.93–1.87 (m, 1H,
H-11), 1.85 (s, 3H, CH3–NHAc), 1.82–1.71 (m, 1H, H-26), 1.69–
1.61 (m, 1H, H-26), 1.55–1.48 (m, 2H, H-28), 1.43–1.40 (td, J ¼
7.5 Hz, 4.5 Hz, 3H, CH3), 1.40–1.38 (dd, J ¼ 7.5 Hz, 3.0 Hz, 3H,
CH3), 1.38–1.36 (m, 6H, 2� CH3), 1.34 (s, 3H, CH3), 1.33–1.32
(m, 2H, H-27), 1.33 (s, 3H, CH3), 1.02–0.98 (m, 6H, H-1, H-36, H-
41), 0.04 (s, 9H, TMS), 0.04 (s, 9H, TMS), 0.02 (s, 9H, TMS). 13C-
NMR (176 MHz, CD3OD) d ¼ 175.6 (C]O), 174.9 (C]O), 174.6
(C]O), 174.6 (C]O), 174.4 (C]O), 174.1 (C]O), 174.1 (C]O),
173.8 (C]O), 173.4 (C]O), 172.9 (C]O), 159.3 (C]O), 158.9
(C-34), 138.9 (Carom.,quart.–Ph), 137.0 (Carom.,quart.–Bn), 137.0
(Carom.,quart.–Bn), 130.0 (Carom.), 130.0 (Carom.), 129.9 (Carom.),
129.8 (Carom.), 129.8 (Carom.), 129.2 (Carom.), 129.2 (Carom.), 129.2
(Carom.), 127.3 (Carom.), 102.8 (C-22), 97.9 (C-19), 82.3 (C-21), 78.3
(C-16), 76.4 (C-17), 71.1 (CH2–Ph), 71.1 (CH2–Ph), 69.1 (C-23),
66.0 (C-20), 64.7 (C-2), 64.5 (C-35), 64.5 (C-40), 55.5 (C-18),
55.0 (C-8), 52.2 (C-12), 50.6 (C-14/C-4/C-6), 50.1 (C-4/C-14/C-6),
49.5 (C-6/C-14/C-4), 47.4 (C-31), 47.4 (C-33), 40.0 (C-29), 32.5
(C-10), 32.1 (C-26), 29.8 (C-28), 27.4 (C-11), 24.0 (C-27), 22.9
(NHAc–CH3), 19.9 (CH3), 18.7 (C-36), 18.5 (CH3), 18.3 (C-41),
18.2 (C-1), 18.1 (CH3), 18.0 (CH3), 18.0 (CH3), 17.4 (CH3), �1.4
((CH3)3Si), �1.5 ((CH3)3Si), �1.5 ((CH3)3Si). HRMS (ESI) m/z:
calcd for C74H116N9O22PSi3Na [M + Na]+: 1620.7178, found:
1620.7180.
Debenzylation of compound 66: synthesis of compound 73

Compound 66 (61.6 mg, 38.5 mmol, 1.00 equiv.) was dissolved in
MeOH (3.85 mL) and Pd/C (62.8 mg, Pd-10%) was added. The
ask was ooded with H2 and was stirred at rt o.n. until full
conversion to 73 was detected by mass spectrometry. The
reaction mixture was ltered over Celite and the residue was
washed withmethanol. The solvent was removed under reduced
pressure to yield 44.4 mg (31.3 mmol, 81%) of a colorless, crys-
talline solid which was used without further purication or
analysis.
© 2022 The Author(s). Published by the Royal Society of Chemistry
HRMS (ESI) m/z: calcd for C60H103N9O22PSi3 [M � H]�:
1416.6269, found: 1416.6289.

Acetal cleavage of compound 73: synthesis of compound 74

Acetal 73 (44.4 mg, 31.3 mmol) was dissolved in 80% AcOH/water
(3.13 mL) and the reaction was stirred 2 d at rt. Mass spec-
trometry showed full conversion at this point and toluene (21
mL) was added and the solvent was removed under reduced
pressure to yield 37.1 mg of a colorless, crystalline solid (27.9
mmol, 89%) which was used without further purication or
analysis.

HRMS (ESI) m/z: calcd for C53H98N9O22Psi3 [M � 2H]2�:
663.2965, found: 663.2962.

Synthesis of silyl-protected compound 75

Farnesol phosphate 8 (78.6 mg, 266.1 mmol) was coevaporated
from toluene (2 mL) two times and dissolved in 50% DMF/THF
(3.82 mL). Carbonyldiimidazole (CDI, 170.2 mg, 1.06 mmol) was
dissolved in 50% DMF/THF (3.82 mL) and added to the farnesol
phosphate solution. The reaction was stirred for 2 h at rt and
MeOH (76.3 mL) was added before stirring further 45 min at rt.
The solvents were removed under reduced pressure and the
synthesized phosphoimidazole intermediate was coevaporated
from toluene (2 mL) twice before the addition of DMF (3.1 mL).
Mass spectrometry showed the successful synthesis.

HRMS (ESI) m/z: calcd for C18H28N2O3P [M � H]�: 351.1843,
found: 351.1835.

In the meantime phosphate 74 (37.1 mg, 27.9 mmol) was
coevaporated rst from 0.4 mL pyridine and then twice from
2 mL toluene under argon. DMF (3.1 mL) and the freshly
prepared phosphoimidazole solution were added and the
reaction was stirred for 3 d at rt. The solvent was removed under
reduced pressure and the crude product was semi-puried by
gel permeation chromatography (Sephadex® LH-20, GE
Healthcare, 260 � 20 mm, methanol) to yield 53.9 mg (33.4
mmol, 90%) of a colorless, amorphous solid (75), which was
used for the next reaction without further purication or
analysis.

Rf 0.78 (4 MeOH/2 CHCl3/0.5 water). HRMS (ESI) m/z: calcd
for C68H123N9O24P2Si3 [M � 2H]2�: 791.8737, found: 791.8740.

Synthesis of compound 6

Protected, semi-pure 75 (53.9 mg, 33.4 mmol) was coevaporated
twice from 1 mL toluene under argon and dissolved in DMF (0.5
mL). The solution was cooled to 0 �C and a 1 M solution of
tetrabutylammonium uoride in THF (TBAF, 0.70 mL, 701
mmol) was added. The reaction mixture was allowed to warm to
rt and was stirred for 2 d at rt before removing the solvent under
reduced pressure. The crude product was puried by gel
permeation chromatography (Sephadex® LH-20, GE Health-
care, 260 � 20 mm, methanol) and the tetrabutylammonium
counterions were exchanged to ammonium using percolation
through Dowex® 50WX8 with a 0.02 M NH4HCO3 solution.
Dowex® 50WX8 was washed before usage with 3 : 1 NH3/water
and 0.02 M NH4HCO3 solution until pH of the eluent turned 8.
The solvent was removed by lyophilisation to yield 21.9 mg (16.7
RSC Adv., 2022, 12, 15046–15069 | 15067
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mmol, 50% over four steps) of 6 as a colorless, amorphous solid,
which may further puried by HPLC (25–50% NH4HCO3 (0.1%
aq.)/methanol, retention time 8.1 min, using a KNAUER
Eurospher II 100-5 C8; 5 mm; 250� 16 mm + precolumn 30� 16
mm, 205 nm).

Rf¼ 0.87 (3 MeOH/3 CH2Cl2/1 water). [a]
25
D ¼ +33� (c¼ 0.34 in

MeOH). 1H (500 MHz, D2O) d ¼ 5.50–5.46 (m, 1H, H-17), 5.46 (t,
J¼ 6.8 Hz, 1H, H-37), 5.23 (t, J¼ 6.8 Hz, 1H, H-41), 5.21–5.16 (m,
1H, H-45), 4.52 4.47 (m, 2H, H-36), 4.36 (q, J¼ 7.2 Hz, 1H, H-14),
4.31–4.29 (m, 1H, H-4), 4.29–4.24 (m, 3H, H-6, H-10, H-12), 4.23–
4.21 (m, 11H, H-28), 4.21–4.19 (m, 1H, H-30), 4.19–4.14 (m, 2H,
H-2, H-16), 3.99–3.94 (m, 1H, H-18), 3.91–3.85 (m, 2H, H-20),
3.80 (dd, J ¼ 9.7 Hz, J ¼ 9.7 Hz, 1H, H-15), 3.64 (pt, J ¼
9.7 Hz, 1H, H-19), 3.26–3.23 (m, 2H, H-26), 2.33–2.28 (m, 2H, H-
8), 2.20–2.14 (m, 3H, H-9, H-40), 2.15–2.11 (m, 4H, H-39, H-44),
2.02 (t, J ¼ 7.5 Hz, 2H, H-43), 2.00 (s, 3H, CH3–NHAc), 1.93–1.88
(m, 1H, H-9), 1.83–1.76 (m, 2H, H-23), 1.73 (s, 3H, H-50), 1.72–
1.70 (m, 2H, H-25), 1.70 (s, 3H, H-48), 1.64 (s, 3H, H-47), 1.63 (s,
3H, H-49), 1.55 (d, J ¼ 7.1 Hz, 3H, H-32), 1.53–1.50 (m, 2H, H-
24), 1.45 (d, J ¼ 7.2 Hz, 3H, H-22), 1.42 (d, J ¼ 6.9 Hz, 3H, H-
34), 1.38 (d, J ¼ 7.1 Hz, 3H, H-35), 1.37 (d, J ¼ 7.2 Hz, 3H, H-
31), 1.34 (d, J ¼ 7.1 Hz, 3H, H-21). 13C (176 MHz, D2O) d ¼
181.4 (C-1), 177.9 (C-33), 175.9 (C-11), 175.8 (C-7), 174.8 (C-5),
174.1 (NHAc–C]O), 174.1 (C-3), 173.7 (C-13), 172.1 (C-27),
172.0 (C-29), 143.2 (C-38), 136.8 (C-42), 133.4 (C-46), 124.5 (C-
45), 124.4 (C-41), 119.3 (C-37), 94.8 (C-17), 79.9 (C-15), 78.2 (C-
12), 73.1 (C-18), 68.2 (C-19), 63.2 (C-36), 58.2 (C-20), 54.3 (C-
10), 54.3 (C-6), 53.3 (C-16), 52.2 (C-28), 51.1 (C-2), 50.2 (C-4),
49.9 (C-30), 49.5 (C-14), 38.9 (C-26), 38.9 (C-39), 38.9 (C-43),
31.9 (C-8), 30.7 (C-23), 28.2 (C-9), 27.7 (C-25), 25.9 (C-44), 25.5
(C-40), 25.0 (C-48), 22.5 (NHAc–CH3), 22.2 (C-24), 19.2 (C-32),
18.7 (C-34), 17.5 (C-21), 17.0 (C-47), 17.0 (C-22), 16.7 (C-35),
16.6 (C-31), 15.7 (C-50), 15.3 (C-49). 31P (284 MHz, D2O) d ¼
�10.8 (d, J ¼ 14.8 Hz), �13.4 (d, J ¼ 14.8 Hz).

HRMS (ESI) m/z: calcd for C53H87N9O25P2 [M � 2H]2�:
655.7650, found: 655.7651, calcd for C53H88N9O25P2 [M � H]�:
1312.5372, found: 1312.5381, calcd for C53H87DN9O25P2 [M �
2H + D]: 1313.5435, found: 1313.5421.
Synthesis of 3-lipid II (E. faecalis, S. pneumoniae)

In vitro synthesis of 3-lipid II (E. faecalis, S. pneumoniae) was
performed in a total volume of 30 mL containing 10 mg
compound 5, 2 mM UDP–D-GlcNAc, 50 mM NaPi and 0.5 mM
MgCl2, pH 6.5. The reaction was initiated by the addition of 2 mg
of MurG–His6. Aerincubation for 4 h at 30 �C the reaction was
quenched by the addition of 60 mL MeOH and evaporated to
dryness. Dried samples were dissolved in distilled water for
mass spectrometric analysis. Recombinant MurG–His6 enzyme
was overexpressed and puried as described for MurG35 and
dialized against 10 mM NaPi buffer, pH 7.0.

HRMS (ESI) m/z: calcd for C64H105N13O31P2 [M � 2H]2�:
806.8263, found: 806.8255; calcd for C64H104N13O31P2Na [M �
3H + Na]2�: 817.8173, found: 817.8166; calcd for
C64H104N13O31P2 [M � 3H]3�: 537.5484, found: 537.5475. The
spectroscopic data were in agreement with those previously
reported.8
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