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a b s t r a c t

We report the unprecedent Pd(I) catalyzed ring-opening arylation of cyclopropyl-α-aminoamides. This

protocol allows facile access to biologically important α-ketoamide-containing oligopeptides and even

more challenging peptide-natural product conjugates. Site selectivity was achieved by introduction of

special unnatural amino acids, which also meets the requisite of bioorthogonal chemistry. Mechanism

investigations reveals a distinct domino radical ring-opening process through Pd(I) catalysis.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

α-Ketoamides and their derived peptidomimetics are key build-

ing blocks in natural products, promising medicinal warhead to

target HIV, tumor, Alzheimer’s disease, malaria and Parkinson’s dis-

ease and proteasome inhibitors (Scheme 1a) [1–10]. Moreover, re-

cently, α-ketoamides-containing peptidomimetics were disclosed

as a potential oral treatment for Covid-2 SARS, which cause the

coronavirus disease 2019 (Covid-19) pandemic [11,12]. Further,

they are versatile and valuable intermediates and synthons in a

variety of functional group transformations and drugs’ and nat-

ural products’ total synthesis (e.g., Enalapril, Imidapril, Lisinopril)

[13,14] as well as bioluminescent probe [15–17] and oxidative re-

sponsive prodrugs [18,19]. Despite the vast recent advances of syn-

thetic methods for non-peptidomimetics α-ketoamides [2,4,7,20-

29], the classic multiple-step peptide synthesis using α-ketoacids

or their derived amino acids remains the main synthetic approach

for peptide containing α-ketoamide [26,30-34]. In contrast to clas-

sic peptide synthesis, there were only few reports of late-stage

functionalization approaches, which enable the precise modifica-

tion of oligopeptides at the end of a synthetic sequence [35–45].

One of the late-stage ketoamide formation at peptide sequence is

α-oxidation of α-amino acids or α-hydroxyl acids, which normally

require stoichiometric metal oxidants with moderate regioselectiv-

ity [46–51]. Zhu and others developed multicomponent couplings

of isocyanide and aldehydes with amino acids for α-ketoamides

synthesis [52–56]. However, application of this elegant strategy
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to couple with oligopeptides remains unexplored. Thus, develop-

ment of a site selective late-stage functionalization protocol for α-

ketoamide moiety installation in peptidomemtics would be highly

demanding.

Site-specific chemical modification of peptides is becoming

increasingly important in research and industry for monitoring

cellular events or designing therapeutics, targeting ligands and

molecular probes [57–60]. However the suitable chemical trans-

formations for efficient biomolecule functionalization is limited by

the stringent conditions and developing chemo- and site-selective

transformations remains a prominent challenge [61–68]. Recently,

great efforts have been devoted to developing site selective C–H

functionalization [43,69-77], multicomponent stapling reactions

[39], cross coupling reactions [78,79], deaminative conversion

[80] and heteroatom (oxygen, nitrogen or sulfur) site nucle-

ophilic substitution [81–85] of peptide sequence (Scheme 1b).

Besides, decarboxylative diversification of peptides enables C−C

bond cleavage and functionalization at C-terminal [86]. However,

transformation of peptide sequence at N-terminal via C–C bond

cleavage remains undeveloped.

Ring opening of cyclopropyl amines is one of powerful strat-

egy towards ring construction (Scheme 2a). Werz, Waser and oth-

ers reported Lewis acid catalytic ring-opening strategies for donor–

acceptor type aminocyclopropanes [87–92]. Bower and coworkers

disclosed the directed Rh catalytic C–C bond coupling of cyclo-

propyl amines [93–96]. Although radical ring opening of cyclo-

propyl amines for alkylation of DNA were disclosed to have re-

lation with the genotoxin with cycolibactins and their derivatives

[97,98], only till recently the emergence of photoredox chemistry
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Scheme 1. Application and late-stage site selective functionalization of α-

ketoamide peptidomimetics.

led to application of this radical pathway towards organic syn-

thesis. Stephenson’s and Zheng’s group disclosed a strain-driven

[3+2] cycloaddition of cyclopropylamines with olefins by visible-

light photocatalysis [99–101]. Chen’s group reported the selec-

tive C(sp3)−C(sp3) cleavage/alkynylation of cycloalkylamides under

mild photoredox catalysis conditions [102]. Given the high rate of

radical ring-opening of cyclopropyl amines [103], development of

coupling process other than annulation remains unsolved and chal-

lenging owing to the lack of suitable catalytic systems to adjust

coupling rates to this radical clock type process. Herein, we re-

port a domino ring-opening/arylation of cyclopropyl amino amides

and their derived peptides. The protocol under-goes a novel rad-

ical ring opening/cross-coupling pathway via Pd(I) catalysis, pro-

viding diverse α-ketoamide peptidomimetics and even more chal-

lenging peptide-natural product conjugates with broad functional

group tolerance and excellent site-selectivity (Scheme 2b).

Initial investigation on the catalytic couplings of Weinreb amide

(1a) with methyl 4-iodobenzoate (2a) under reported conditions

[104–107] for cyclopropyl alcohol only afford ring-opening ke-

toamide 3a’ (Table S1 in Supporting information). This could be

attributed to the slower reaction rate of arylation over the ring

opening. To enhance the efficiency of coupling process, AgTFA with

1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) as solvent were added to

replace K2CO3, successfully providing 3a in 13% yield with 61% 3a’

(entry 1, Table 1). Surprisingly, when 4-methylbenzenesulfonic acid

hydrate (TsOH·H2O) was added, the reaction efficiency significantly

increased, providing 3a in 70% yield without formation of 3a’

(entry 2, Table 1). However, 1,1′-binaphthyl-2,2′-diyl hydrogen-

phosphate (BNDHP), trifluoroacetic acid (TFA) and other organic

acids were ineffective additive (entries 3 and 4, Table 1, Table S3

in Supporting information), further confirming the essential role

for sulfonic acid. According to previous reports, the possible role

of TsOH·H2O in the Pd-catalyzed reactions can be categorized into

two aspects: combination of Pd(II) with TsOH·H2O would afford

Scheme 2. Typical ring-opening reaction of cyclopropyl amines.

Table 1

Optimization of reaction conditions.a

Entry Catalyst Silver salt Additive Yield (%)b

1c PdBr2 AgTFA – 13

2 PdBr2 AgTFA TsOH·H2O 70

3 PdBr2 AgTFA BNDHP 0

4 PdBr2 AgTFA TFA 0

5 Pd(OTs)2(CH3CN)2 AgTFA TsOH·H2O 40

6 A AgTFA TsOH·H2O 56

7 B AgTFA TsOH·H2O 72

BNDHP: 1,1′-binaphthyl-2,2′-diyl hydrogenphosphate. TFA: trifluoroacetic acid. HFIP:

1,1,1,3,3,3-hexafluoro-2-propanol. TsOH·H2O: 4-methylbenzenesulfonic acid hydrate.
a Reaction conditions: 1a (0.1mmol, 1.0 equiv.), 2a (3.0 equiv.), PdBr2 (20mol%),

additive (1.0 equiv.), silver salt (2.0 equiv.), in HFIP (1.5mL)/H2O (0.1mL) at 80 °C for

4h.
b Yields of isolated product.
c 3a’ in 61% yield.

either electrophilic Pd(OTs)2(CH3CN)2 [108–110] or complex A

[111]. Pd(OTs)2(CH3CN)2 delivered lower yield (entry 5, Table 1).

In contrast, complex A provided 3a in 56% yields (entry 6, Table

1), suggesting that complex A would be competent catalyst. As

Bedford and coworkers disclosed that complex A would be spon-

taneously converted to unstable Pd(I) species C [111], investigation
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of possible involvement of Pd(I) species in this catalytic process

was carried out.

To explore Pd(I) species in the catalytic cycle, the X-ray pho-

toelectron spectroscopy (XPS) measurement of the reaction mix-

ture using the PdBr2/TsOH·H2O system was carried out. The ob-

served peak structures indicate the presence of two distinct oxi-

dation states of Pd species (Fig. 1). These peaks can be attributed

to Pd(I) (16.0 at%) and Pd(II) (84.0 at%) without apparent Pd(0) sig-

nals [112–114], which confirms the presence of a Pd(I) species dur-

ing the reaction. Preparation of reported Pd(I) species in Bedford

reference failed owing to its high instability and readily decom-

position to palladium black. As complex C is extremely unstable,

a stable dinuclear Pd(I) complex B [115–118], instead, was em-

ployed, providing a similar yield to standard conditions (entry 7,

Table 1). Meanwhile, the kinetic experiments were carried out us-

ing three different Pd species, including: PdBr2, Pd(OTs)2(CH3CN)2
and complex B (Fig S2 in Supporting information). Comparing with

PdBr2 and Pd(OTs)2(CH3CN)2, B did not exhibited induction pe-

riod, which suggest the Pd(I) would be the competent catalysts.

This result is in contrast to that for a previously reported DAF-

Pd(I) species, which reduces the catalytic activity in allylic C–H

acetoxylation of terminal alkenes and intramolecular aza-Wacker

cyclization [119–121]. Thus, similar to our report on Pd(I)/Pd(II)

catalytic cycle [114], we consider the ring-opening arylation pro-

cesses would be a Pd(I)/Pd(II) catalysis.

In the Pd(I) catalytic pathway, involvement of silver salts is un-

common. Owing to the halogenophilicity of silver [122,123], Ag(I)

was reported to abstract halogen during a reported Pd(I)-involved

cross-coupling of enamines with α-bromocarbonyls by Loh [124].

In our case, we indeed detected Ag(I) as the only silver species in

XPS [125], further confirming that Ag(I) acts as a halogen abstrac-

tor for aryl iodides instead of an oxidant [126,127]. To our knowl-

Fig. 1. (a) The X-ray photoelectron spectroscopy (XPS) data of the Pd. (b) The X-ray

photoelectron spectroscopy (XPS) data of the Ag.

edge, this domino ring-opening arylation provide a distinct effec-

tive Pd(I) catalytic systems [113,119,128-139]. Further screening of

catalyst, silver salts, sulfonic acids and other factors confirmed the

best conditions for this domino process: 20mol% PdBr2, 1.0 equiv.

TsOH·H2O, 2.0 equiv. AgTFA, with HFIP/H2O as solvent at 80 °C for

4h. Full details of the optimization study are provided in Support-

ing information.

With the optimal conditions in hand, we investigated the scope

of aryl iodides with 1a (Scheme 3). A wide range of aryl io-

dides bearing either electron-withdrawing or electron-donating

substituents at ortho, meta and para sites proved to be viable

substrates, affording the diverse δ-arylated α-ketoamides in good

yields. Synthetically useful functional groups, including fluoro,

chloro, bromo, ester, ether, aryl, trifluoromethyl, cyano, nitro, alde-

hyde, and ketone substituents, were well compatible with this

protocol, illustrating the excellent site selectivity, chemoselectivity

and potential for late-stage functionalization (3a−3i and 3k−3r).

Scheme 3. Arylation of weinreb amides: aryl iodide scope. Conditions: 1a (0.1mmol, 1.0 equiv.), PdBr2 (20mol%), TsOH·H2O (1.0 equiv.), Ar−I 2 (3.0 equiv.), AgTFA (2.0 equiv.),

HFIP (1.5mL)/H2O (0.1mL), 80 °C, under air, 4 h. a Yield when 1a (1.0mmol). b Conditions: 1a (0.1mmol, 1.0 equiv.), Pd(OAc)2 (15mol%), TsOH·H2O (1.0 equiv.), Ar−I 2

(1.5 equiv.), AgTFA (2.0 equiv.), HFIP (1.0mL), 70 °C, under air, 7 h.
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Scheme 4. Scope of peptides. Conditions: 4 (0.1mmol, 1.0 equiv.), PdBr2 (20mol%), TsOH·H2O (1.0 equiv.), Ar−I 2 (3.0 equiv.), AgTFA (2.0 equiv.), HFIP (2.0mL)/H2O (0.2mL),

80 °C, under air, 18h. a Conditions: 4 (0.1mmol, 1.0 equiv.), PdBr2 (20mol%), TsOH·H2O (1.0 equiv.), Ar−I 2 (3.0 equiv.), AgTFA (2.0 equiv.), HFIP (2.0mL)/DMF (0.5mL), 80 °C,
under air, 24h.

δ-Arylated α-ketoamide 3e were also successfully obtained with

ample scope. 3m resulted in lower yield, which could be at-

tribute to hydrolysis and decomposition of 3-iodobenzonitrile un-

der the acidic condition. Similar to our previous Pd(I)/Pd(II) cataly-

sis [114], the steric hinderance of ortho-substituted iodoarenes re-

duced the reaction efficiency of 3r. Additionally, multiple substi-

tuted iodobenzenes including medicinal important fluorine atom

were also viable substrates, affording the desired product 3t-3y

with 46%–67% yield. Furthermore, the robustness of the ring-

opening arylation approach is demonstrated by, among others, the

installation of the potentially bioactive thiophene motif (3z) and a

carbazole-based fluorescent label (3aa). The potential of the ring-

opening arylation strategy for fluorescent labelling is highlighted

by the considerably turn-on of the fluorescent properties of the δ-
arylated α-ketoamides products 3aa compared to the parent amino

acids (Fig. S1 in Supporting information).

Encouraging by the good functional group compatibility, we

evaluated potential of this coupling process for the envisioned

bioorthogonal diversification of peptides 4 (Scheme 4a). The ring-

opening arylation approach were viable to efficient syntheses of

peptide-based derivatives bearing an α-ketoamide pharmacophoric

unit at the N-terminal residue, which is inherently complemen-

tary drug candidates to the known peptidomimetics bearing α-

ketoamide as C-terminus warheads [1–12]. Various dipeptides con-

taining cyclopropyl amino acid residue at the N-terminus were

well-tolerated (5a−5i). Dipeptides 4a−4e with alkyl substituents at

the C-terminus reacted easily, providing the α-ketoamides in good

yields (5a−5e, 42%−60%). When l-aspartic acid, l-phenyl glycine,

l-phenylalanine or l-lysine were at the C-terminus, the arylated

products 5f, 5g, 5h and 5i were obtained in 35%–48% yield, over-

riding the possibility of arylation at arenes and deprotection of

Cbz group. Further optimization of reaction conditions enabled the

facile access to late-stage functionalization of tripeptides (Table S6

in Supporting information). Diverse tripeptides and tetrapeptides

were amenable substrates to afford desired α-ketoamides 5j−5o

in 29%−46%.

Synthesizing covalent conjugates of a peptide and a complex

molecule, e.g., natural products, remains challenging but impor-

4
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tant strategies in chemical biology and drug discovery [140–143].

These conjugates may have clinical value owing to their capaci-

ties to direct small-molecule toxins to certain tissues, widen thera-

peutic windows and tune pharmacokinetic and pharmacodynamics

properties often beyond the capabilities of each component alone.

To aim this goal, we applied the ring-opening protocol to the con-

struction of peptide-natural product conjugates (Scheme 4b). The

peptide-ketoamide-natural product hybrids were successfully syn-

thesized via the ring-opening arylation strategy using aryl iodides

derived from different naturally products. l-Menthol derived aryl

iodide readily underwent the ring-opening coupling reactions with

Weinreb amide and dipeptide to afford desired product 5p and

5q. Moreover, aryl iodides generated from (-)-borneol and estrone

successfully provided the binding products 5r and 5s. Remark-

ably, tripeptides can successfully be linked with l-menthol and

(-)-borneol derived aryl iodides under the standard conditions (5t,

5u).

As we proposed that this Pd(I) catalytic domino process would

undergo radical process, the further confirmation of radical rou-

tine over ionic ring-opening was carried out. Addition of TEMPO

completely quenched the couplings (Scheme 5a), suggesting a rad-

ical pathway. Radical trap experiments with 1,1-diphenylethylene

afford 6 in 12% (Scheme 5b). Notably, during the ring-opening

arylation of 1a with 2z, a Minisci type arylation product 7 with

Boc group was isolated with 10% yields (Scheme 5c), supporting

the generation of X. It not only further supports the radical ring-

Scheme 5. Mechanism experiment.

Scheme 6. Proposed catalytic cycle.

opening pathway, but suggests that Boc group is involved during

the entire ring-opening arylation process and might be cleaved af-

ter arylation. Indeed, substrates without Boc group (such as cy-

clopropanol 8 and cyclopropylamine 9) or with other protecting

groups (e.g., Cbz, 10 and Bz, 12) did not afford any desired prod-

ucts. In contrast, ester 11 successfully afforded ring-opening aryla-

tion products (Scheme 5d). These results can be rationalized that

in-situ generated Boc-protected imine group would be more prone

to coordinate with Pd catalyst center for trapping transient radical

generated from ring-opening than the weak coordinating carbonyl

group in ketoamides.

Based on previous literatures [108-111,128-131] and our results,

a plausible mechanism has been proposed for this domino trans-

formation (Scheme 6). Initially, PdBr2 reacts with TsOH·H2O to af-

ford Pd(I) catalytic species C [108–110], which then readily under-

goes oxidative addition with aryl iodides and anion-exchange with

AgTFA to form Pd(II) species D. Subsequent coordination of D with

1a affords intermediate E, which undergoes an intramolecular oxi-

dation to give Pd(I)-radical species F. Further combination of Pd(I)

site with radical provides palladium species G, which produces the

imine amide H through reductive elimination to regenerate the

palladium catalytic species C. Deprotection of H with generated

TFA gives the ketoamide 3a.

In summary, we have developed an unprecedented palladium

catalyzed ring-opening arylation strategy for late-stage function-

alization of peptides. This domino position-selective diversifica-

tion of peptides was accomplished under mild conditions with

wide functional group compatibility. The robustness of this proto-

col allows the access to challenging peptides-natural product con-

jugates. The extensive mechanism investigation suggests that the

ring-opening arylation undergoes a distinct radical ring-opening

process through Pd(I) catalysis.
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