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Site-selective aqueous C—H acylation of tyrosine-
containing oligopeptides with aldehydesy

Marcos San Segundo @ and Arkaitz Correa ® *

The development of useful synthetic tools to label amino acids within a peptide framework for the ultimate

modification of proteins in a late-stage fashion is a challenging task of utmost importance within chemical
biology. Herein, we report the first Pd-catalyzed C—H acylation of a collection of Tyr-containing peptides
with aldehydes. This water-compatible tagging technique is distinguished by its site-specificity, scalability
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and full tolerance of sensitive functional groups. Remarkably, it provides straightforward access to a high

number of oligopeptides with altered side-chain topology including mimetics of endomorphin-2 and

DOI: 10.1039/d0sc03791e
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Introduction

Non-natural amino acids and peptides derived thereof are
highly coveted compounds in proteomics and drug discovery
due to their often enhanced biological activities and improved
metabolic stability compared with their native analogues.' As
a result, there is an urgent demand to increase the available
synthetic toolbox to perform chemical labelling processes of
peptides and proteins in a late-stage fashion. Innovation is
occurring at a rapid pace and a myriad of reliable methods have
emerged within the last decade in the burgeoning area of bio-
conjugation.” Metal catalysis has recently unlocked new tactics
in the field,® thereby enabling the development of a sheer
number of metal-catalyzed modification techniques featuring
the manipulation of otherwise unreactive C-H bonds
embedded within the amino acid backbone* and the corre-
sponding side-chains.®* The latter have streamlined the
straightforward assembly of biomolecules of paramount
significance in a more sustainable manner by avoiding the use
of pre-functionalized substrates. Despite the wealth of reports
in the field, several challenges still remain: (a) most of the
protocols entailed the diversification of a limited number of
amino acid residues including tryptophan (Trp), glycine (Gly),
alanine (Ala), cysteine (Cys) or phenylalanine (Phe), among
others,® and (b) toxic halide-counterparts and organic solvents
are usually required. Accordingly, the selective tagging of other
canonical amino acid residues while implementing atom-
economical C-H coupling partners represents an unmet
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neuromedin N, thus illustrating its promising perspectives toward the diversification of structurally
complex peptides and chemical ligation.

challenge of capital significance within peptide chemistry and
protein engineering.

Tyrosine (Tyr), the 4-hydroxylated congener of Phe, consti-
tutes an abundant proteinogenic amino acid, which is a privi-
leged core in a vast array of relevant compounds such as
neurotransmitters and hormones, as well as a versatile
precursor to numerous alkaloids with potent antibiotic activity
such as vancomycin, among others (Fig. 1).”

Likewise, Tyr-containing compounds are of widespread use
as dietary supplements or food additives, and play a pivotal role
in biological processes such as photosynthesis. Its inherent
chemical reactivity is dictated by the pH-tunable and electron-
rich phenol-containing side-chain. In this regard, several
transformations performed in simple phenols have been
translated into elegant tagging techniques of Tyr-containing
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Fig. 1 Illustrative Tyr-containing biologically relevant polypeptides.
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Scheme 1 Ortho C—H functionalization of Tyr derivatives.

Table 1 Pd-catalyzed C(sp?)—H acylation of dipeptide 1a with 2a*

(0] (o}

H H
N JL N
N CO,Me Boc Y H CO,Me

i H
B H
[ I Pd(OAc), (10 mol %)
OPy TBHPagq (4.0 equiv.) OPy
H H,0 (0.2 M)
90 °C, 16h

Boc

p-anisaldehyde (3.0 equiv.)

o~ “PMP
3aa, R=H

3'aa, R = CO(PMP)

1a

Entry Change from standard conditions 3aa” (%)
1 None 78 (8:2)°
2 Without Pd(OA), 0

3 Without TBHPaq 0

4 Under air 46 (93:7)
5 Under O, 0

6 With 2.0 equiv. of TBHPaq 65 (93:7)°
7 6.0 equiv. of 2a 88 (6: 4)°
8 (NH,4),S,05 instead of TBHPaq Traces

9 DTBP instead of TBHPaq Traces

10 H,0, instead of TBHPaq Traces

11 ‘BuOOBz instead of TBHPaq 33(7:3)
12 DCP instead of TBHPaq Traces

% Reaction conditions: 1a (0.15 mmol), 2a (0.45 mmol), Pd(OAc),
(10 mol%), TBHPaq (4.0 equiv.) in H,O (0.75 mL) at 90 °C for 16 h
under Ar. ?Yield of isolated product after column chromatography.
¢ Ratio of mono- and diacylated product (3aa: 3'aa). DTBP = di-tert-
butyl peroxide; DCP = dicumyl peroxide; TBHPaq (Luperox®, 70 wt%
in water).

peptides. Whereas O-functionalization reactions including ary-
lation,® alkylation® and glycosylation® reactions generally occur
under basic conditions, C-targeted reactions at the ortho-C-H
bond to the phenol motif usually proceed in acidic or neutral
conditions. The introduction of highly reactive electrophiles
upon Mannich-type reactions," diazonium couplings® or ene-
type reactions™ as well as N-centered radicals derived from
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phenothiazines™ has been achieved under metal-free reaction
conditions. Conversely, metal catalysis has been crucial to
install other coupling partners such as aryl halides,* aryl tril-
fuoroborate salts,'® acrylates’ and the trifluoromethyl group*®
(Scheme 1, route a). The latter have been rarely applied within
a challenging peptide framework and hence the site-selective
modification of tyrosine unit still remains elusive.

As part of our interest in the radical modification of
peptides,” we have recently reported unprecedented Pd-
catalyzed C-H acylation reactions for the efficient labelling of
Phe-containing peptides.”* While conceptually innovative, the
protocol suffered from certain downsides such as the require-
ment of stoichiometric amounts of silver salts to ensure high
yields,”* the use of DMF as toxic organic solvent and it was
found just applicable to Phe derivatives housing a picolinamide
as directing group (DG) at the N-terminal position. Given that
the use of aldehydes has been overlooked in the realm of bio-
conjugation, we sought to unveil their full synthetic potential in
the virtually unexplored ortho-C-H acylation of Tyr residues
within complex peptide settings. Building on precedents in C-H
acylation reactions,* we predicted that the use of a DG would be
determinant for achieving site-selectivity*® through the forma-
tion of a 6-membered palladacycle prone to undergo further
oxidative addition of the transient acyl radical species (Scheme
1, route b). In particular, we envisioned that the conversion of
the native Tyr unit into the corresponding 2-pyridyl ether
compound® would be crucial to enable the site-selective
modification of Tyr residues at any position within the
peptide sequence. Herein we report on the first Pd-catalyzed
C-H acylation of Tyr-containing peptides with aldehydes. This
scalable method avoids the undesired use of toxic and expen-
sive silver salts, and features the use of water as a non-
flammable and environmentally-friendly solvent, thus result-
ing in a powerful diversification technique of paramount
importance in peptide chemistry.

Results and discussion

We commenced our studies by exploring the radical acylation of
Boc-Tyr(OPy)-Leu-OMe (1a) with p-anisaldehyde (2a) as the
model reaction. When submitting dipeptide 1a to the previously
reported reaction conditions for the acylation of Phe-containing
peptides® just traces of 3aa were obtained, hence showing the
subtleties of the modification of the Tyr scaffold. Initial
exploratory solvent screening with tert-butyl hydroperoxide
(TBHP) as oxidant showed the feasibility of our approach and
moderate to good yields were obtained in solvents such as
toluene, acetonitrile, chlorobenzene and even water (Table
S1t).*® Driven by its clear benefits in the modification of
biomolecules, we focused on the development of a practical
acylation under an aqueous environment.>®

After considerable experimentation,” we eventually found
that the combination of Pd(OAc), (10 mol%), an aqueous
solution of inexpensive TBHP (Luperox®) as oxidant in neat
water as solvent at 90 °C provided 3aa in 78% yield as a mixture
of mono- and diacylated products (8 : 2 ratio) (entry 1). Blank
experiments underpinned the crucial role of both Pd catalyst

This journal is © The Royal Society of Chemistry 2020
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Table 2 Pd-catalyzed C(sp?)—H acylation of Tyr-containing dipeptide 1a with aldehydes
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ab

H (o] R o] R
PyO
PyO. Pyo.
i Pd(OAc), (10 mol %) LR
Boc. N_ _CO,M * - H
G T H™ 'R TBHPq (4.0 equiv.) Boc. N._CO;Me O Boc. HVCOZMe
e s H20 (02 M), 90 °C N : N :
i -

Ar, 16h

v Y

Aromatic aldehydes

OMe
CHO

: _CHO
MeO

3aa, 78% (8:2)°

OMe

3ab, 74% (8:2)° 3ac, 54%

OMe
i :CHO
eO OMe

OMe
i _CHO
eO

3ad, 48% (83:17)°

JegERe e

3ae, 76% (75:25)°

3af, 58% (8:2)°

Cl CHO CHO CHO CHO CHO CHO
\©/ FaC” : Ao : ~ : O
3! I Ph

3ag, 58% (75:25)° 3ah, 73% (75:25)%9 3ai, 52%° 3aj, 73% (8:2)° 3ak, 68% (84:16)° 3al, 0%

Aliphatic aldehydes Heteroaromatic aldehydes
CHO CHO g OHO e OHO CHO
SN CHO - \
\_s \_0 NMe |
MeN
3am, 47% (56%)" 3an, 46% (57%)" 3a0, 62%9 3ap, 55%9 3aq, 44%7 3ar, 61% (95:5)°¢

“ As for Table 1, entry 1. ° Y1e1d of isolated product after column chromatography, average of at least two 1ndependent runs.
Reaction performed in toluene.

diacylated product (3 : 3"). ¥ Gram scale experiment. °
¢ Reaction performed in toluene at 100 °C with 5.0 equiv. of aldehyde.

and oxidant in the acylation reaction as not even traces of 3aa
were detected in their absence (entries 2 and 3, respectively).
The performance of the reaction under air resulted in lower
yields of 3aa (entry 4) and the process was entirely inhibited
under an oxygen atmosphere (entry 5). The use of variable
amounts of oxidant and p-anisaldehyde led to an optimal
balance between yield and mono-selectivity when using 4.0 and
3.0 equivalents, respectively. For example, when using 2.0
equivalents of TBHP, 3aa was obtained in a comparatively lower
yield (entry 6) and when increasing the amount of aldehyde to
6.0 equivalents the higher yield was due to a loss in regiose-
lectivity (entry 7). Other reaction parameters such as palladium
source, supporting ligands and reaction temperature were
analyzed but lower yields were obtained; indeed, higher selec-
tivity toward the monoacylation product was only achieved at
the expense of obtaining lower overall yields.*

As depicted on Table 1, an aqueous solution of TBHP
provided much better results than other related peroxides or
persulfates (entries 8-12), which together with the use of water
as solvent constitutes an additional bonus of the method in
terms of economics and sustainability. Importantly, unlike
other Pd-catalyzed C-H peptide modification reactions, silver
additives were found to be unnecessary. Moreover, despite the
highly oxidizing reaction system, undesired N-acylation of the
peptide backbone with p-anisaldehyde was never observed.”

With the optimized conditions in hand, we next investigated
the scope of the C(sp®)-H acylation protocol with Tyr-containing
dipeptide 1a. Notably, a wide variety of electronically diverse

This journal is © The Royal Society of Chemistry 2020

¢ Ratio of mono- and
/ Reaction performed in PhCl with 5.0 equiv. of aldehyde.

aldehydes smoothly underwent the target oxidative coupling,
thus enabling the rapid access to a variety of unknown acylated
Tyr-containing dipeptides in a late-stage manner. In general,
a variety of benzaldehydes regardless of their electronic nature
provided the corresponding acylated products 3 in good yields
as mixtures of mono- and diacylated compounds, with a pref-
erential selectivity toward the monoacylated product (up to 8 : 2
ratio). The method was compatible with the presence of ethers
(3aa-ad), halides (3ae-ah), acetamide (3ai) and naphthyl system
(3ak). Conversely, the highly electron-withdrawing nitro group
resulted in no conversion of dipeptide 1a. Interestingly, the
lower tendency to oxidation of aliphatic aldehydes such as
heptanal and cyclohexanecarboxaldehyde ushered in the
exclusive formation of mono-acylated products 3am and 3an,
respectively, in moderate yields under the standard reaction
conditions featuring the use of water as the sole solvent.
However, the performance of the process in chlorobenzene with
a higher excess of the corresponding aldehydes resulted in
slightly higher yields (up to 57%). Likewise, other challenging
aldehydes housing pharmaceutically relevant heterocyclic
scaffolds could be also employed as reaction partners, although
the use of toluene as solvent at 100 °C was found determinant
for the process to occur.”® Accordingly, 2-thiophene (20), 2-furan
(2p), N-methyl-2-pyrrole (2m) and N-methyl-3-indolyl carbox-
aldehydes (2n) selectively afforded the corresponding mono-
acetylated products 3ao-ar. It is noteworthy that a gram-scale
acylation with p-(trifluoromethyl)benzaldehyde (2h) was
successfully performed, which verified the robustness and

Chem. Sci., 2020, 1, 1531-11538 | 11533
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Table 3 Pd-catalyzed C(sp?)—H aroylation of Tyr-containing oligopeptides with aldehydes®?

Ar (o] Ar (o]
OPy OPy OPy
Q Pd(OAc); (10 mol %)
Y H™ DAr TBHP,q (4.0 equiv) (D © e o
Q09 H,0 (0.2 M), 90 °C QO QO
1b-q 2a,h Ar, 16h 3b-q 3'b-q

Tyr-containing oligopeptides

o
0~__PMP O _PMP 0~__PMP
HoN "
Pyo Pyo. PyO. Boc. N._CO,Me
N : o
H £
&
¥ H B N _com
Boc\N N.__COzMe OC\N ~O2Me
: N : HoT oPy CFs

SN
3ca, 65% (8:2)° 3da, 49% (75:25)%¢ 3eh, 44% (9:1)%¢
0. PMP o
oc CO,Me O CF;
PyO
y ?”J" {0
E oPy
\O
Bocwy N ~_-CO:2Me Boc\ _-COzMe O CF3
H [e]
e} \/COZMe o
tH d
3ga, 50% (9:1)° 3ha, 49% (75: 25) 3'ih, 79%

OH
o
N/B°° H N \)J\ N _COMe
Boc N_ _CO,Me Boc” N : 2
O co,Me N &y :H e

o
\/ Boc\ COzMe o &
O . &
OPy Y,
OPy
’ o~ “pmp
3ia, 81% (8:2)° & 240 (80160
wlpe2y 3jh, 74% (8:2) 3ka, 61% 3la, 62% (85:15)°
LA
e /;( \)L CoMe \/lL CO,Me
NH COzMe
O oL
3ma, 57% OPy 3nh, 48% (8:2)°¢
"/ OPy
Q \<
; \)oj\ 3 \i /(\COZMe o
_N N
P 2T N : o Me 3qh, 58% (8:2)°¢ O
@ > Neuromedin N
analogue FsC
o6y 3ph, 61% (8:2)°¢ g s
’ . Endomorphin 2
o7 “pup 30, 64% (8:2) anafogne

“ As for Table 1, entry 1. ° Y1e1d of isolated product after column chromatography, average of at least two independent runs. ¢ Ratio of mono- and
diacylated product (3 : 3). ¢ Using toluene as solvent.

synthetic utility of our peptide tagging manifold. Collectively, boded well with the reaction conditions and provided the cor-
the aqueous acylation of Tyr derivatives reported herein responding acylated dipeptides (3b-k) in good yields. The
underscores related protocols on simple 2-phenoxypyridine success of the method did not rely on a specific situation of the
derivatives, which occurred at higher reaction temperatures (up  Tyr along the peptide sequence, and was applicable to Tyr
to 140 °C), in chlorinated solvents and are restricted to the use residues located both at the N- and C-terminal positions.
of benzaldehydes (Table 2).217¢ We next evaluated the viability of the Pd-catalyzed acylation
We next explored the synthetic scope in the challenging for the late-stage diversification of more complex oligopeptides.
setting of short-to-medium size peptides (Table 3). Notably, In this respect, the process efficiently occurred in a selective
peptides bearing Phe (1b), Val (1c), Gly (1d), Asn (1e), Ser (1f), manner in Tyr-containing tri- and tetrapeptides (1l-o),
Asp (1g), non-protected Tyr (1h), Pro (1i), Ala (1j), and Lys (1k) including even peptides housing the Tyr unit in inner positions

1534 | Chem. Sci, 2020, 1, 11531-11538 This journal is © The Royal Society of Chemistry 2020
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m-Br(CgH,)CHO "
Pd(OAC); (10 mol %) Me0,C.__N
TBHP,q (4.0 equiv) :
PhMe (0.2 M), 90 °C
Ar, 16h

Pp-CF3(CgH,)CHO

12 —@

>

as ébove
3as, 55 % yield

Scheme 2 Consecutive C(sp?)—H aroylation reaction.

(1m,n). Importantly, pentapeptide 1p and hexapeptide 1q
bearing the amino acid sequence of biologically relevant
Endomorphin-2 and Neuromedin N, respectively, were also
acylated in a late-stage fashion. The latter examples illustrate
the high synthetic potential of this acylation technique toward
the site-selective labelling of biomolecules of high structural
complexity. In all cases, the incorporation of the radical acyl
species was biased by the 2-pyridyloxy group attached to the
phenol ring within the Tyr residue and other sensitive func-
tional groups such as carboxamides within Gln (3nh) and Asn
(3eh) as well as oxidizable protic free-hydroxyl groups of Ser
(3fh) and Tyr (3ha) remained intact under the reaction condi-
tions. The free-amino group of Lys residue (3ka, 3qh) as well as

Table 4 Pd-catalyzed C—H acylation toward chemical ligation®?
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the N-terminal residue of the peptide sequence was conve-
niently protected to avoid undesired oxidative aminations with
the corresponding aldehyde.”® Peptides bearing other electron-
rich aromatic residues such as His and Trp or guanidine-
containing Arg unit were not tolerated.”® Likewise, thiol-
containing Cys and Met residues were not accommodated,
which could be due to competitive oxidative reactions with the
corresponding aldehydes (Table S8, ESIT).>

With the aim to create molecular diversity, we extended the
scope beyond the introduction of one single aldehyde into the
Tyr unit, and found that the performance of two consecutive
aroylation reactions with two distinct benzaldehydes enabled
the assembly of fully decorated Tyr-containing dipeptide 3as in
a selective manner (Scheme 2).

Likewise, the aldehyde unit could be tethered within a Tyr-
containing peptide and efficiently coupled with another Tyr-
containing short-to-medium peptide to deliver unprecedented
oligopeptides featuring a unique diaryl ketone cross-linking
(Table 4). Notably, the functionalization always occurred in
a selective fashion toward the mono-acylated compounds. The
practicality of the method within the realm of chemical ligation
was verified by the selective mono-acylation of Neuromedin N
analogue 1q, thereby enabling the assembly of octapeptide 3qt
of high structural complexity. It must be noted that all the

OPy (o} : _CHO
+ '

2w  Oud

1 2

( Yryr

QDI ° Q\' Q

as above

Chemical Ligation

CO,Me

3It, 62% yield

Boc

Boc._
NH
szcjnwo )
o

O OPy
o

s IS

N.__COM

- C0Me Boc” Y N7 “cogme

0 AL

Bc>c\N

_Boc  3jt, 65% yield

3ct, 58% yield

20

OPy
o

Ph
3qt, 33% yield

“ Reaction conditions: 1 (0.15 mmol), 2 (0.45 mmol), Pd(OAc), (10 mol%), Luperox® (4.0 equiv.) in toluene (0.75 mL) at 90 °C for 16 h under Ar.
b Yield of isolated product after column chromatography, average of at least two independent runs.
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Boc _Boc

. N
Yy S
., N__CO,Me "’fﬂ/N\:/COZ"”e
o z

Y 0 Ba(nep), (2.0 equiv.)
o = NiCl,-DME (10 mol %)

PCy;-HBF4 (20 mol %)
K3POy4 (1.1 equiv.)
DME, 100 °C

o

Ar

o Ar
4, 41% yield

Scheme 3 Reductive cleavage of the DG.

experiments were run at least twice with a variable yield by no
more than 5% between runs, thus showing the reliability of the
protocol.

Although the facile removal of the OPy group has been
customarily described in simple aryl systems upon a two-step
sequence entailing N-methylation with methyl triflate followed
by the cleavage of the resulting C(pyridinium)-O bond by
treatment with an alcoholic solution of sodium,** its application
in a peptide sequence resulted in mixtures of products and
racemization of the existing chiral centers. Accordingly, we
studied the use of modern metal-catalyzed borylation reactions
for the ultimate, yet milder removal of the directing group.*
After careful evaluation of a number of Rh-, Ni- and Fe-catalyzed
borylation reactions, the targeted borylative cleavage was never
achieved within our Tyr-containing peptides and the removal of
the OPy group occurred in moderate yield to produce the cor-
responding reduced product 4.°>°> Although it poses a limitation
at first sight and remains an issue to be improved, further
optimization of the process could provide a complementary
avenue for the assembly of meta-aroylated Phe-containing
peptides, thereby resulting in the direct conversion of a Tyr
residue into the Phe analogue featuring the use of the OPy as
a traceless directing group (Scheme 3). Likewise, the fully
decorated Tyr(OPy)-containing peptides assembled herein
could offer interesting possibilities within drug discovery.

Conclusions

In summary, we have developed a broadly applicable method
for the site-selective tagging of Tyr-containing oligopeptides
featuring a novel Pd-catalyzed C(sp®)-H acylation reaction with
abundant aldehydes. This labelling platform represents a reli-
able, yet innovative, means for the radical diversification of
a wide variety of Tyr-containing compounds, thus providing
access to novel peptidomimetics of high structural complexity.
Although one might anticipate that site-selectivity issues might
come into play in the presence of multiple C-H bonds, our work
meets this challenge, offering an unrecognized opportunity
within the radical labelling of peptides. Salient features of our
protocol are the compatibility with an aqueous environment,
the widespread availability and low-cost of the aldehydes, the
broad functional group tolerance, the preferential site-
selectivity toward the functionalization of the Tyr unit and the
facile installation and removal of the required 2-pyridyl ether
group. Accordingly, we anticipate that this Pd-catalyzed oxida-
tive acylation manifold could become a useful synthetic tool for

1536 | Chem. Sci, 2020, 11, 11531-11538
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the late-stage and rapid modification of a virtually unlimited set
of Tyr-containing lead drug candidates.
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