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ABSTRACT: A rapid protocol based on Fmoc-chemistry for
the solid phase peptide synthesis of vancomycin- and
teicoplanin-type peptides is described. Epimerization of highly
racemization-prone arlyglycine derivatives is suppressed
through optimized Fmoc-deprotection and coupling con-
ditions. Starting from easily accessible Fmoc-protected amino
acids, this strategy enables the enantioselective synthesis of
peptides corresponding to intermediates found in vancomycin
and teicoplanin biosynthesis with excellent purity and in high
yields (38%−71%).

Vancomycin and teicoplanin belong to the class of
glycopeptide antibiotics produced by various Streptomyces

species. They act by inhibiting cell-wall biosynthesis of many
Gram-positive bacteria and remain “last-resort” antibiotics
against Enterococci or methicillin-resistant Staphylococcus aureus
(MRSA) infections.1 As bacteria have begun to evolve
resistance to these compounds, there is a great need for
novel, highly active derivatives of these antibiotics; despite
impressive advances,2 this is hampered by the highly complex
total synthesis of these natural products.3 An alternate approach
therefore is to use semisynthetic or biotechnological
approaches, which can help to develop modified derivatives.4

The unique structural framework (Figure 1) of these
glycopeptides, which is crucial for their antibiotic activity,4a is
biosynthetically derived from a nonribosomally produced
heptapeptide precursor that is oxidatively cross-linked between
the aromatic amino acids by Cytochrome P450 enzymes
(Oxys):5 the order of these cross-links and the respective Oxys
have now been assigned for vancomycin6 as well as for
teicoplanin,7 and several examples have been structurally
characterized.8 As the chemical synthesis of these cross-links
remains as one of the great challenges in the synthesis of novel
glycopeptide antibiotic derivatives, there is significant interest in
understanding these enzymatic transformations in more detail,
with an outlook to use the enzymes as biocatalysts for obtaining
access to novel aglycone derivatives with the potential for
improved antibiotic activity against resistant bacteria.
The group of Robinson has shown that it is possible to

perform the first oxidative cross-linking reaction with OxyB to
form the vancomycin C−O−D ring in vitro by using precursor
hexa- and heptapeptides bound to peptidyl carrier protein
domains (PCP) of the vancomycin NRPS.9 However, this
approach is currently limited by difficulties in the chemical
synthesis of the linear peptide precursors, due to the high

sensitivity to epimerization of the arylglycine derivatives 4-
hydroxyphenylglycine (Hpg) and especially 3,5-dihydroxy-
phenylglycine (Dpg) in the respective aglycones:10 these
residues have previously been thought to be incompatible
with the two standard solid phase peptide synthesis (SPPS)
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Figure 1. Core structures of different glycopeptide antibiotics.
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strategies (Boc- and Fmoc-chemistry)11,12 and required Alloc-
chemistry.11,13 Disadvantages of Alloc-chemistry are the use of
a palladium-mediated cleavage protocol and the tedious
synthesis of all protected amino acid building blocks, while,
in contrast, Fmoc chemistry has the advantages of a large range
of available building blocks, simple synthesis of such starting
materials where this is not the case, and the possibility to
monitor the cleavage step during synthesis using UV-
absorption.
Therefore, we sought to develop a streamlined and efficient

SPPS protocol for vancomycin- and teicoplanin-type bio-
synthetic precursor peptides using Fmoc-chemistry. For this a
series of conditions were explored to investigate the
susceptibility of phenylglycine residues to racemization, initially
using the model tripeptide NH2-Phg-Phg-Tyr-OH 2, synthe-
sized from preloaded Fmoc-Tyr-Wang resin 1. An initial
experiment, performed using standard SPPS conditions20%
piperidine for N-deprotection and 0.4 M NMM for amino acid
activationafforded an equimolar ratio of all four possible
diastereomers, resulting from racemization of the phenylglycine
residues (Figure 2B). To overcome the effect of piperidine
different conditions for Fmoc-removal were tested, focusing on
alternative reagents reported to be compatible with the solid
phase synthesis of base-labile thioesters, such as TBAF14 or
DBU mixtures15,16 (for the full range of conditions tested; see
Table S1, SI). Experiments using DBU gave the best results.
Use of HOBt as an additive16 was equally effective as DBU
alone; however, it had the disadvantage of not allowing UV-
monitoring of the reaction due to the absorption of the DBU/
HOBt solution. The addition of a secondary amine to scavenge
the diphenylfulvene product of Fmoc deprotection was tested
and had deleterious effects on the extent of racemization. Thus,
a 1% solution of DBU in DMF was chosen for deprotection of
the N-Fmoc group, which enables the effective deprotection of

phenylglycine residues in less than 30 s with very little
racemization of the Cα-carbon.
For the exploration of a coupling reagent,17 alternative

uronium-type reagents and the phosphorus reagent DEPBT
were chosen (see Table S1, Supporting Information (SI)).
DEPBT has been reported in the liquid phase coupling of
arylglycine derivatives among others by Boger and co-
workers.2,12 From these reagents HATU18 and COMU19 in
combination with TEA quickly proved to be superior in
reducing epimerization during coupling, while a coupling time
of 30 min was optimal to maximize coupling efficiency. Using
more than 1 equiv of base to activator led to significant
epimerization (entries 5−10, Table S1). HATU afforded
slightly higher coupling yields compared to COMU (entry 11
vs 15), although the ratio between coupling efficiency and
epimerization proved to be best using COMU. Also, we did not
observe advantages of performing double coupling with half the
equivalents of activator and base (entries 13/14). Thus, 4 equiv
of COMU together with 4 equiv of TEA was chosen as an
optimized Fmoc-SPPS coupling mixture (Figure 2C; Table S1,
entry 15). Interestingly, during the course of investigation we
observed a reduced tendency to racemization when substituting
phenylglycine residues for 4-hydroxyphenylglycine resulting in
tripeptide 3 (Figure 2D), most likely due to a stabilizing
electron-donating mesomeric effect from the para-hydroxyl
groups.
These optimized conditions (Figure 2) were then applied to

the SPPS of vancomycin-type hexapeptide 6 (Figure 3), starting
from 1 using commercially available building blocks and Fmoc-
D-Hpg-OH 5, prepared in one step from the free amino acid
(SI). Following cleavage of 6 from the resin using a TFA/TIS/
H2O (95:2.5:2.5) mixture, analytical HPLC-MS analysis
revealed one major product of correct mass (Figures 3 and
S9): thus, essentially no side reactions or epimerization had

Figure 2. Optimization of Fmoc cleavage and coupling conditions for arylglycine derivatives: (A) General synthesis of tripeptides 2 and 3;
nonoptimized: (i) 20% piperidine/DMF, (ii) 4 equiv of Fmoc-D-Phg-OH 4, 4 equiv of HCTU, 8 equiv of NMM; optimized: (i) 1% DBU/DMF, (ii)
4 equiv of 4 or Fmoc-D-Hpg-OH 5, 4 equiv of COMU, 4 equiv of TEA. (B−D) LC-MS traces of crude synthesis mixtures of tripeptides 2 and 3
using nonoptimized (B) and optimized conditions (C and D). Total ion counts (TIC) and single ion counts of the respective peptides are shown.
Stereochemistry of rac-3 was assigned by synthesis of all four possible diastereomers (see SI).
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occurred during SPPS, global deprotection, and cleavage from
the solid phase. Following HPLC-purification, hexapeptide 6
could be isolated in an overall yield of 71%, with the structure
confirmed by MS and by the assignment of the 1H and 13C
NMR spectra using 2D NMR experiments (COSY, ROESY,
HSQC, HMBC). It should be emphasized that, with this
optimized protocol for Fmoc-chemistry, not only the synthetic
effort for the synthesis of vancomycin-type peptides is reduced
but also, compared to a previously reported optimized protocol
using Alloc-chemistry, where the coupling for each amino acid
was performed overnight,11 the speed of synthesis has also been
increased tremendously.
In the next step, we focused on teicoplanin-type peptides.

Teicoplanin is often a more potent antibiotic compared to
vancomycin,1 and it is structurally more complex. Additionally
(and to the best of our knowledge) there have been no in vitro
investigations of the respective Cytochromes P450 to date,
likely due to the difficulties in preparing the required peptide
substrates. From the synthetic point of view, the SPPS of
teicoplanin-type peptides is yet more demanding than
vancomycin-type peptides for two reasons: first, three Hpg
residues have to be incorporated into the peptide as opposed to
two Hpg residues for vancomycin-type peptides, and second, at
position 3 of the peptide the highly racemization-prone amino
acid 3,5-dihydroxyphenylglycine must be incorporated. As
enantiomerically pure Dpg is very expensive to purchase or
requires extensive synthesis, we first focused on the synthesis of
peptide 7 having substituted Dpg with Phg at position 3 of the
peptide (Figure 4). Using the same synthesis protocol as that
for peptide 6, teicoplanin-type hexapeptide 7 was obtained in
high purity (Figures 4A and S11, SI) and could be isolated in
61% yield after HPLC purification.
As initial SPPS trials under the optimized conditions revealed

a low coupling efficiency and high tendency for epimerization
for Fmoc-Dpg-OH 8, we next focused on a systematic
comparison of different activating bases to alleviate this
problem (see Table 1 and Figure S7). Thus, the less basic
and sterically hindered bases 2,4,6-trimethylpyridine (TMP,
pKa = 7.4320),21 2,6-dimethylpyridine (2,6-DMP, pKa = 6.6020),
and the dibasic compound DABCO (pKa = 8.920) were chosen
for the synthesis of model tripeptides NH2-L-Phg-L-Dpg-L-Tyr-
OH 9 and 2. Best results for reducing epimerization and
enhancing coupling efficiency were obtained with the least basic
2,6-DMP, yielding 96% of the correct enantiomer of Dpg-
containing peptide 9.

Thus, for the SPPS of teicoplanin-type peptide 10 with Dpg
at position 3, the coupling of Fmoc-L-Dpg-OH 8 was
performed using the specific Dpg-conditions with 2,6-DMP
as the base. Despite a significantly reduced coupling efficiency
of 8, which resulted in a 36% yield of truncated peptide NH2-D-
Hpg-D-Tyr-D-Hpg-D-Hpg-L-Tyr-OH 11, only minimal amounts
of epimerization were detected. By performing double coupling
with 3 equiv of 8, the amount of truncated peptide 11 could be
reduced to 22% (Figure 4B and Figure S13) resulting in an
overall yield of 38% of peptide 10 following HPLC purification.
In contrast to double coupling, no reduction of truncation was

Figure 3. HPLC trace of crude product from the synthesis of
vancomycin-type peptide 6.

Figure 4. HPLC traces of crude synthesis mixtures for teicoplanin-type
peptides 7 (A) and 10 (B) after cleavage from the solid phase. In the
synthesis of 10, incomplete coupling of 8 resulted in truncated peptide
11; epimerized side product of 10 is highlighted.

Table 1. Yields and Epimerization Rates for Model Peptides
2 and 9 Using Different Activating Basesa

peptide base equiv
tri- vs dipeptide

[%]b
correct diastereomer

[%]b

9 TEA 4 75 57
2 TEA 4 94 90
2 TMP 4 92 90
2 2,6-DMP 4 94 94
2 DABCO 2 64 96
9 2,6-DMP 4 88 96

aFmoc cleavage: 1% DBU in DMF, 0.5 min. Coupling: COMU (4
equiv), 30 min, in DMF. bYields were determined by HPLC analysis.
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observed by increasing the excess of 8. Thus, it is likely that
truncation could be reduced yet further, if desired, by executing
multiple coupling cycles with 8 as the combination of COMU
together with 2,6-DMP, for the coupling shows almost
complete suppression of epimerization of Dpg.
The use of unprotected amino acid building blocks raised the

question of acylation of such residues on capping and/or N-
terminal modification with acetylating reagents (Figure S8, SI).
While partial acylation of Hpg residues was observed, this did
not interfere with the peptide synthesis when acylation was
used for capping and could be selectively removed postsyn-
thesis without inducing racemization of the peptide using a
NaHCO3/H2O/MeOH solution (Figure S8, SI). Thus, both
capping and N-terminal acylation can be incorporated in the
peptide synthesis route if desired.
In conclusion, we have developed a protocol enabling the

SPPS assembly of vancomycin- or teicoplanin-type peptides
possessing multiple epimerization-prone arylglycine derivatives
using Fmoc-chemistry. This approach is significantly simplified
over previously reported methods11 and shows a reduction in
time of synthesis. Thus, this protocol facilitates the preparation
of peptide substrates that we currently are using for the
investigation of the later stages of glycopeptide biosynthesis. As
arylglycine derivatives are widespread components of peptidic
natural products, we anticipate that this approach will also aid
in the exploration of other biosynthetic pathways, such as those
of β-lactam antibiotics22 or other peptide antibiotics.12,23
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