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Palladium-Catalyzed Site-Selective C(sp2)� H Acetoxylation
of Tyrosine-Containing Peptides
Iñaki Urruzuno,[a] Paula Andrade-Sampedro,[a, b] and Arkaitz Correa*[a]

A Pd-catalyzed C(sp2)� H acetoxylation of Tyr-containing pep-
tides is described. The method relies on the use of a removable
2-pyridyloxy group as directing group and is distinguished by
its reliable scalability and easily tuned regioselectivity to

perform mono- and diacetoxylation reactions. Remarkably, the
assembly of L–DOPA peptidomimetics is beyond reach upon
cleavage of the directing group.

Introduction

The development of metal-catalyzed C� H functionalization
reactions has arguably changed the landscape of organic
synthesis, thereby ushering in a myriad of innovative retro-
synthetic disconnections to forge C� C and C� heteroatom
linkages.[1] Owing to the presence of oxygenated motifs such as
phenols in a wide variety of natural products and industrially
relevant compounds,[2] C� O bond-forming reactions are of
particular importance in chemical synthesis.[3] Since the seminal
works by Crabtree[4] and Sanford,[5] a wide number of directing
groups (DGs) as well as metal catalysts and oxidants have been
utilized to perform versatile C(sp2)� H acetoxylation reactions.[6]

However, despite the reliability of the existing protocols, they
often show a limited substrate scope and the synthetic toolbox
remains unexplored in valuable aminoacids and peptides, which
house a variety of functional groups. In fact, the latter can
deeply compromise the site-selectivity and chemoselectivity of
C� H functionalization reactions within a peptide template,
hence rendering the direct translation of a given reaction from
a simple arene to a peptide compound in a challenging task of
utmost synthetic significance.[7]

Whereas the C(sp3)� H acetoxylation of certain amino acids
upon chelation assistance has been elegantly achieved,[8] the
parent process within the aromatic side-chain of amino acids is
rare. Very recently, the site-selective C4-acetoxylation of a

number of tryptophan-containing peptides[9] has been de-
scribed by Wang and co-workers (Scheme 1, route a). Likewise,
as part of their work on the C� H functionalization of alkyl-
amines, Yu described the δ-C(sp2)� H acetoxylation of simple
Phe and Tyr residues.[10] In both methods, the incorporation of
the trifluoromethylsulfonyl group at the nitrogen atom was
required, which resulted in the modification of the correspond-
ing residue at the N-terminal position. Accordingly, a general
process for the late-stage and site-selective acetoxylation of
versatile tyrosine compounds remains elusive.[11]

In order to complement the method by Yu featuring the
oxidation of the δ-C(sp2)� H bond, we envisaged that the phenol
ring within Tyr could be easily transformed into a chelating
group to further direct the ensuing acetoxylation at a distal ɛ-
C(sp2)� H bond upon the formation of a 6-membered pallada-
cycle (Scheme1, route b). If successful, our acetoxylation
manifold would enable the modification the Tyr unit regardless
its position within the peptide sequence.[12] Likewise, further
chemical manipulation of the appended oxygenated group and
cleavage of the required DG would result in the straightforward
assembly of relevant L–DOPA peptidomimetics. In connection
with our interest in C� H functionalization,[13] herein we report
on the Pd-catalyzed directed C� H acetoxylation of Tyr-contain-
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ing peptides at a challenging ɛ-C(sp2)� H site. This scalable
method features the use of a removable DG, thereby represent-
ing a powerful late-stage diversification technique to forge
phenols in a peptide template.

Results and Discussion

To evaluate the feasibility of our oxygenation manifold, we first
selected the fully protected tyrosine derivative 1a housing a
removable 2-pyridyloxy group as DG.[12b–c,e,14] After evaluation of
the reaction conditions,[15] we observed that the desired
acetoxylation event could occur to provide mixtures of mono-
and diacetoxylated compounds 2a and 2a’, respectively.
Importantly, the selectivity toward the formation of both
products could be entirely controlled with the amount of
oxidant and temperature. Whereas the use of 1.2 equivalents of
PIDA in MeCN at 80 °C provided 2a in 61% yield (Table 1,
entry 2), the performance of the process at 100 °C with 3.0
equivalents of oxidant ushered in 2a’ in 71% yield (Table 1,
entry 3).

Screening of different solvents evidenced the suitability of
MeCN as the ideal solvent (entries 4–5). Pd(OAc)2 exhibited
superior efficiency as catalyst than other Pd sources (entries 6–
9), and ruthenium salts shown ineffective in these acetoxylation
processes (entries 10–11). Other related oxidants such as PIFA
resulted in the entire degradation of the starting material
(entry 13) and persulfates such as K2S2O8 were found inactive
(entry 14). As expected, the reaction did not proceed in the
absence of either metal or oxidant.[15] Notably, the mono-

acetoxylation reaction could be performed at 1.24 mmol with
identical results (entry 1).

In order to analyze the role of the DG, other coordinating
heterocycles were used (Scheme 2); whereas pyrimidine could
also assist the corresponding acetoxylation,[16] pyrazine-contain-
ing derivative 1c remained unreactive. Likewise, the formation
of a 6-membered palladacycle was found key for the process to
occur as compound 1d derived from picolinic acid, which
would involve the intermediacy of a 7-membered palladacycle,
showed no conversion. Other DGs featuring a weak coordina-
tion mode such as acetyl (1f) and carbamates (1g–h) were
found unreactive in these reaction conditions. In accordance
with the method by Fang,[17] native Tyr residue 1e underwent
undesired oxidative processes instead of the targeted C� H
acetoxylation. Therefore, the 2-pyridyl ether easily installed
upon a conventional Cu-catalyzed O-arylation reaction posed
the most effective DG in these endeavors.

Having demonstrated the viability of labelling a single Tyr
residue, we next tackled the modification of more challenging
Tyr-containing short peptides possessing multiple competing
sites. A collection of dipeptides housing Leu (3a), Ala (3b), Glu
(3c), Phe (3d), Val (3e) and Pro (3f) smoothly underwent the
acetoxylation reaction in a selective fashion to produce 4a–f in
up to 57% yield (Table 2). The success of the method did not
depend on a specific location of the Tyr unit along the peptide
sequence as peptides bearing the Tyr both at the N- and C-
terminal positions could be accommodated. Likewise, our
acetoxylation platform could also be used to tag structurally
more complex tri- and tetrapeptides 3g–l incorporating
residues such as Thr or Asp.

However, when increasing the number of amino acids, an
excess of oxidant and a higher temperature was required to
reach full conversion, which may be due to the presence of
multiple amide bonds within the peptide sequence that could
diminish the catalyst efficiency. Remarkably, the acetoxylation
of tetrapeptide 3 i could be run at a gram-scale to afford 4 i in
51% yield (Table 2), which underpinned the reliability of this
technique. Likewise, a biologically relevant acetoxylated tetra-

Table 1. Optimization for the ɛ-C� H acetoxylation of 1a.[a]

[a] Reaction conditions: 1a (0.15 mmol), Pd(OAc)2 (10 mol%), PIDA
(1.5 equiv.), MeCN (1.0 mL) at 80 °C for 16 h under Ar. [b] Yield of isolated
product after column chromatography. [c] Reaction performed at
1.24 mmol scale. Scheme 2. Influence of the directing groups.
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peptide such as endomorphin 2 analogue 4m was beyond
reach, albeit in moderate yields.

Importantly, the diacetoxylation of dipeptides was effi-
ciently achieved to produce fully decorated Tyr-containing
compounds 4a’–f’ in good yields (Table 3). As previously
anticipated, not only the 2-pyridyl unit but also the 2-pyrimidyl
group could assist the difunctionalization process and 2b’ was
formed in 53% yield. As expected, the dipeptide containing
two Tyr units 1n could undergo a selective diacetoxylation of
the residue housing the 2-pyridyl ether, thereby preferentially
delivering 4n’ and enabling ample opportunities for further
manipulation at the pivalate motif.

Although the removal of the OPy group has been success-
fully accomplished in simple aryl systems upon treatment with
methyl triflate followed by an alcoholic solution of sodium, its
application in a peptide setting ushered in mixtures of various
products. Notably, the cleavage of the DG was efficiently
performed through a methylation/hydrogenation sequence[12b]

to easily produce peptides housing a diphenol unit derived
from a concomitant hydrolysis of the acetyl group. In this
manner, L–DOPA (5a) and its peptidomimetics derivatives (5b–
c) could be prepared in a reliable manner in up to 60% yields
(Scheme 3). Likewise, the selective cleavage of the appended
oxygenated group could be performed upon treatment of 4 i
with ammonium acetate to deliver hydroxylated tripeptide 6 in
58% yield, thereby complementing our previously described

Ru-catalyzed hydroxylation protocol occurring upon weak
chelation assistance with carbamates.[12a]

Based on the extensive knowledge in the field,[4–6] the
described acetoxylation reaction is assumed to happen through
a Pd(II)/Pd(IV) regime (Scheme 4). Initial metalation of the Tyr
unit assisted by the OPy group would provide a 6-membered
palladacycle intermediate I[18] prone to undergo a subsequent
oxidation to its high valent Pd(IV) analogue. Eventually, the
desired acetoxylated product would be obtained upon a C� O
bond-forming reductive elimination event.

Conclusion

In summary, we have performed a Pd-catalyzed C� H acetox-
ylation process within a Tyr-containing template featuring the
use of a removable 2-pyridyl or pyrimidyl unit. Salient features
of this method are the controlled regioselectivity toward the
mono- and difunctionalization, the scalability and the easy
installation and cleavage of the DG to deliver high-value L–
DOPA mimetics in a practical fashion. As a result, this oxygen-
ation manifold represents a versatile tool for the selective
modification of biomass compounds and creating molecular
diversity within the landscape of peptide and medicinal
chemistry.

Table 2. ɛ-C� H monoacetoxylation of Tyr-containing peptides.[a,b]

[a] Reaction conditions as for Table 1, entry 2. [b] Yield of isolated product after column chromatography, average of at least two independent runs with a
variable yield of no more than 5% between runs. [c] Reaction conditions as for Table 1, entry 3. [d] Reaction performed at gram-scale.
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Experimental Section
General procedure for the Pd-catalyzed acetoxylation of 3a: A
reaction tube containing a stirring bar was charged with the
peptide derivative 3a (0.25 mmol, 122 mg), PIDA (0.30 mmol) and
Pd(OAc)2 (10 mol%). The reaction tube was then evacuated and
back-filled with dry argon (this sequence was repeated up to three
times). Then, acetonitrile (1.0 mL) was added by syringe under
argon atmosphere. The reaction tube was next warmed up to 80 °C
in a heating block and stirred for 16 h. The mixture was then
allowed to cool down to room temperature and evaporated under
vacuum. The resulting crude was then purified by column
chromatography to afford 75 mg (56% yield) of 4a as a white solid.
Mp 164–165 °C. Column chromatography (Hex/EtOAc 1 :1). 1H NMR
(300 MHz, CDCl3) δ 8.14 (dd, J=5.1, 2.0 Hz, 1H), 7.68 (ddd, J=8.4,
7.2, 2.0 Hz, 1H), 7.19–7.06 (m, 3H), 6.99 (ddd, J=7.3, 5.0, 0.9 Hz, 1H),
6.91 (d, J=8.3 Hz, 1H), 6.40 (d, J=8.2 Hz, 1H), 5.12 (d, J=8.2 Hz,
1H), 4.56 (td, J=8.6, 4.9 Hz, 1H), 4.35 (q, J=7.3 Hz, 1H), 3.69 (s, 3H),
3.13–3.03 (m, 2H), 2.04 (s, 3H), 1.68–1.48 (m, 3H), 1.43 (s, 9H), 0.90
(dd, J=6.1, 3.7 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 172.9, 170.8,
168.5, 163.0, 155.5, 147.6, 144.3, 142.3, 139.7, 134.4, 128.0, 124.8,
123.2, 118.8, 111.1, 80.5, 55.6, 52.4, 50.9, 41.5, 37.3, 28.4, 24.8, 22.9,
22.0, 20.6. IR (cm� 1): 3305, 1766, 1740, 1678, 1655, 1212. HRMS (ESI)
m/z: (M+) calcd. for (C28H37N3O8): 543.2581, found 543.2590.
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Table 3. Diacetoxylation of Tyr-containing peptides.[a,b]

[a] Reaction conditions as for Table 1, entry 3. [b] Yield of isolated product
after column chromatography, average of at least two independent runs
with a variable yield of no more than 5% between runs.

Scheme 3. Assembly of L–DOPA peptidomimetics.

Scheme 4. Plausible reaction pathway.
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