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Palladium-Catalyzed Oxidation of Glucose in
Glycopeptides**
Niels R. M. Reintjens+,[a] Liubov Yakovlieva+,[a] Nittert Marinus,[a] Johan Hekelaar,[a]

Francesca Nuti,[b] Anna Maria Papini,[b] Martin D. Witte,[a] Adriaan J. Minnaard,[a] and
Marthe T. C. Walvoort*[a]

Selective modification of carbohydrate residues in glycopep-
tides is highly relevant as a tool in glycobiology. In particular,
oxidation allows for subsequent ligation with a label or handle
and can be effectuated enzymatically or chemically. Chemical
oxidation of carbohydrate residues in glycopeptides is nearly
invariably done using periodate cleavage, leading to aldehydes.
In this work, we applied palladium-catalyzed oxidation for the
same purpose. The catalyst, [(neocuproine)PdOAc]2OTf2, devel-
oped for the site-selective oxidation of mono- and oligosacchar-

ides on preparative scale, proved suitable for the oxidation of
glucose residues in a series of glucopeptides. Careful optimiza-
tion of the reaction conditions is necessary to get acceptable
conversions without excessive over-oxidation of amino acid
side-chains, in particular threonine. The resulting carbonyl
function can be used for an oxime-ligation to biotin. A protocol
for the analysis of the products using mass spectrometry is also
reported.

Introduction

Glycopeptides represent an important class of antimicrobial
agents and are fragments of glycoproteins – biomolecules that
govern a multitude of processes in living cells.[1] Aberrant
glycosylation of glycoproteins, which results in an altered
composition of the glycan structure, is implicated in various
diseases, including cancer and bacterial infections.[2,3] Therefore,
efficient methods for detection, enrichment and profiling of
glycopeptides and -proteins are of utmost importance to
understand the effect of glycan composition on biological
function. Consequently, methods for the selective modification
of the carbohydrate residues in glycopeptides, and in particular

in glycopeptide antibiotics, are highly relevant in view of the
increasing bacterial antibiotic resistance.[1,4]

The selective modification of carbohydrates mostly involves
protecting group strategies, which are hardly possible when
modifying glycopeptides. Regioselective functionalization of the
native glycopeptide is an emerging strategy, which avoids the
use of protecting groups and has the potential to introduce
transformations such as esterification, alkylation, phosphoryla-
tion, and oxidation.[5,6]

The oxidation of carbohydrate residues in glycopeptides and
glycoproteins has received specific attention, as the resulting
carbonyl functions can be used to orthogonally introduce other
functional groups and couple read-out moieties such as biotin and
fluorophores. Oxidation has been accomplished either enzymati-
cally (e.g. with oxidases) or chemically by the oxidative cleavage of
vicinal diols with sodium periodate. Whereas enzymatic oxidation
is limited by the substrate specificity of the available oxidases, the
oxidation reaction with periodate has been used extensively on
galactose and sialic acid residues, including those in
glycopeptides.[7–13] Although this oxidation reaction is particularly
effective for cis diols, the oxidation of trans diols such as O-
GlcNAc-modified proteins is achieved using a higher concentration
of sodium periodate in combination with elevated
temperatures.[26] A drawback of the use of periodate is that it also
oxidizes the resulting α-hydroxy aldehydes, producing formic acid,
thereby leading to products with different masses which could
complicate the analysis.[15] In addition, periodate is not very
selective and also acts on 1,2-amino alcohols, rapidly cleaving N-
terminal serine (Ser) and threonine (Thr) residues.[7] Under the
conditions used in the oxidative cleavage of vicinal trans-diols,
periodate also oxidizes methionine, carbamidomethylated cys-
teine, and tryptophan residues.[7,14]

Palladium-catalyzed oxidation of unprotected carbohydrates
has been extensively studied by our group and the group of
Waymouth,[16–18] and has proven to be very useful for the
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selective oxidation of the C3 position in glucose-configured
pyranosides.[16,19] When applied to 1,4-linked glucans, the
reaction is highly selective for the terminal residue, due to steric
reasons (Figure 1A).[17] The resulting unprotected 3-keto gluco-
sides can be used to prepare rare sugars and to introduce click
handles and reactive groups, as was recently shown by Marinus
et al.[20] Mechanistic studies[18,21,22] on the palladium-catalyzed
oxidation have been performed and as shown in Figure 1B, a
chelation of Pd with the vicinal diol takes place, followed by the
formation of an agostic complex and eventually β-H elimina-
tion. DFT calculations show that the ring oxygen plays an
important role in the preference for the β-H elimination at C3
which explains the selectivity of this reaction.[21] These oxida-
tions are carried out with benzoquinone as a terminal oxidant
to regenerate the catalyst for the next cycle.

In the current work we study the extension of the method-
ology to the modification of glucopeptides and investigate the
catalyst performance in the presence of amino acids and
peptides. Although transition metal-catalyzed reactions, like
with palladium, are widely used in synthetic chemistry, their use
in biological settings is met with difficulties such as low
conversions, the requirement of high temperatures and incom-
patibility with the biomolecule.[23–27] Transition metal-based
catalysts have the tendency to coordinate with functional
groups in biomolecules, such as amides and amines. Ourailidou
et al., for example, observed in a study using an oxidative Heck
reaction, that coordination of Pd(II) to the protein hampered
the reaction.[28]

As with all modifications of biomacromolecules, monitoring
and analysis of the products is a challenge on its own. Mass
spectrometry is the method of choice, and careful interpretation
of the spectra is key, as oxidation of a hydroxy group to a
carbonyl function results in a loss of only 2 D. Even traces of

remaining transition metals disturb the analysis and therefore
have to be rigorously removed. In this study, we explored the
application of the palladium neocuproine catalyst system in the
oxidation of selected glucopeptide sequences, containing
serine and threonine residues (Figure 1C), and show its
potential and limitations.

Results and Discussion

Oxidation reactions under dilute conditions

To translate our protocol, developed for preparative carbohydrate
synthesis, to the oxidation of glycopeptides and ultimately
glycoproteins, we first explored the lower limits of substrate
concentration. The palladium-catalyzed oxidation of monosacchar-
ides is generally performed in DMSO or methanol at relatively
high concentrations (0.1–0.3 M).[16,18,19] Due to the low abundance
of glycopeptides and glycoproteins in natural samples, these
concentrations are not attainable. Both the α- and β-anomer of
methyl d-glucopyranoside were subjected to the oxidation
reaction in DMSO-d6 using [(neocuproine)PdOAc]2OTf2 as the
catalyst and benzoquinone as the terminal oxidant. The reactions
were performed in an NMR tube and monitored over time. Full
oxidation of the d-glucopyranosides was achieved at a concen-
tration as low as 3 mM, and heating at 40°C accelerated the
oxidation (Table S1). It has previously been shown that the
oxidation reaction is considerably accelerated in DMSO.[16,29] In line
with this observation, the rate of oxidation decreased in a mixture
of D2O/DMSO-d6 (9/1 v/v), which could be partially recovered by
adding more of the Pd catalyst (0.1 eq vs 0.05 eq). Previously, we
revealed that glucopyranosides are preferentially oxidized over
galactosides at high concentrations (0.3 M). Similar competition

Figure 1. (A) Previous examples of the substrate scope (glucoside and glucan) for the Pd-catalyzed C3-selective oxidation. (B) Proposed chelation and β-
elimination in the Pd-catalyzed C3-oxidation by the group of Waymouth.[18] (C) Scope of the work presented here: oxidation and oxime formation of
glucopeptides (individual and tryptic mixtures). Pd-cat= [(neocuproine)PdOAc]2OTf2, BQ=benzoquinone, S= solvent.
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experiments at 3 mM, however, indicated that there is no chemo-
selectivity, and that oxidation of α- and β-configured methyl
gluco- and galactosides occurs at a similar rate (Table S2). We
hypothesize that galactose chelates slightly better to Pd (Fig-
ure 1B) than glucose, but that the activation barrier required for
the oxidation of galactose is higher than for glucose. At low
concentration, chelation becomes more important, and at higher
temperature the activation barrier is lowered resulting in a similar
oxidation rate for glucose and galactose. This means that at low
concentration it is not possible to selectively oxidize glucose over
galactose.

Chemoselective oxidation of model glycopeptides

Next, we applied the dilute conditions to the oxidation of
glucopeptide Ac-YEPN(Glc)GAS (1) (Figure 2A). The workflow of
the glycopeptide oxidation experiments is depicted in Fig-
ure 2B. The oxidation reactions were performed at 3 mM, and
the reactions were monitored using reverse-phase liquid
chromatography-mass spectrometry (RP-LCMS) (MS trace in
Figure 2C). As depicted in Table S3, the conditions used to
oxidize monosaccharides did not yield any oxidized glucopep-
tide (entry 1). However, increasing the catalyst loading to
0.5 eq (i.e. 1 eq of palladium, entry 2) led to the appearance of
the keto-product 2 (m/z=939, Figure 2C). The mass corre-

sponding to the deglycosylated product 3 was also detected
(m/z=779). Comparison of the RP-LCMS in-source fragmenta-
tion profiles of peptides 1 and 2 showed that solely the glucose
residue was oxidized (Figure 2D). To estimate the conversion,
we compared the relative intensity of the peaks and corrected
them for the isotope pattern, which resulted in an excellent
conversion to keto-glycopeptide 2 of 88%, together with 5% to
3 after only 75 min of reaction time (Figure 2C). The conversion
was also determined by calculating the relative ionization factor
and by using the extracted ion chromatographs (Figure S1),[30]

which gave slightly different conversions (96% to 2, 1% to 3).
Due to the minimal differences in the calculation methods, it
was decided to calculate the conversions directly from the
relative peak intensities.

It was observed that longer reaction times led to increased
formation of deglycosylated product 3. To understand this, we
first investigated the stability of glucopeptide 1 in the presence
of Pd(OAc)2, which is not able to catalyze the oxidation reaction
in glycosides. Under these conditions, negligible formation of 3
was observed, suggesting that the deglycosylation reaction
only occurs after oxidation, hence from 2. Addition of more
[(neocuproine)PdOAc]2OTf2 catalyst resulted in increased for-
mation of 3 (entry 2–3, Table S4). Moreover, removal of the Pd
catalyst after the oxidation reaction by treatment with
ammonium pyrrolidine dithiocarbamate (APDC) as a palladium
scavenger suppressed the deglycosylation reaction (vide

Figure 2. Experimental workflow and analysis of the oxidation reaction of glucopeptide 1. (A) Oxidation of glucopeptide 1 to keto-product 2 and
deglycosylated product 3. (B) Details of the experimental steps in the oxidation reaction. (C) Quantification of conversion was performed with RP-LCMS
analysis and comparison of the peak intensities in the MS spectrum. The m/z values of 941, 939, and 779 correspond to peptides 1, 2, and 3, respectively.The
data shown was obtained by using the conditions indicated in entry 2 Table S3. (D) The annotated fragment ions in the MS spectrum are obtained as a result
of the in-source fragmentation of 2 (full MS spectra can be found in the Supporting information, section 4).
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infra).[31,32] We therefore conclude that the deglycosylation
reaction is caused by the Pd catalyst, either via an E1cB
elimination or via overoxidation (see Figure S2 for a proposed
mechanism). In the first pathway, enolization of the carbonyl
group is followed by E1cB elimination of the anomeric
substituent.[33,34] In the second pathway, C2-OH is oxidized,
which can then enolize and after formation of an hemiaminal
hydrolysis takes place. This was supported by the observation
of small signal corresponding to the overoxidized product
(m/z=937, (Figure 2C, Figure 2D).

Similar to the monosaccharide oxidation reactions, the
oxidation of glycopeptide 1 is faster at elevated temperatures
(compare entries 2 and 3, Table S3). A higher catalyst loading
gave a slightly faster conversion but resulted, as expected, also
in further deglycosylation (entries 4 and 5). Oxidation reactions
in different solvent mixtures revealed that oxidation of 1 in
DMSO-d6/D2O mixture (entries 6–8) is possible, however, longer
reaction times and more Pd catalyst are required. Nevertheless,
it is clear that selective oxidation of glucose residues in
designed glucopeptides is possible, and the method has
potential for the oxidation of glycoproteins in aqueous media.

Oxidation of complex glycopeptides

To further explore the Pd-catalyzed oxidation reaction of
glycopeptides we selected two peptide fragments of the
bacterial adhesin protein HMW1A from Haemophilus influenzae.
HMW1A is hyperglucosylated (i. e. modified with multiple

glucose moieties) on 31 asparagine glycosylation sites by the
action of the associated N-glycosyltransferase HMW1C in the
cytoplasm.[35] Extensive glucosylation is paramount for the
stability of the adhesin protein and tethering to the cell
membrane, where HMW1A is involved in adhering to the host
cells during the initial stages of colonization.[36] Therefore, it
constitutes an important bacterial virulence factor and bio-
marker of infection.

The selected peptide sequences 5 and 6 (Table S5) are
known to be glucosylated on specific asparagine residues in
Haemophilus influenzae.[8] Compared to the non-glycosylated
control peptide 4, glucopeptides 5 and 6 both contain one Glc
moiety, in addition to serine, threonine, and lysine residues
(Figure 3A, the structure of 6 is shown in supporting informa-
tion Figure S4). These residues allow to probe two challenges in
the oxidation reaction; the hydroxyl functions of serine and
threonine side chains might be oxidized by the catalyst, and
the lysine residue might block the oxidation reaction by
coordinating to palladium and thus poisoning the catalyst.[28] To
get an indication of the sensitivity of threonine towards
oxidation by the Pd catalyst, we treated control peptide 4
(containing two Thr residues) with one eq of Pd catalyst
(Table S5, entry 1). Indeed, the secondary hydroxy group of Thr
was oxidized, with the singly oxidized compound as the major
product compared to the double oxidized product. Longer
reaction times led to the formation of degradation products,
probably as a result of overoxidation, in which the C-terminal
Thr or the peptide fragment Thr-Ile-Thr is cleaved. Proposed
mechanisms are reported in Figure S3, wherein it is shown that

Figure 3. (A) Structures of glucopeptides 4 and 5. The bold lines show the potential peptide cleavage sites. (B) Structures of degradation products 5a and 5b,
that originate from Pd-mediated peptide cleavage. (C) The annotated fragment ions in the MS spectrum are obtained as a result of the in-source
fragmentation of 5a and 5b.
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either overoxidation can take place or, after oxidation of Thr,
tautomerization to the corresponding enol occurs. Subsequent
imine formation followed by water addition forms a hemiaminal
product, which is readily hydrolyzed. This side-reaction has also
been observed in the synthesis of β-lactams[37] and when using
o-iodoxybenzoic acid as an oxidizing agent.[38]

NMR experiments with N-acetyl-threonine further confirmed
that the Pd catalyst oxidized the secondary hydroxyl group in
threonine, although at least 0.5 eq catalyst was required to
obtain full conversion (entry 2, Table S6). Encouragingly, when
N-acetyl-threonine and methyl d-glucopyranoside were com-
bined in equal amounts in a competition oxidation experiment,
a strong preference for glucose oxidation was observed at
earlier time points (entry 3, Table S6).

Encouraged by this result, we continued the oxidation
experiments with glycopeptide 5. The use of 1 eq of Pd catalyst
yielded 58% of a mono-oxidized product (Table S5, entry 2) and
26% of a double oxidized product. The identification of double
oxidized product indicates that threonine is also oxidized. Mass
fragmentation studies showed that in both products the
glucose moiety is singly oxidized (based on the b6 fragment ion,
section 5F in the SI). Unfortunately, we were not able to
determine the ratio between the oxidized glucose and
threonine since they have the same retention time and similar
in-source fragmentation patterns. Similarly to the oxidation of
glucopeptide 1 and peptide 4, products originating from
deglycosylation and degradation (compounds 5a and 5b lack
the three C-terminal residues, Figure 3B, Figure 3C) were formed
but only upon prolonged reaction times. Treatment with APDC
and charcoal proved instrumental in facilitating the LC-MS
analysis of 5 by removing residual catalyst peaks from the
chromatogram. In an attempt to reduce overoxidation and
peptide cleavage, the amount of catalyst was reduced to 0.5 eq
(Table S5, entry 3), which resulted in a low conversion (8%) to
the mono-oxidized product, which slowly increased over time.

Since it was not possible to determine the ratio between
the oxidation of glucose and threonine, we decided to perform
a set of competition experiments to investigate the kinetics of
threonine and carbohydrate oxidation. To this end, we
combined glucopeptide 1 with control peptide 4, and used RP-
LCMS to monitor oxidation progress (Table S7). In the presence
of 0.5 eq Pd catalyst and 3 eq of benzoquinone, glucopeptide 1
was preferentially oxidized, albeit at a lower rate, apparently
due to the presence of the threonine-containing peptide 4.

Increasing the amount of 4 slowed down the oxidation of 1
even more, resulting in a decrease in turnover number (TON) by
more than 50%. We hypothesize that the catalyst can form a
bidentate chelate with threonine via the hydroxy group and the
carbonyl amide in the peptide backbone. Although it leads to
only a very slow oxidation of the threonine, this competes with
Pd-chelation with the vicinal diol units in glucose and thereby
slows down the oxidation of glucopeptide 1.

Finally, glycopeptide 6 (Figure S4), which contains besides
threonines also a lysine and serine, was subjected to the
oxidation conditions (Table S5, entries 4 and 5). We were
pleased to see that despite the presence of an N-terminal amine
and the amine of the lysine side chain, with an increased
catalyst loading (3 eq) oxidation was observed. Similar to
glycopeptide 5, however, the multiple oxidation-sensitive
positions hampered the assignment of the oxidation products.
Nonetheless, this shows that the oxidation reaction is possible
in the presence of amines, setting the stage for the oxidation of
even more complex peptides and peptide mixtures (vide infra).

Oxime ligation

To confirm that oxidation resulted in a carbonyl moiety, we
investigated whether the mixture of oxidized glycopeptides
could be modified with a tag of interest via oxime ligation
(Figure 4). After the oxidation of glycopeptide 1, a sample was
diluted with NaOAc/AcOH buffer (pH=5) and treated with
APDC to remove palladium. After the addition of hydroxyl-
amine, the reaction mixture was kept at 40 °C overnight. Under
these conditions, oxime 7 was formed in 52% yield, which
could not be increased by a longer reaction time or the addition
of more hydroxylamine (MS spectrum in section 6 A, SI). It
should be noted that treatment with APDC was successful,
since only a slight increase of 5–10% of deglycosylated peptide
3 was observed during the oxime ligation overnight.

A similar experiment was performed using biotine-alkoxy-
amine. LC-MS analysis revealed the formation of oxime 8, but
the determination of the conversion with our method was
complicated by the difference in ionization of the start and
product peptides (MS spectrum in section 6B, SI). Comparing
the ion intensities of peptide 2 before and after the ligation
reaction gave an estimated conversion of 54% to product 8.

Figure 4. Products formed in the oxime ligation at the 3-ketoglucose in glycopeptide 2.
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Both experiments confirmed that the glycopeptide was oxidized
and that oxime ligation was successful.

Oxidation of tryptic glucopeptides

Encouraged by the successful oxidation of individual glycopep-
tides, we investigated the application of our Pd-catalyzed
oxidation in a complex mixture of glycopeptides, resulting from
a tryptic digest of a glycoprotein. For this we used the
glucosylated C-terminal fragment of the high molecular weight
adhesin (HMW1A) protein from Haemophilus influenzae. The
hyperglucosylated C-terminal fragment of HMW1A (termed Glc-
HMW1ct) was produced via co-expression with its cognate N-
glycosyltransferase, as described previously.[39] Glc-HMW1ct was
purified using anion exchange chromatography and intact
protein mass-spectrometry revealed the presence of 8–9
glucose moieties per adhesin protein. The glycoprotein sample
was digested with trypsin to obtain shorter glycopeptides,
resulting in a considerable degree of diversity among the tryptic
peptides with regard to length, number of glucose residues per
peptide and number of Ser and Thr residues (Figure S5). The
oxidation was performed at a concentration of 2.8 mM at 40 °C
with a varying catalyst loading (0.5, 1, 5 and 10 eq, relative to
the Glc residues).

Catalyst loadings of 5 eq and 10 eq led to a substantial
decrease in general peptide levels (Figure S6A). In contrast, 0.5
and 1 eq of catalyst did not result in significant changes in
peptide levels compared to the non-treated control sample
(Figure S6B) and therefore the oxidation of the tryptic glyco-
peptides was performed with these loadings. The oxidation
reactions were analyzed after 8 h and 24 h by diluting reaction
aliquots with an aqueous solution of the Pd catalyst scavenger
APDC (vide supra). Following another SPE purification to remove
traces of DMSO, ligand, and BQ, the aliquots were subjected to

RP-LCMS/MS analysis. Several glucopeptides were identified
and could be assigned to one of the three categories: non-
oxidized glucopeptides, glucopeptides containing both glucose
and oxidized glucose moieties, and glucopeptides in which all
glucose residues were oxidized, as illustrated in Figure 5B. In
addition, oxidation of threonine (and serine) was detected in
the reaction samples.

Next, we subjected the mixtures to the oxime ligation
reaction (vide supra). Gratifyingly, the presence of the oxime
modification (Figure 5C) was readily detected. Several peptide
fractions were identified: oxidized peptides without oxime,
peptides that contained both an oxime and oxidized glucose,
and peptides that contained only oxime modification. In
addition, several sites of oxime incorporation were detected on
serines and threonines in non-glucosylated HMW1ct peptides
(data not shown).

Interestingly, whereas multiple tryptic glycopeptides were
identified in the non-treated adhesin protein sample (Figure S6),
reaction aliquots from the oxidation and oxime formation typically
contained three major glycopeptides (Table S8). This “enrichment”
may reflect the preference for length and amino acid composition,
or a higher stability of certain glucopeptides under the reaction
conditions for oxidation and oxime formation.

The C3 Pd-catalyzed oxidation of unprotected carbohy-
drates has successfully been applied to glycopeptides. This is a
significant step forward, as the tendency of transition metals,
including palladium, to chelate to peptides and proteins is an
inherent bottleneck for their application in biological samples.
The conditions for the oxidation reaction were optimized for
3 mM substrate concentration, common for glycopeptides. In
addition, the Pd-catalyzed oxidation reaction was expanded to
a complex mixture of tryptic glucopeptides from the immuno-
logically relevant H. influenzae adhesin protein. An in-dept mass
spectrometry study enabled the analysis of the results. It is
evident that Pd-catalyzed oxidation is possible even on this

Figure 5. (A) Workflow of the oxidation reaction and oxime formation on tryptic glycopeptides. (B) Examples of the peptides observed after Pd-catalyzed
oxidation (0.5 or 1 eq catalyst). (C) Examples of the peptides observed after oxidation and oxime formation. Representative peptide spectra can be found in
the Supporting information, section 7. Conclusion
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glucopeptide mixture, which was confirmed by further oxime
ligation to attach a (biotin) handle. As with the periodate
oxidation, the Pd-catalyzed oxidation has limitations, the major
one being the concomitant oxidation of Thr residues. Pd-
mediated deglycosylation was observed as well but fortunately
could successfully be suppressed by treatment with a Pd
scavenger. These results, and together with the mass spectrom-
etry protocol, open up the way to further develop the Pd-
catalyzed oxidation reaction for application for other relevant
glycoprotein samples.
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