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Chemical modification of a specific amino acid residue on peptides represents an efficient strategy to

improve their pharmacokinetics and facilitates the potential to achieve post-synthetic diversification of

peptides. Herein, we reported the first Pd-catalyzed late-stage ortho-olefination of Tyr residues on

peptides with high chemo- and site-selectivity, by employing the easily attached and removable silanol

as a bifunctional protecting group and directing group. Up to hexapeptides with variation on amino acid

sequences or locations of the Tyr residue and different olefins were compatible with this protocol, which

enriched the chemical toolbox for late-stage modification via C(sp2)–H functionalization. Furthermore,

the orthogonal protection strategies of Tyr were also developed and could be applied to SPPS.
Introduction

Emerged as a class of new therapeutic targets, the study of
protein–protein interaction (PPI) is driving the rapid growth of
synthetic peptides or peptidomimetics.1 However, the insta-
bility of peptides and analogues in vivo greatly depresses their
bioactivity and pharmacokinetics.2 The incorporation of
unnatural amino acids into peptides represents one of the most
efficient strategies to improve their in vivo stability, which
makes the development of new methods that could site-
specically modify the amino acid residues in peptides valu-
able.3 Successful efforts4 have been made to decorate alanine
(Ala)5 and its homologues,6 tryptophan (Trp),7 phenylalanine
(Phe)8 and histidine (His).9 We notice that the directed func-
tionalization of the phenol motif has been achieved on small
molecules,10 whereas very few examples related to tyrosine
(Tyr)11 (Fig. 1a) have been reported. Particularly, site-selective
modication of Tyr residues in polypeptide via C–C bond
formation is hitherto undisclosed.

The most commonly applied approach to address the site-
selectivity in C–H functionalization relies on the installation of
a directing group (DG) at a specic position,12 which is an extra
step and might be problematic. Late-stage functionalization
directed by the peptide backbone8b,c is an excellent strategy to
avoid the installation of additional directing groups, but it is
limited to few peptide sequences. We focus on step-economical
chemistry and envisioned whether the protecting group (PG) for
solid phase peptide synthesis (SPPS) on the phenol motif of Tyr
olecule and Drug Discovery, School of

ersity, 510006, Guangzhou, Guangdong,

u.cn

tion (ESI) available. See DOI:

074
could also act as the directing group (Fig. 1b), which could be
directly employed for late-stage modication aer peptide
synthesis. A silicon tether seems ideal, as it can easily be
attached or removed. Gevorgyan's group developed several
silicon-tethered strategies13 for C–H functionalization at the
ortho-position of the phenol motif14 for small molecules.
However, site-selective functionalization4 of Tyr residues on
peptides is predicted to bemore challenging due to the multiple
functional groups within the peptide sequence, and the exis-
tence of peptide backbones is expected to interfere with the
interaction between the catalyst and DG. Herein, we reported
the rst Pd-catalyzed late-stage ortho-olenation of Tyr residues
with high chemo- and site-selectivity on peptides, by employing
bifunctional silanol on the phenol motif which served as a PG
and DG. Silanol could also be applied in orthogonal protection
strategies and solid phase peptide synthesis (SPPS).
Fig. 1 (a). Previous work about modification of tyrosine residues. (b).
Traditional strategy for late-stage modification and our strategy.

This journal is © The Royal Society of Chemistry 2020
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Results and discussion

To test the feasibility of our hypothesis, we initiated our study by
utilizing Tyr derived Boc-Y(Sil)-OMe (1a) as the model substrate
and acrylate tert-butyl ester (2a) as the olenation reagent. Several
C–H functionalization conditions (Table 1, entries 1–4)14a,15 that
have been successfully applied to modify small molecules were
tested. Perhaps unsurprisingly, we could not detect the formation
of 3aa, probably due to the inefficient oxidation of Pd(0). Luckily,
the desired product 3aa was obtained in 12% yield by using
Ag2CO3 (Table 1, entry 5). Several other oxidants were screened
(ESI, Table S1†); we were excited to nd that PhI(OAc)2 could
improve the reaction yield to 47% (Table 1, entry 6). Further
investigation of the base showed that Li3PO4 was optimal and
gave 3aa in 58% yield (Table 1, entry10). Continuous efforts on
screening of additives (ESI, Table S4†) showed that addition of
benzoquinone (BQ) exhibited the best reactivity and delivered 3aa
in 76% yield aer 24 h, which might have resulted from the
addition of BQ that could suppress the formation of palladium
black.16 Remarkably, a mono-olenation product was solely iso-
lated from the reaction, no di-olenation product was detected.
We envisioned that this might be because the two bulky tert-butyl
groups on silicon blocked the rotation of silanol,14a thus pre-
venting the second olenation. NMR analysis of 3aa conrmed
that the olenation occurred at the ortho-position of the phenol
motif, and the double bond was determined to be in E-congu-
ration (ESI, Fig. S5 and S6†). The optimal reaction conditions for
site-selective olenation are as follows: amino acid or peptide (1.0
eq.) and olenation reagent (4.0 eq.), with 10% mol of Pd(OAc)2,
3.0 eq. of PhI(OAc)2, 2.0 eq. of Li3PO4, and 0.2 eq. of BQ in DCE
and agitation for 24 h at 90 �C.
Table 1 Optimization of the reaction conditionsa

Entry Base Oxidant Solvent Additive Yieldb [%]

1 Li2CO3 AgOAc DCE L1c n.d
2 KHCO3 O2 t-AmOHd — n.d
3 Li2CO3 AgOAc DCE — n.d
4 — Ag2CO3 HFIP L2e n.d
5 Li2CO3 Ag2CO3 DCE — 12
6 Li2CO3 PhI(OAc)2 DCE — 47
7 NaHCO3 PhI(OAc)2 DCE — 22
8 LiOAc PhI(OAc)2 DCE — <10
9 LiH2PO4 PhI(OAc)2 DCE — 38
10 Li3PO4 PhI(OAc)2 DCE — 58
11 Li3PO4 PhI(OAc)2 DCE L1 51
12 Li3PO4 PhI(OAc)2 DCE BQf 76(73g)

a Reaction conditions: 1a (0.1 mmol, 1.0 eq.), 2a (0.4 mmol, 4.0 eq.),
Pd(OAc)2 (0.01 mmol, 0.1 eq.), additive (0.02 mmol, 0.2 eq.), oxidant (0.3
mmol, 3.0 eq.), and base (0.2 mmol, 2.0 eq.) in solvent (1.0 mL) at 90 �C
for 24 h. b 1H NMR yield using 1,3,5-trimethoxybenzene as the internal
standard. c L1 ¼ (+)-menthyl(O2C)-Leu-OH. d t-AmOH ¼ tertiary amyl
alcohol. e L2 ¼ Ac-Gly-OH. f Benzoquinone. g Isolated yield.

This journal is © The Royal Society of Chemistry 2020
With the optimized reaction conditions in hand, we started to
investigate the scope of olen coupling partners 2 (ESI, Table S5†).
To our delight, a wide range of alkenes could be successfully
incorporated at the ortho-position of the phenol motif in Tyr
residues with moderate to good yield (Scheme 1a), affording the
acrylic ester products 3aa, 3ab and 3ac in 66–76% yields. Inter-
estingly, vinyl phosphonate product 3ad, vinylethylene carbonate
product 3ae, vinyl sulfonated product 3af and vinyl sulfonamide
product 3ag could also be prepared by this strategy with 55–80%
yields, indicating the broad substrate scope of this strategy. To our
delight, alkenes 2h and 2i, derived from proline (Pro) and Thr,
were also efficient coupling partners to give 3ah and 3ai in 69%
and 61% yields, respectively, suggesting the potential of using this
strategy to performmacrocyclization of peptides. The silanol group
could be efficiently removed from 3aa by simply treating with TBAF
to get 3b in 91% yield (ESI, Fig. S1†), suggesting the compatibility
of the silanol group with other protecting groups. To further
explore the utility of the bifunctional silanol group, we synthesized
amino acid building blocks 1b–1e with the purpose of developing
orthogonal protection strategies (ESI, Fig. S2†) for peptide
synthesis and the subsequent functionalization. The attachment
and removal of traditional protecting groups including N-Boc, N-
Fmoc, N-Alloc and methyl esters were all compatible with the
silanol group (Scheme 1b).

Next, we turned our attention to explore the compatibility of
this method. Pleasingly, most of the dipeptides 4b–4o (ESI,
Fig. S3†) gave the desired mono-ortho-olenation products with
good results. As shown, dipeptides with alkyl side chain amino
acids at the C-terminus could be well tolerated to give the
products 5ba–5ha in 42–66% yields (Scheme 2a). In general,
peptides with side chain functional groups were difficult to
modify. Gratefully, our catalytic system seemed to be quite
compatible; dipeptides 4i–4k bearing aspartic acid (Asp), thre-
onine (Thr) and lysine (Lys) residues at the C-terminus could
also be decorated efficiently, affording the corresponding
Scheme 1 Scope of coupling partnersa and orthogonal protection
strategies.a Reaction conditions: 1a (0.2 mmol, 1.0 eq.), 2 (0.8 mmol,
4.0 eq.), Pd(OAc)2 (0.02 mmol, 0.1eq.), BQ (0.04 mmol, 0.2 eq.),
PhI(OAc)2 (0.6 mmol, 3.0 eq.), and Li3PO4 (0.4 mmol, 2.0 eq.) in DCE
(2.0 mL) at 90 �C for 24 h.
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Scheme 2 aScope of dipeptide substrates.aReaction conditions: 4 (0.2
mmol, 1.0 eq.), 2a (0.8 mmol, 4.0 eq.), Pd(OAc)2 (0.02 mmol, 0.1 eq.),
BQ (0.04mmol, 0.2 eq.), PhI(OAc)2 (0.6 mmol, 3.0 eq.), and Li3PO4 (0.4
mmol, 2.0 eq.) in DCE (2.0 mL) at 90 �C for 24 h.

Scheme 3 Applicationa and late-stage peptide modification.b aFor
peptide synthesis, see the ESI.† b Reaction conditions: 6 (0.2 mmol, 1.0
eq.), 2a (0.8 mmol, 4.0 eq.), Pd(OAc)2 (0.02 mmol, 0.1 eq.), BQ (0.04
mmol, 0.2 eq.), PhI(OAc)2 (0.6 mmol, 3.0 eq.), and Li3PO4 (0.4 mmol,
2.0 eq.) in DCE (2.0 mL) at 90 �C for 24 h.
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products 5ia, 5ja and 5kc in 48–56% yields. Interestingly,
dipeptide 4l with Phe residues at the C-terminus gave the
desired product 5la in 36% yield, with no functionalization of
Phe residues detected. The promising results indicated that this
strategy could achieve unique chemo-selective Tyr modication
and discriminate the subtle differences between Phe and Tyr
residues, suggesting that the directing ability of silanol is
superior to that of the peptide backbone in this catalytic system.
In addition, olenation of dipeptides 4m–4o bearing Tyr resi-
dues on the C-terminus could also be achieved, and delivered
the modied products 5ma, 5na and 5oa in 48–57% yields
(Scheme 2b). Compared to the Tyr monomer, the incomplete
conversion of dipeptides made the yields slightly decreased. We
considered that this might be caused by the chelation between
the amides on the peptide backbone8b and the catalyst.

To further expand the application of this strategy, poly-
peptides 6a–6n were synthesized by using 1b or 1c as building
blocks according to the standard SPPS. The bifunctional silanol
group seemed quite compatible and delivered polypeptide
precursors (ESI, Fig. S4†) in good yields compared with the
commercially available amino acid building blocks. As shown in
scheme 3a, tripeptides (6a–6h) bearing Tyr residues on the N-
terminus could be well decorated with 2a, afforded the corre-
sponding products 7aa–7fa in 41–50% yields. Moreover, tri-
peptides 6g and 6h bearing Tyr residues on the C-terminus
could also be well functionalized to give the products 7ga and
7ha in 45% and 43% yields respectively. We were excited to nd
that the olenation of longer peptides 6i–6n was also successful
by employing this protocol (Scheme 3b), affording the modied
tetrapeptides 7ia–7ka in 28–33% yields and the modied
pentapeptides 7la and 7ma in 23% and 22% yields respectively.
6072 | Chem. Sci., 2020, 11, 6070–6074
In addition, the modication of long peptides might be difficult
and thus was rarely reported.4 We noticed that the solution of
polypeptide substrates became dark quickly while adding
Pd(OAc)2, which indicated the strong chelation of the peptide
backbone and resulted in reduced conversion. Surprisingly, the
olenated hexapeptide 7na was eventually obtained in 21%
yield by employing the strategy. We further explored the utilities
of our newly developed methods by decorating tetrapeptide 6k
with different alkenes, and delivered the corresponding acrylic
ester product 7kb in 31% yield, vinyl phosphonate product 7kd
in 26% yield, and vinyl sulfonamide product 7kg in 23% yield.

To our delight, the peptide backbone directed meta-olena-
tion product was not detected even in these long chain peptides,
which further conrmed that the directing ability of silanol was
better than that of the peptide backbone. The possible mecha-
nism might be related to the formation of a kinetically less-
favored six-membered palladacycle with silanol rather than the
peptide backbone, and BQ could work as a special ligand.16a

Further mechanistic studies and modication of longer poly-
peptides are currently underway.
Conclusions

In summary, we have developed the rst efficient Pd-catalyzed
ortho-olenation of Tyr residues by employing the traditional
This journal is © The Royal Society of Chemistry 2020
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protecting group silanol as the directing group to achieve high
chemo- and site-selectivity, which avoided the conventional
directing group loading step. A broad range of substrates could
be well applied in this protocol, which is tolerant to various
amino acids and peptide lengths up to hexamers. Furthermore,
the novel orthogonal protection strategies involving silanol on
the phenol motif of Tyr are also successfully applied to prepare
polypeptides via SPPS. Moreover, both N-terminal and C-
terminal elongated peptides are compatible with this protocol,
suggesting the potential applications of this strategy in medic-
inal chemistry and drug discovery.
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