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Peptides play important roles in chemistry, medicinal chemistry and life science, due to their high ef-
ficiency and specificity, unusual biological and therapeutic properties. As naturally occurring peptides
often face with their intrinsic limitations including metabolic instability and low membrane permeabil-
ity, the strategies for synthesizing unnatural amino acids and peptides are explored. Among the meth-
ods for modifying amino acids and peptides, chemo- and site-selective approaches are preferred be-
cause of the ability to fine-tuning structural features. Recently, transition metal-catalyzed C-H activation
has been employed for the functionalization of amino acids and peptides. Through domino C-H activa-
tion/annulation, a series of structurally complex and diverse amino acids and peptides is constructed. This
review highlights recent advances in the synthesis of unnatural amino acids and peptides via transition
metal-catalyzed C-H activation/annulation.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

Natural peptides generally play significant roles in human phys-
iology, such as actions as neurotransmitters, growth factors, hor-
mones and ion channel ligands [1-3]. Peptides often have selective
and effective binding to specific cell surface receptors initiating in-
tracellular effects, including ion channels or G protein-coupled re-
ceptors [3]. Compared to small molecule drugs, peptides display
higher affinity and specificity to receptors and show lower tox-
icity [4]. During the past decades, peptides are widely used in
medicine and biotechnology, and therapeutic peptide studies gain
rapid development (Scheme 1a). Currently, there are >80 commer-
cially available peptide drugs approved by US Food and Drug Ad-
ministration (FDA) on the global market [5]. And, >140 peptide
medicines are in clinical trials while >500 therapeutic peptides
are in preclinical research. For instance, the peptide-based drug
Lupron™ is employed to treat prostate cancer, obtaining global
sales of more than US$2.3 billion in 2011 [6]. However, using natu-
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rally occurring peptides as therapeutic medicines often encounters
some intrinsic weaknesses, such as metabolic instability and low
membrane permeability [7,8]. Thus, a series of strategies has been
developed to modify natural amino acids and peptides. Inserting
unnatural amino acids into peptides or directly modifying natu-
ral peptides is highly popular for medicinal and biological chem-
istry as well as industry. This generally leads to improved bioactiv-
ity and pharmacokinetics [9,10]. Additionally, peptides conjugated
with drugs, polymers or fluorophores are critical for a variety of
biological and therapeutic applications. Peptides labelled with flu-
orophores are applied for realtime tracking of cells, metabolites
and biomolecules under physiological conditions [11-13]. Peptides
conjugated to drugs are used for selective target therapy, such as
antibody-drug conjugates (ADCs) [14-16]. Peptides ligation to poly-
mers are employed for increasing their circulation half-lives and
stability [17-19]. Among them, chemo- and site-selective function-
alizations of amino acids and peptides are essential in contem-
porary biochemistry and pharmaceutical chemistry, as the abil-
ity to fine-tune structural features, which is beneficial to modu-
late physicochemical and biological properties [20-22]. Therefore,
classical condensations and (cyclo)additions are firstly employed in
the derivatizations of amino acids and peptides [22,23]. With the

1001-8417/© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia Medica, Chinese Academy of Medical Sciences.



X. Tang, E.V. Van der Eycken and L. Song

a) Representative bioactive peptides

’ NH Oﬂ“ ¢
o /([N» L G 'D
HZN/\)LH \4\

COOH

Carnosine

OH
Y Y X
NH H (6] CO,H
HO 2 2/

Tyroserleutide

Chinese Chemical Letters 37 (2026) 111678

(i HO/¢€
N N o
SaPRRRER
ph

Ph

O

Telaprevir Boceprevir

b) Access to unnatural amino acids and peptides via C-H activation/annulation (this review)

C-H activation

@) ™

Rh, Ry, Pd, Re

Scheme 1. Representative bioactive peptides and this review.

advancement of synthesis technology, transition metal-catalyzed
cross-coupling reactions have emerged as important strategies for
amino acid and peptide modifications, largely extending the chem-
ical scope [21,24].

Over the past decades, transition metal-catalyzed C-H activa-
tion is becoming a powerful tool for the construction of C-C and C-
X (X=N, 0O, S, P, Si...) bonds in a high atom- and step-economical
manner [25-32]. Compared to transition metal-catalyzed cross-
coupling, this approach avoids prefunctionalization and triggers
the transformations at inert C-H bonds. Recently, transition metal-
catalyzed C-H activation has been successfully employed in the
diversifications of amino acids and peptides [30,31], such as C-H
arylation [33-35], olefination [36], allylation [37], alkynylation [38]
and alkylation [39-41]. Through meticulous design, an array of
novel cyclopeptides is synthesized via transition metal-catalyzed
C-H activation and subsequent intramolecular macrocyclization
[42-45]. These have been summarized in several excellent reviews,
and are outside the scope of this review [42,43]. As domino re-
actions can largely increase the complexity and diversity of prod-
ucts, they have been widely utilized in the synthesis of heterocy-
cles, biologically active molecules and natural products [46]. Com-
plex domino reactions recently have been developed to synthesize
functionalized amino acids and peptides bearing diverse heterocy-
cles, largely enriching the structural complexity and diversity, as
well as the physical/chemical properties and biological activities.
To the best of our knowledge, there is currently no review ded-
icated specifically to the synthesis of unnatural amino acids and
peptides via transition metal-catalyzed C-H activation/annulation.
In this review, we aim to provide a comprehensive summary and
documentation of reported methods employed for the prepara-
tion of unnatural amino acids and peptides with various heterocy-
cles, through transition metal-catalyzed C-H activation/annulation
(Scheme 1b).

2. Synthesis of amino acids and peptides
2.1. Rhodium catalysis

In 2017, Tian and Van der Eycken developed an efficient
Rh(Ill)-catalyzed intramolecular annulation of alkyne-tethered ben-
zamides for the synthesis of indolizinones and quinolizinones
via C-H activation [47]. Subsequently, they employed this strat-

egy in the modification of peptidomimetics and oligopeptides
via the combination of the Ugi reaction and microwave irradi-
ation (Scheme 2) [48]. Through C-H activation and subsequent
intramolecular annulation with alkyne without installing a di-
recting group, diversifications of peptidomimetics and oligopep-
tides were chemoselectively achieved, resulting in indolizinone
and quinolizinone scaffolds in a rapid and step-economical man-
ner. Diverse heteroaryl peptidomimetics involving furan, thiophene,
pyrrole, benzofuran, benzothiophene, indole (2d), pyridine (2e)
and thiazole, were well tolerated. a-Substituted acrylamides (2f)
were compatible with this reaction, while B-substituted and «,8-
disubstituted acrylamides did not work. This method could be ap-
plied to efficiently construct rosettacin (2b), oxypalmatime (2c)
and camptothecin derivatives. Moreover, double and triple C-H ac-
tivation/annulation were successfully performed to give the di- and
trimers (4a and 4b) (Scheme 3). Additionally, this method was
compatible with water and showed high chemoselectivity when
adding extra N-unprotected or N-protected amino acids.

Later on, Zhou and Yi reported a redox-neutral [4+ 1] annula-
tion of N-phenoxy amides 5 with «,x-difluoromethylene alkynes
6 via Rh(Ill)-catalyzed C-H activation, leading to Z-configured
monofluoroalkenyl dihydrobenzo[d]isoxazoles 7 [49]. This ap-
proach was further employed in the late-stage C-H modification
of complex bioactive compounds including an amino acid (7a)
(Scheme 4).

Ackermann and co-workers developed a series of elegant works
employing C-H activation triggered by Ru, Mn or Co catalyst for
the modification of peptides [37,50,51]. Recently, they presented a
rhodaelectro-catalyzed approach to chromones via a formyl C-H
activation and subsequent alkyne insertion/reductive elimination
process (Scheme 5) [52]. Notably, this method could be employed
for the functionalization of amino acids and peptides 8 contain-
ing a hydroxy-benzaldehyde moiety. Also, a pentapeptide was well
tolerated in this reaction (10g). The obtained amino acids could
undergo further photoelectrochemical oxidation to give polycyclic
products with enhanced fluorescence.

Later on, Song and Gong reported a Ru(ll)-catalyzed C-H ac-
tivation of a-substituted or o,x-disubstituted glycine ester phos-
phinamides 11, leading to ortho-alkenylated phosphinamides 13
(Scheme 6) [53]. When a Rh(IIl) catalyst was employed, ortho-C-
H activation of «-unsubstituted glycine ester phosphinamide 14
and subsequent annulation with alkynes 15 occurred, resulting in
various phosphaisoquinolin-1-ones 16. With the assistance of mi-
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Scheme 4. Rh(Ill)-catalyzed [4 + 1] annulation.

crowave irradiation, this reaction could be efficiently finished in
1h

In 2022, Sakhuja and Bajaj described a Rh(Ill)-catalyzed C-H
activation/annulation reaction between vinylated tyrosines 17 and
internal alkynes 15, leading to diverse oxepine-mounted unnatu-
ral tyrosines 18 (Scheme 7) [54]. Notably, this [5+ 2] cyclization
could be employed in a series of dipeptides and tripeptides bearing
a tyrosine residue (18g-18i). When amino acid/peptide-appended
alkynes were used, the chemical ligation was achieved (18e and
18f).

In 2023, Song, Cai and Van der Eycken developed a Rh(III)-
catalyzed C-H activation/annulation reaction for the diversifica-
tion of Lys-based peptides 19 (Scheme 8) [55]. This method was
performed under racemization-free conditions, owning high atom-
and step-economy, and excellent chemo- and site-selectivity. This
reaction featured a broad scope including peptides bearing unpro-
tected Trp (21e) and Tyr, free Ser and GIn (21f), and Met (21d)
residues, in situ resulting in an array of peptide-isoquinolone con-
jugates. The obtained peptide-isoquinolone conjugates exhibited
maximum emission wavelength up to 460 nm. Interestingly, biolog-
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Scheme 5. Rhodaelectro-catalyzed approach to chromones.
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Scheme 6. C-H activation of glycine ester phosphinamides.

ical activity experiments suggested that the peptide-isoquinolone
conjugates possess good antifungal activity towards crop and for-
est pathogenic fungi.

Later on, they used Ag,0 as oxidant, AgSbFg and NaSbFg as
additives, and DCE as solvent, leading to double C-H activation
products. This Rh(lll)-catalyzed double C-H activation/annulation
reaction was successfully employed in the synthesis of fluorescent
amino acids and peptides 23 (Scheme 9) [56]. Through the cou-
pling of Lys-based amino acids or peptides 22 with alkynes 15,
the fluorescent tricyclic-fused aromatic hydrocarbon oxonium ions
23 were in situ generated. The robustness of this protocol was re-
flected by broad substrate scope, high atom- and step-economy,
as well as high chemo- and site-selectivity. Notably, unsymmetri-
cal double C-H activation/annulation using two different alkynes
could be achieved via sequential two steps, producing novel flu-
orescent amino acids and peptides. The obtained fluorescent oxo-
nium ions owned tunable fluorescence emission and low cytotoxi-
city, and could specifically target lysosomes of living cells. As pro-

posed (Scheme 10), a five-membered rhodacycle intermediate A is
formed via Rh(III)-catalyzed C-H activation. Following alkyne inser-
tion and subsequent reductive elimination, the mono C-H activa-
tion product is formed along with a Rh(I) complex, which is then
oxidized by Ag,0 to regenerate the active Rh(IIl) species. Second
Rh(Ill)-catalyzed C-H activation affords intermediate C, followed
by alkyne insertion and reductive elimination delivering the final
product and Rh(I) species, which is oxidized by Ag,0 to regenerate
the Rh(IIl) catalyst.

Very recently, Song and Cai disclosed a Rh(Ill)-catalyzed triple
C-H activation/annulation for peptide modification (Scheme 11)
[57]. An array of fluorescent peptides 26 was synthesized from
Phe-based peptides 24 and alkynes 25 via in situ formation of
polycyclic aromatic hydrocarbon oxonium ions. Mechanistic exper-
iments indicated that the triple C-H activation/annulation is suc-
cessive rather than step-by-step. This method exhibited broad sub-
strate scope, high atom- and step-economy, and excellent chemo-
and site-selectivity. The fluorescent peptides showed maximum
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emission wavelength up to 628 nm and low cell cytotoxicity. A
dipeptide bearing maleimide residue was tolerated to give the cor-
responding fluorescent product 26g, which could be employed in
bioconjugation with protein BSA. Notably, fluorescent amino acids
and peptides could specifically target lysosomes and mitochon-
dria of live mammalian cells. According to the mechanism (Scheme
12), intermediate A is initially formed via the coordination of the
Rh(IIT) center with the CN group. Nucleophilic attack of AcOH to A
and rapid Rh(Ill)-catalyzed C-H activation prior to the dissociation
of Rh(IIl) species, give five-membered rhodacycle B. Subsequent
alkyne insertion affords seven-membered rhodacycle C. Reductive
elimination of C generates Rh(I)-N species, which undergoes rapid

oxidization to form Rh(II)-N intermediate prior to the dissocia-
tion of Rh(I) species, followed by Rh(Ill)-catalyzed C-H activation
forming five-membered rhodacycle D. The second alkyne insertion
yields intermediate E, which involves coordination between the
Rh(III) center and the oxygen atom. Subsequent reductive elimina-
tion produces a Rh(I) complex that coordinates with the carbonyl
group. This suffers from rapid oxidization affording a Rh(III) in-
termediate prior to dissociation of the Rh(I) species, followed by
Rh(III)-catalyzed C-H activation generating a five-membered rho-
dacycle F. The third alkyne insertion and reductive elimination de-
liver the final product and Rh(I) intermediate, which is oxidized by
Ag,0 to regenerate the Rh(III) species.
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Scheme 10. Proposed mechanism for the formation of tricyclic-fused aromatic hydrocarbon oxonium ions.

Based on their previous works [55,56], Song, Cai and Van der
Eycken reported an efficient method for synthesizing peptide-
benzazepine conjugates 29 from Lys-based peptides 27 and
acroleins 28 (Scheme 13) [58]. This Rh(Ill)-catalyzed double C-H
activation was performed under mild reaction conditions, fea-
turing broad scope, high atom- and step-economy as well as
excellent chemo- and site-selectivity. «-Me- (29c), Et- or Bn-
substituted acroleins worked well to afford double C-H activa-
tion products in good yield, while «-acroleins bearing a long
aliphatic chain gave a mixture of mono and double C-H acti-

vation products. 2-Phenylacrolein was not compatible with the
standard conditions, probably because of the much easier poly-
merization. B-Me-substituted acrolein reacted smoothly to afford
a mixture of mono and double C-H activation products, while
a B-Et-substituted acrolein only delivered the mono C-H activa-
tion product. Both trans-cinnamaldehyde and vinyl ketone were
not compatible, probably because of the poor reactivity. The syn-
thetic practicality of this method was further demonstrated by
scale-up experiments and product transformations including vari-
ous late-stage aldehyde-based ligations. The preliminary bioactivity
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experiments displayed that peptide-benzazepine conjugates pos-
sess good antifungal activities toward crop and forest pathogenic
fungi. As proposed (Scheme 14), initially, a five-membered rhoda-
cycle A is formed via Rh(lll)-catalyzed C-H activation. Subsequent
coordination of the Rh(IIl) center with the alkene affords interme-
diate B, followed by alkene insertion forming a seven-membered
rhodacycle C. Protonation of C generates intermediate D, which

undegoes intramolecular cyclization and dehydration to produce
the mono C-H activation product and regenerate Rh(IIl) species.
Next, a five-membered rhodacycle E is formed via Rh(Ill)-catalyzed
C-H activation. The coordination of E with a second alkene gen-
erates intermediate F, followed by alkene insertion and proto-
nation delivering the final product and regenerating the Rh(III)
catalyst.
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Scheme 16. Rh(IlI)-catalyzed C-H activation and subsequent Lossen rearrangement/annulation.

In addition to the design and modification of C-H activation
partners, the adjustment of alkynes is also carried out. For exam-
ple, Larionov and Loginov disclosed an asymmetric synthesis of ar-
tificial amino acids 32 bearing an isoquinolone skeleton (Scheme

5) [59]. Through Rh(Ill)-catalyzed C-H activation/annulation of
aryl hydroxamates 31 with diverse chiral propargylglycine Ni(Il)
complexes 30 derived from Gly, Ala and Phe, a series of Ni(Il)
complexes 32 comprising an isoquinolone moiety was efficiently
synthesized in methanol at room temperature. Notably, for Phe-
derived chiral propargylglycine Ni(Il) complexes (32d-32f), the si-
multaneous formation of 3- and 4-substituted isoquinolone re-
gioisomers was observed. Moreover, the obtained Ni(Il) complexes
could undergo decomposition using 6 mol/L HCl, offering the cor-

responding unnatural «-substituted and «,x-disubstituted amino
acids having an isoquinolone scaffold in an enantiopure form.

In 2021, Osipov and co-workers developed a convenient method
for the synthesis of quinolone-containing amino acid derivatives
(Scheme 16) [60]. By using internal alkynes 34 bearing an CFs-
containing «-amino acid moiety, N-pivaloyloxy-arylamides 33 with
an electron-donating group (EDG) underwent a Rh(IIl)-catalyzed
C-H activation and subsequent Lossen rearrangement/annulation
process, resulting in 2-quinolone-containing «-CF3-amino carboxy-
lates 35. When N-pivaloyloxy-arylamides 33 with an electron-
withdrawing group (EWG) were used, isoquinolone-containing o-
CF3-amino carboxylates 36 were obtained. When protecting group
(Pg)=Cbz and the reaction temperature was increased from room
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Scheme 17. Proposed mechanism for Rh(Ill)-catalyzed C-H activation and subsequent Lossen rearrangement/annulation.

temperature to 60°C, «-CF3-amino carboxylates 37 bearing a tri-
cyclic core were prepared. As proposed (Scheme 17), Rh(II)-
catalyzed ortho-C-H bond activation of the N-pivaloyloxy amide
generates rhodacycle A. Subsequent alkyne insertion proceeds in
a regioselective manner, facilitated by intramolecular hydrogen
bonding, to afford intermediate B. When R=EDG, Lossen rear-
rangement occurs to generate intermediate C. Intramolecular ad-
dition and protonation deliver the rearranged product and release
the active Rh(Ill) catalyst. When R=EWG, sequential reductive
elimination, oxidative addition into the N-O bond and protonation
give the isoquinolone product. When Pg= Cbz, further intramolec-
ular cyclization occurs to afford tricyclic product.

Subsequently, they synthesized a series of new terminal and in-
ternal o-amino acid-containing alkynes (38 and 40) bearing one
more carbon, and employed them in [4+2] cycloaddition reac-
tions (Scheme 18) [61-63]. Through Rh(IIl)-catalyzed C-H activa-
tion of N-pivaloyloxy-arylamides 33 or N-(pivaloyloxy)-indole-1-
carboxamides 42, diverse CF3-substituted amino acid derivatives
bearing an isoquinolone (39 and 41) or pyrimido[1,6-a]indolone
(43) core were efficiently constructed with excellent regioselec-
tivity. Besides alkyne-tethered amino acids, allenyl-containing o-
amino carboxylates 44 were also tolerated, resulting in an array of
unnatural o-amino acids (45 and 46) [64].

2.2. Other transition metal catalysis

In 2018, Sharma and Van der Eycken reported a Ru(Il)-catalyzed
C-H activation/annulation using an «-amino acid ester (47) as a
directing group (Scheme 19) [65]. Under microwave irradiation, a
wide range of unnatural amino acids 48 bearing an isoquinolone
moiety were efficiently synthesized in 1h. Diverse symmetrical
diaryl- and dialkyl-substituted alkynes as well as unsymmetrical
disubstituted alkynes (15) were well tolerated in this reaction. This
method was successfully applied to the synthesis of an oxyavicine
derivative.

Subsequently, the same group developed an efficient and
chemoselective method for the modification of peptide backbone
[66]. Through a Ru(Il)-catalyzed C-H activation/annulation se-
quence, diverse functionalized isoquinolone scaffolds 51 were con-
structed in a rapid and step-economical manner (Scheme 20). Un-
der racemization-free conditions, this method was employed in the
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synthesis of peptide conjugated to drugs (51g and 51h), natural
products (51i) and other peptide (51e and 51f) fragments with ex-
cellent chemo- and regioselectivity. This reaction gave access to
the preparation of novel peptide-pharmacophore conjugates. No-
tably, a double C-H activation/annulation process was successfully
achieved to give biaryl and biaryl-ether dimeric peptide conjugates
(54 and 56) (Scheme 21), generating molecular complexity in a
short sequence. Moreover, the obtained unnatural peptides showed
good fluorescence properties with maximum emission wavelength
up to 479 nm. Importantly, mechanistic experiments indicated that
amide bonds of the peptide backbone serve as the bidentate di-
recting group to enable Ru(ll)-catalyzed C-H activation. As pro-
posed (Scheme 22), Ru(Il) catalyst firstly coordinates with the NH-
deprotonated peptide, leading to a five-membered intermediate A.
Subsequent C-H bond cleavage gives the tridentate coordinated
intermediate B. Squential alkyne insertion and reductive elimina-
tion deliver the final product and Ru(0), which is reoxidized by
Cu(OAc), to regenerate the Ru(ll) species, closing the catalytic cy-
cle.

Following the same line, Sharma and co-workers disclosed
the construction of novel benzoisoquinolone amino acid/peptide
derivatives 60-62 via a Ru(ll)-catalyzed C-H activation/annulation
process at room temperature (Scheme 23) [67]. Naphthamide (60
and 62) and 1,4-biphenylamide (61) amino acid as well as peptides
were well tolerated. 1,4-Diphenylbuta-1,3-diyne was also a produc-
tive coupling partner. The obtained products displayed good flu-
orescence properties with maximum emission wavelength up to
455nm. Notably, the benzoisoquinolinones showed cell internal-
ization to the cell nucleus without any important cytotoxicity to
human cell lines HEK293T.

On the other hand, Wang and co-workers described a peptide-
guided method for the functionalization of peptidosulfonamides 63
via Pd(ll)-catalyzed C-H activation (Scheme 24) [68]. In this ap-
proach, the peptide backbone served as an internal directing group
and facilitated site-selective C-H activation/annulation of benzosul-
fonamides 63, efficiently leading to benzosultam-peptidomimetics
65. According to the mechanism (Scheme 25), Pd(II)-catalyzed
ortho-C-H bond activation directed by the N-sulfonated peptide oc-
curs, giving a tridentate coordinated intermediate A. Subsequent
alkene insertion and B-H elimination afford olefination intermedi-
ate C and the Pd(0) complex, which is reoxidized to regenerate the
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Scheme 18. Rh(Ill)-catalyzed [4 + 2] cycloaddition with alkynes or allenes.
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Scheme 20. Ru(Il)-catalyzed C-H activation for the synthesis of peptide-pharmacophore conjugates.
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Scheme 21. Double C-H activation/annulation for the synthesis of dimeric peptide conjugates.

Pd(II) species. Second Pd(II)-catalyzed C-H activation at the newly two plausible catalytic cycles were proposed (Scheme 27). On

generated olefin produces Pd-centered ternary fused-ring interme- the one hand (path a), rhenium-catalyzed C-H activation oc-
diate D. Reductive elimination of D delivers the final cyclic product curs to give a five-membered intermediate A. Subsequent alkene
and the Pd(0) complex, which is reoxidized to regenerate the Pd(II) insertion affords rhenium enolate B, followed by intramolecu-
species for the next cycle. lar Mannich reaction and proto-demetalation delivering the fi-

Besides the synthesis of unnatural o-amino acids, the strate- nal product and regenerating the active rhenium catalyst. On

gies concerning constructing unnatural S-amino acids have also the other hand (path b), Re;(CO);o undergoes homolytic Re-Re
been explored. In 2020, Zhang and Xiong presented a [3 +2] an- bond cleavage to give the Re(CO)s radical, which interacts with

nulation of trifluoromethylated ketimines 66 with acrylates 67, the ketimine to generate dinuclear Re complex D via CO dis-
leading to a series of B-CF3 B-amino esters 68 with an in- sociation and C-H bond cleavage. Subsequent alkene insertion,
dane backbone (Scheme 26) [69]. This rhenium-catalyzed C-H ac- intramolecular Mannich reaction and reductive elimination de-
tivation showed broad substrate scope and a gram scale syn- liver the final product and regenerate the active rhenium cata-
thesis was elaborated. According to the experimental results, lyst.
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Scheme 26. Rhenium-catalyzed [3 + 2] annulation.

3. Conclusions

Natural peptides are usually not be used as direct therapeu-
tics due to their intrinsic weaknesses, such as poor physical and
chemical stability, and a short circulating plasma half-life. Unnat-
ural peptides are often essential for academic and industry cir-
cles, because of the enhanced pharmacokinetics and bioactivity
in contrast with the natural ones. Thus, concise and efficient ac-
cesses to unnatural amino acids and peptides have been inves-
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tigated. Among them, chemo- and site-selective methods are the
key points in modern chemistry, due to the capacity to fine-tune
structural characters that can help modulate biological and physic-
ochemical properties. Compared to classical condensations and (cy-
clo)additions as well as transition metal-catalyzed cross-coupling
reactions, transition metal-catalyzed C-H activation shows great
advantages in the modifications of amino acids and peptides. With-
out substrate prefunctionalizations, diverse transformations can be
performed in a high atom- and step-economical fashion. Recently,
transition metal-catalyzed C-H activation/annulation has been em-
ployed in the late-stage derivatizations of amino acids and pep-
tides. For Rh-catalyzed C-H activation/annulation, by using amide
as directing group, an array of structurally novel amino acids and
peptides with different kinds of heterocycles is achieved, such as
bearing quinolone, isoquinolone, benzazepine, indolizinone, quino-
lizinone, pyrimido[1,6-alindolone and polycyclic aromatic hydro-
carbon oxonium ion scaffolds. Employing N-phenoxy amide or
phosphinamide as directing group gives amino acids bearing a di-
hydrobenzo[d]isoxazole or a phosphaisoquinolin-1-one moiety, re-
spectively. Utilizing phenol as directing group affords amino acids
and peptides bearing a chromone core. For other transition metal-
catalyzed C-H activation/annulation, such as Ru, Pd and Re, by
using amide or sulfonamide as directing group, amino acids and
peptides bearing isoquinolone or benzosultam scaffolds are re-
spectively generated. Employing imine as directing group produces
amino acids bearing an indane moiety.

Despite major advances, some limitations still remain. Firstly,
the directing groups are mainly limited to amide-type groups,
largely restricting the reaction types. Exploring other kinds of di-
recting groups is necessary for the C-H activation/annulation pro-
cess, resulting in novel reactions. Secondly, except alkyne and
alkene, other coupling partners are seldom investigated. Expand-
ing the scope of the coupling partners would deliver structurally
novel unnatural amino acids and peptides. Thirdly, enantioselec-
tive C-H activation/annulation has not yet been reported for the
construction of enantiopure unnatural amino acids and peptides.
Especially, when the generated heterocycles own an extra chiral
center, it will be more difficult to achieve the control over diastere-
oselectivity. Therefore, developing effective strategies for enantios-
elective C-H activation/annulation is demanded, which is also im-
portant for new peptide drug discovery. Finally, developing mild
and efficient transition metal-catalyzed C-H activation/annulation
for the synthesis of unnatural amino acids and peptides is another
direction. We hope this review will be beneficial for researchers to
better understand the chemistry behind transition metal-catalyzed
C-H activation/annulation for the construction of unnatural amino
acids and peptides.
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Scheme 27. Proposed mechanism for rhenium-catalyzed C-H activation.
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