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ABSTRACT: We report three distinct, peptide-based catalysts that enable site-
selective phosphorylation of three distinct hydroxyl groups within the complex
glycopeptide antibiotic teicoplanin A2-2. Two of the catalysts are based on a
design that capitalizes on a catalyst−substrate interaction that mimics the
biological mechanism of action for teicoplanin. These catalysts are based on a
DXaa−DXaa peptide motif that is known to target the teicoplanin structure in a
specific manner. The third was identified through evaluation of a set of catalysts
that had been developed for historically distinct projects. Each catalyst contains
additional functionality designed to dispose a catalytic moiety (a nucleophilic
alkylimidazole) at a different region of the glycopeptide structure. A combination
of mass spectrometry and 2D-NMR spectroscopy allowed structural assignment
of the distinct phosphorylated teicoplanin derivatives. Mechanistic studies are also
reported that support the hypotheses that led to the discovery of the catalysts. In this manner, small molecule catalysts have been
achieved that allow rational, catalytic control over reactions at sites that are separated by 11.6, 16.5, and nearly 17.7 Å, based on
the X-ray crystal structure of teicoplanin A2-2. Finally, we report the biological activity of the new phosphorylated teicoplanin
analogs and compare the results to the natural product itself.

■ INTRODUCTION

Site-selective bond formation at redundantly occurring func-
tional groups within complex molecules is a formidable
challenge that, until recently, was largely viewed as the purview
of enzymatic catalysis.1−5 As the sites become more remotely
localized, and when the stereochemical relationship is not
enantiotopic, particular challenges may exist. Catalysts that
target large molecules may not exhibit high preferences for one
sector of a structure over the other, which will increase the
difficulty of functionalizing an intrinsically less reactive site in
the presence of competing more reactive sites.6 Even so,
advances have been recorded. Desymmetrization reactions
provide inspirational examples of equivalent functional group
differentiation, even when reaction sites are somewhat remotely
localized.7−9 Site-selective reactions of increasingly complex
molecules are also being developed.6,10−13 In our own
laboratory, we observed that peptide-based catalysts could
effect site-selective phosphorylation of the enantiotopic 1- and
3-positions of the inositol ring, with the reacting sites separated
by 2.7 Å based on the X-ray crystal structure of myo-inositol14

(Figure 1a).15,16 Later, we developed catalysts that were
effective for desymmetrization of a pharmaceutically relevant
diarylmethane bis(phenol) where the competing enantiotopic
sites were separated by nearly a nanometer (Figure 1b).17,18

More recently, we have endeavored to discover catalysts that
enable rapid diversification of truly complex molecules,
including the complex glycopeptide antibiotics vancomycin11,12

and teicoplanin.13 For example, we found two catalysts that can
target the G6-hydroxyl group of a vancomycin derivative (1)

with high selectivity, and another that functionalizes the Z6-
position with high selectivity (Figure 1c). These findings, in the
context of thiocarbonylation reactions, enabled the synthesis of
the corresponding deoxyvancomycins. Distinct from vancomy-
cin, teicoplanin A2-2 (2, Figure 1d) consists of three different
sugar moieties located remotely from each other. Notably, the
primary hydroxyl groups of each sugar subunit are separated by
11.6, 16.5, and 17.7 Å, based on the crystal structure of
teicoplanin A2-2 (2, Figure 1d).19 This increased molecular
complexity of teicoplanin A2-2 (2) necessitated the develop-
ment of novel catalysts that can selectively functionalize the
previously unexplored sugar units. In the present study, we
report the identification of three distinct catalysts that exhibit
high selectivity for phosphorylation of hydroxyl groups located
at three different sugar moieties of teicoplanin A2-2 derivative 3.
Our interest in the glycopeptides stems from (a) the

chemical challenge of developing effective site-selective catalysts
that tolerate the dense arrays of chemical functionality,
including the intrinsically varied reactivity of all the competing
functional groups, and (b) the opportunity to contribute new
analogs that might reveal aspects of the structure-activity
relationships for these important molecules. Vancomycin (4,
Figure 2), teicoplanin,20 and their relatives have emerged as
important compounds in the campaign against antibiotic
resistance.21−25 Studies of their chemical synthesis,26−32

semisynthesis,33−35 and biosynthesis36−40 continue to contrib-
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ute mightily to our understanding of their modes of action, and
also to promising new therapies in clinical settings. Teicoplanin,

in particular, is an attractive compound for our interests, not
only because of its high degree of molecular complexity but also
its higher degree of potency as an antibiotic.41 Yet, the onset of
resistance to vancomycin (4), teicoplanin, and their relatives
motivates further the objective of developing new chemistry to
manipulate the scaffold.42,43 Among the interesting glycopep-
tides in the clinic is the compound telavancin (5, Figure 2), a
phosphonated vancomycin derivative.44 In part due to its
phosphonated nature, we set out to learn if it might be possible
to develop catalysts capable of catalytic phosphorylation of
teicoplanin derivative in a site-selective manner.

■ RESULTS AND DISCUSSION
Initial Design of the Catalysts. The mechanism of

antibacterial activity for vancomycin or teicoplanin has been
studied extensively.45 Among the conclusions is the canonical
binding of the glycopeptides to the growing bacterial cell wall
through a specific association between vancomycin/teicoplanin
and the DAla−DAla moiety of the growing peptidoglycan. Five
hydrogen bonds between the antibiotic and substrate play a key
role in inhibiting the cell wall synthesis of the bacteria. We have
been exploring the possibility of developing catalysts that
specifically modify the glycopeptides by mimicking these
biologically validated interactions. For example, we developed
catalysts for selective thiocarbonylation12 and bromination11 of
vancomycin, and bromination13 of teicoplanin on this basis.
Loll and co-workers reported the X-ray crystal structure of

the complex of DAla−DAla peptide moieties and teicoplanin
using a carrier protein strategy (Figure 3a).46 Based on this
crystal structure data, we envisioned that a superposition of the
terminal DAla1 with a D-π-methylhistidine (DPmh) would bring
the nucleophilic alkylimidazole group in close proximity to the
N-decanoylglucosamine unit (Figure 3b, N-decanoylglucos-
amine shown in red). Alkylimidazoles, such as that localized in
Pmh, have been shown to be effective nucleophilic catalysts for
the delivery of a variety of functional groups to hydroxyl
sites.6,12,16,17,47,48 As noted above, these residues are quite well
suited for catalytic phosphoryl group transfer, and they may
also be considered, in some sense, mimics of kinases.49 Hence,
we envisioned that a catalyst with a Xaa-DAla-DPmh sequence
would be optimal for the functionalization of the hydroxyl
groups present in the “top/red” N-decanoylglucosamine moiety
(Figure 3b). Indeed, this catalyst design was applied to the

Figure 1. Representative examples of substrates for site-selective
reactions with competing functional groups at a distance. (a)
Enantioselective phosphorylation of inositol derivative. (b) Desymme-
trizaton of bis(phenol). (c) Site-selective thiocarbonylation of
vancomycin derivative 1. (d) Site-selective functionalization of
teicoplanin A2-2 derivative 3 and X-ray crystal structure of teicoplanin
A2-2 (2, adapted from PDB 2XAD).19

Figure 2. Structure of the representative glycopletide drugs
vancomycin (4) and telavancin (5).
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thiocarbonyl group transfer at the G6 position of vancomycin
derivative 1 (Figure 1c).12 For the selective functionalization of
the mannose ring (“bottom/blue” sugar), we envisioned a
catalyst where the DAla2 is substituted with DPmh (Figure 3c).
The superposition of the DPmh residue in this locus suggested
that the binding of Xaa-DPmh-DAla peptide to teicoplanin
would position the nucleophilic alkylhistidine moiety proximal
to the mannose sugar. The design of the peptide-based catalyst
for selective functionalization of the N-acetylglucosamine ring
(“left/green” sugar) was most challenging due to the long
distance from the DAla−DAla binding pocket to the sugar
moiety (Figure 3d). The X-ray crystal structure and molecular
model of teicoplanin A2-2 (2) bound to DAla−DAla based
peptide show that the N-acetylglucosamine ring is positioned
away from the peptide moiety due to the R-configuration of the
Z6 carbon, which rendered the design of catalyst selective for
this sugar unit uniquely challenging. We envisioned that an
extended, well-defined peptide sequence, beyond a DAla−DAla
initiator moiety, would be required for this goal.
Development of the Catalyst for Selective Phosphor-

ylation of the “Top/Red” N-Decanoylglucosamine. Our
study commenced with the proper protection of the teicoplanin
A2-2 (2). The primary amine present in teicoplanin A2-2 (2)
was efficiently protected with N-(allyloxycarbonyloxy)-
succinimide in the presence of sodium bicarbonate. Next, the
carboxylate and phenolic hydroxyl groups were allylated with
allyl bromide and cesium carbonate (Scheme 1).50−52 These
functional groups had a dual role of masking the reactive amine
and phenol functionalities and increasing the solubility of the
substrate in organic solvents.
We then began to explore the phosphorylation of 3 (eq 1).

When teicoplanin derivative 3 was treated with excess diphenyl
phosphoryl chloride (DPCP, 6 equiv) and 1,2,2,6,6-pentam-
ethylpiperidine (PEMP, 8 equiv) in the absence of nucleophilic
catalyst, no reaction occurred (Table 1, entry 1). On the other
hand, in the presence of N-methylimidazole (NMI, 1 equiv),
DPCP (6 equiv), and PEMP (8 equiv), partial conversion to
various mono- and bisphosphorylated products was observed
(Table 1, entry 2). We could identify three different teicoplanin
derivatives, each monophosphorylated at the primary hydroxyl
groups of the N-decanoylglucosamine, N-acetylglucosamine,
and mannose sugars (8/10/9 = 2.4:1:2.2), and a bi-
sphosphorylated product 12. A description of the structural
assignments of the products is presented below (vide inf ra).52

In terms of catalyst-dependent selectivity, when the reaction

was run in the presence of designed catalyst Cbz-Lys(Cbz)-
DAla-DPmh-ONBu4 (13; Table 1, entry 3), phosphorylation
occurred selectively at the primary alcohol of the “top/red” N-
decanoylglucosamine, in accord with our hypothesis (Figure
3b). The reaction could be run with 10 mol % of the peptide
catalyst 13 to give 42% isolated yield of the “top/red” N-
decanoylglucosamine phosphorylated product 8. This result is
consistent with the selective G6 thiocarbonylation of
vancomycin derivative 1 using the same catalyst 13.12 The
portability of peptide-based catalyst from vancomycin thio-
carbonylation to teicoplanin phosphorylation implies the
potential application of this catalyst to broad arrays of
glycopeptides for various transformations, enabling the
generation of new antibiotic derivatives.21,23,25 It is interesting
to note that the HPLC traces for these catalytic runs reflect
reactions that are quite clean under the conditions we have
developed. The isolated yield of 42% (as opposed to a higher
yield) may reflect an intrinsic loss of material during the C18
HPLC purification process, as well as formation of
undetermined minor byproducts.

Development of the Catalyst for Selective Phosphor-
ylation of the “Bottom/Blue” Mannose. We next sought to
develop a catalyst for selective phosphorylation of the mannose
ring of teicoplanin derivative 3 (eq 2). We first tested the
catalyst 14, which contained DPmh in the second amino acid
and was therefore expected to functionalize the mannose unit
of 3 (Figure 3c). Interestingly, when teicoplanin derivative 3

Figure 3. Design of peptide catalysts based on the X-ray crystal structure of DAla−DAla containing peptide bound to teicoplanin: (a) X-ray crystal
structure of Lys-DAla-DAla-O− (6, lines) bound to 6c-dechloroteicoplanin (7, sticks, adapted from PDB 3VFG).46 (b) Proposed model for delivery of
the diphenylphosphoryl group to the N-decanoylglucosamine ring by Z-Lys(Z)-DAla-DPmh-O−. (c) Proposed model for delivery of the
diphenylphosphoryl group to the mannose ring by Z-Ala-DPmh-DAla-O−. (d) Proposed model for delivery of the diphenylphosphoryl group to the
N-acetylglucosamine ring by Pmh-(Xaa)n-DAla−DAla-O−.

Scheme 1. Synthesis of N-alloc-O-pentaallyl-teicoplanin (3)a

aReagents and conditions: (a) N-(allyloxycarbonyloxy)succinimide,
NaHCO3, H2O, 1,4-dioxane, 23 °C (89%). (b) Allylbromide, Cs2CO3,
DMF, 50 °C (50%).
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was treated with 1 equiv of peptide 14 along with excess DPCP
and PEMP, mono- and bisphosphorylated products were
obtained with a similar distribution ratio to that of the NMI
control experiment (Table 2, entries 1 and 2). We reasoned
that the DPmh caused a weaker binding between the peptide
and the teicoplanin derivative 3, resulting in nonselective
reaction. In fact, in 1971, Nieto and Perkins reported that the
association constant of Ac-Lys(Ac)-DAla-DAla (5.9 × 105 L/
mol) to structurally relevant ristocetin B is ten times larger than
that of Ac-Lys(Ac)-DLeu-DAla (5.8 × 104) while it is similar to
that of Ac-Lys(Ac)-DAla-DLeu (6.1 × 105).53 These historical
results are consistent with the successful design of catalyst 13
(for the “top/red” sugar) and less successful catalyst 14
(designed for the “bottom/blue” sugar). Moreover, when
teicoplanin derivative 3 was challenged with a mixture of
catalysts 13 and 14 (13/14 = 1:1), DPCP, and PEMP, only the
“top/red” N-decanoylglucosamine phosphate 8 was observed
(Table 2, entry 3), consistent with our rationalization.
In light of these results, we performed a screen of 15

additional catalysts available from previous projects in our
group. Intriguingly, we found that peptide 15 (20 mol %) gave
the desired mannose phosphorylated teicoplanin derivative 9 as
a major product (23% isolated yield, Table 2, entry 4). Notably,
only 3 equiv of DPCP were employed in this experiment, a

function of the very high activity associated with catalyst 15.
(Six equivalents of phosphorylating agent resulted in the
formation of overphosphorylated teicoplanin derivatives.) The
identification of catalyst 15 also presents philosophical
questions. For example, catalyst 15 was initially reported in
2001 and later exploited for the desymmetrization of myo-
inositol derivatives.15,16,54−58 The fact that it emerges in the
context of selective derivatization of teicoplainin analog 3
highlights its portability to a very different scaffold, suggesting
that it may be “privileged” in some sense.59

Development of the Catalyst for Selective Phosphor-
ylation of the “Left/Green” N-Acetylglucosamine. We
next set our goal to develop a catalyst that can selectively
phosphorylate the N-acetylglucosamine ring of teicoplanin
derivative 3 (eq 3). Notably, the primary hydroxyl group of the
“left/green” N-acetylglucosamine is the least reactive among
those of three different sugar units present in 3 upon
phosphorylation in the presence of NMI (Table 3, entry 1).
The intrinsic low reactivity of the N-acetylglucosamine, coupled
with its remote location to the DAla−DAla binding pocket (vide-
supra), presented significant challenge regarding the develop-
ment of a catalyst selective for this sugar unit. In fact, the
localization of the “left/green” sugar is aptly described as on the
opposite hemisphere of the teicoplanin core relative to the
DAla−DAla binding site. Thus, a major alteration to our catalyst
design strategy was necessary to target this site.

Table 1. Development of a “Top/Red” N-
Decanoylglucosamine-Selective Phosphorylation Catalyst

Table 2. Development of a “Bottom/Blue” Mannose-
Selective Phosphorylation Catalyst
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A clue emerged from our evaluation of the 15 additional
peptide catalysts noted above. In this screen, we identified
catalysts 16 and 17, which showed modest increases in the
extent of functionalization of the “left/green” sugar (leading to
phosphorylated product 10) in comparison to NMI (Table 3,
entries 1−3). In particular, peptide 16 showed moderate
conversion to the top, left, and bottom phosphates 8, 10, and 9
(8/10/9 = 1:1:1.2); peptide 17 afforded N-acetylglucosamine
phosphorylated teicoplanin derivative 10 as a major product,
for the first time in our studies. Interestingly, both peptides
contain β-turn-promoting motifs,60−63 possibly rendering
structural rigidity to the catalysts via internal hydrogen bonding.
Also striking, two D-amino acid residues were present at the C-
terminal end of these hits (Table 3). We also noticed that
peptide 18, synthetized via hydrolysis of the C-terminal methyl
ester of peptide 17, showed increased selectivity and conversion
to 10 (Table 3, entry 4). These observations, in conjunction
with our initial peptide design plan for the left sugar (Figure
3d), stimulated us to merge these concepts in a new catalyst.
These concepts culminated in the design of peptide 19, which
merges both the DAla−DAla binding moiety and a β-turn-
promoting motif within a unique catalyst. In accord with our
design, when protected teicoplanin 3 was treated with DPCP

and PEMP in the presence of 30 mol % catalyst 19, the desired
left phosphorylated teicoplanin derivative 10 was obtained with
high selectivity and good conversion (41% isolated yield, Table
3, entry 5). Notably, in subsequent studies, we found that any
stereochemical changes in the Pmh or DPro residues (Pmh-Pro,
DPmh-DPro, or DPmh-Pro instead of Pmh-DPro) of the catalyst
resulted in significantly lower reactivity and selectivity for this
reaction.52 These observations reflect the importance of a
stereochemical match of the catalyst to selectively phosphor-
ylate the least reactive carbohydrate moiety, the “left/green” N-
acetylglucosamine residue, within teicoplanin. In addition, they
document a unique strategy for targeting hydroxyl sites that are
substantially distal from the DAla−DAla binding site of
teicoplainin, with the capacity to reach a number of angstroms
beyond the binding site itself. The merger of the DAla−DAla
concept with the β-turn-promoting motif we have studied
extensively previously64 thus constitutes a potentially new
approach for accessing catalytic reactivity at quite remote sites.
In order to gain further insights about the importance of the

DAla−DAla binding to the substrate for the catalysis, we
envisioned experiments that might be conducted in the
presence of competitive inhibitors for the catalysts. Thus, we
ran the phosphorylation reaction of teicoplanin derivative 3 in
the presence of 1 equiv of Boc-Leu-DAla-DAla-OH peptide (20,
eq 4), a putative competitor for the substrate-binding site.
Under these conditions, when teicoplanin derivative 3 was
treated with DPCP and PEMP in the presence of peptide
catalyst 13, no reaction was observed (Table 4, entry 1).65

Similarly, in the presence of 1 equiv of competitive Boc-Leu-
DAla−DAla-OH (20) peptide, 50 mol % of left-sugar selective
peptide 19 exhibited significantly lowered reactivity (Table 4,
entry 2). On the other hand, catalyst 15, which does not
contain a DAla−DAla based binding site, gave phosphorylated
products 8 and 9, albeit in lower conversion and selectivity,
perhaps due to the conformational change of the teicoplanin
derivative upon binding to peptide 20 (Table 4, entry 3).66

These experiments are consistent with the targeted notions of
teicoplanin/catalyst binding at the heart of our experimental
designs.

Table 3. Development of a “Left/Green” Acetylglucosamine-
Selective Phosphorylation Catalyst

Table 4. Importance of the DAla−DAla Binding for Catalysts
13 and 19

aHPLC traces were recorded at 280 nm. bDPCP (6 equiv), PEMP (8
equiv), 20 (1 equiv), catalyst, THF, CH2Cl2, 23 °C. cDPCP (4.0
equiv), PEMP (5.3 equiv), 20 (1 equiv), catalyst, THF, CH2Cl2, 23
°C.
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Deprotection of the allyl/alloc Protecting Groups and
Structural and Biological Characterization. With efficient
synthetic access to three monophosphorylated teicoplanin
derivatives, 8, 9, and 10, the deprotection conditions of the
alloc and allyl groups were investigated. Palladium-mediated
reduction using phenylsilane as reductant, conditions previously
used in our group for the vancomycin derivatives depro-
tection,12 cleanly afforded the alloc and allyl deprotected
products 21, 22, and 23. Straightforward reverse phase HPLC
isolations resulted in yields of 53, 49, and 55%, respectively
(Scheme 2). Structural assignments of phosphorylated

teicoplanin derivatives were realized using mass spectrometry
(MS) and NMR spectroscopy. ESI MS/MS data of 21, 22, and
23 provided distinct fragmentation patterns diagnostic of loss
of each of the sugar moieties, which enabled the assessment of
the site of phosphorylation (Figure 4). Furthermore, HSQC,
HMBC, COSY, NOESY, and TOCSY data enabled unambig-
uous assignments of all proton and carbon chemical shifts of
the sugar regions of 21, 22, and 23. Figure 4 shows the HSQC
overlay of the sugar regions of each phosphorylated teicoplanin
(gray) with teicoplanin A2-2 (2, colored) (Figure 4).52 In all
cases, the biggest chemical shift difference was that of the
methylene (Y6,6′, M6,6′, E6,6′) protons and carbons
consistent with the phosphorylation at the primary hydroxyl
groups.
As a mode of biological characterization, we evaluated each

of the new diphenylphosphoryl derivatives of teicoplanin A2-2
for their antibacterial activities (Table 4). The newly
synthesized analogs 21, 22, and 23 showed attenuated activities
in four of the standard strains that were examined (methicillin-
susceptible Staphylococcus aureus (MSSA), methicillin-resistant
Staphylococcus aureus (MRSA), vancomycin-susceptible Enter-
ococcus (VanS), and vancomycin-resistant Enterococcus VanB
(VanB)) and somewhat improved activity against vancomycin-
resistant Enterococcus VanA (VanA) in comparison to
teicoplanin itself (Table 5). It is conceivable that the site-
selective functionalization capability we have established in this
study may allow for design of new variants that will allow for a
high precision SAR to be derived.

■ CONCLUSIONS

In summary, we identified three different peptide catalysts that
selectively phosphorylate three distinct sugar moieties present
in teicoplanin A2-2 (2). Rational design of catalysts based on
the X-ray crystal structure and modeling enabled the
identification of peptide 13, which selectively phosphorylated

the “top/red” N-decanoylglucosamine moiety. However, our
designs for the other sugar sites required editing based on
experimental information and new insights acquired through
evaluation of fifteen additional, diverse catalysts. From this set,
we identified peptide 15, which led to substantial selectivity for
the “bottom/blue” phosphorylated teicoplanin 9. Finally
through rational optimization of the initial hits from this
screen, we conceived and synthesized peptide 19, an embodi-
ment of both a well-ordered β-turn unit and a DAla−DAla
targeting moiety. This catalyst enabled the selective phosphor-
ylation of the least reactive “left/green” sugar of teicoplanin A2-
2 derivative 3. Notably, the new catalysts are considerably
smaller than the substrates upon which they operate, an
unusual situation for many classes of catalysts, including
enzymes and many small molecule catalysts based on metal
complexes and organocatalysts. The chemical tools presented

Scheme 2. Deprotection of the alloc and allyl Protecting
Groups

Figure 4. Structural data for 21, 22, and 23. (a) ESI MS/MS data and
overlay of HSQC spectrum (sugar region) of 21 (gray) with 2
(colored). (b) ESI MS/MS data and overlay of HSQC spectrum
(sugar region) of 22 (gray) with 2 (colored). (c) ESI MS/MS data and
overlay of HSQC spectrum (sugar region) of 23 (gray) with 2
(colored).

Table 5. MIC Data for New Phosphorylated Teicoplanin
Analogues 21−23a

compd
S. aureus
MSSAb

S. aureus
MRSAc

E. faecalis
VanSd

E. faecalis
VanBe

E. Faecalis
VanAf

21 4 4 1 4 32
22 8 8 1 8 32
23 4 4 0.5 4 62
vancomycin 1 1 2 16 >64
teicoplanin 0.5 0.5 0.25 0.25 >64
linezolid 4 4 2 2 2

aMIC values reported in μg/mL. bMSSA: methicillin-susceptible S.
aureus. cMRSA: methicillin-resistant S. aureus. dVanS: vancomycin-
susceptible. eVanB: VanB resistance genotype phenotype. fVanA:
VanA resistance genotype/phenotype.
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here expand our understanding of site-selective catalysis on
complex chemical scaffolds. These results illustrate a possible
step forward for the development of synthetic catalysts that
operate distinctively and selectively over quite long dimensions.
As noted, the hydroxyl groups we have been able to target in
these studies are separated by as much as 17.7 Å in a
teicoplanin crystal structure,46 which is a dimension character-
istic of structural subunits in proteins.67
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