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ABSTRACT: Designer C-terminal peptide amides are accessed in
an efficient and epimerization-free approach by pairing an
electrochemical oxidative decarboxylation with a tandem hydrol-
ysis/reduction pathway. Resembling Nature’s dual enzymatic
approach to bioactive primary α-amides, this method delivers
secondary and tertiary amides bearing high-value functional motifs,
including isotope labels and handles for bioconjugation. The
protocol leverages the inherent reactivity of C-terminal carbox-
ylates, is compatible with the vast majority of proteinogenic
functional groups, and proceeds in the absence of epimerization,
thus addressing major limitations associated with conventional coupling-based approaches. The utility of the method is exemplified
through the synthesis of natural product acidiphilamide A via a key diastereoselective reduction, as well as bioactive peptides and
associated analogues, including an anti-HIV lead peptide and blockbuster cancer therapeutic leuprolide.

■ INTRODUCTION
Peptide α-amidation is a deceptively simple post-translational
modification that characterizes ∼50% of bioactive peptides and
has profound impacts on function.1 Relative to the
corresponding C-terminal carboxylic acid, the α-amide
functionality decreases peptide polarity and alters both
isoelectric point and hydrogen bonding patterns, dramatically
influencing binding and stability.2 Nature’s sophisticated α-
amidating machinery leverages the dual catalytic ability of the
enzyme peptidylglycine α-amidating monooxygenase (PAM)
which converts a propeptide 1 bearing a C-terminal glycine
(Gly) extension into the corresponding truncated primary
amide 2 via liberation of glyoxylic acid (Scheme 1A).
Mechanistically, this oxidative cleavage involves two enzymatic
processes, oxidation to the α-hydroxy Gly derivative 3 and
subsequent hydrolysis to the target peptide α-amide.3

Although Nature’s monooxygenase-mediated α-amidation
strategy exclusively affords primary amides, there is consid-
erable interest in the inherent tuneability of “designer” amides
bearing more complex substitution patterns, including for
applications in drug discovery.2,4 For example, a synthetic α-
monomethyl amidated variant of human parathyroid hormone
(hPTH) has shown superior binding capabilities relative to
both the corresponding α-acid and primary α-amide.5

Moreover, blockbuster cancer therapeutic leuprolide, a
structural analogue of gonadotropin releasing hormone
(GnRH), notably features a C-terminal N-ethylamide.6

Yet despite both the significance and simplicity of
substituted amides, there are remarkably few chemical
strategies enabling access to a broad diversity of α-amidated
peptides,7 particularly tertiary amides, which has limited critical

evaluation of the structural and functional consequences of this
modification. Direct late-stage amidation (Scheme 1B),
through activation of a peptide C-terminal carboxylic acid
followed by acyl substitution with an amine, requires
orthogonal protecting group strategies and is notoriously
plagued by epimerization at the C-terminal residue. Although
considerable resources have been dedicated to the develop-
ment and optimization of hundreds of new coupling reagents
to address the latter challenge,8 practitioners generally agree
that there is no “one-size fits all” approach to overcoming
epimerization in the activation process and to facilitating
difficult couplings. Specialized resin linkers for the solid-phase
peptide synthesis (SPPS) of C-terminally amidated peptides
have also been explored.2,9 Aldehyde resins (Scheme 1B), for
example, introduce the amide substituent at an early stage via
reductive amination.4c,10 Alternatively, latent resin linkages
may be activated toward aminolysis to afford amide products
(e.g., sulfonamide or “safety-catch” resins4a,11 can be alkylated
with excess iodoacetonitrile or TMS-diazomethane). Though
conceptually appealing, resin-based methods are often limited
to nonbulky, nucleophilic amines, which considerably hampers
access to tertiary amides. Furthermore, challenging acylation
steps in the initial resin loading may contribute to lower yields.
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A robust approach to substituted α-amidated peptides would
significantly accelerate the construction of C-terminally
modified peptides for myriad applications.
Building on the pioneering work of Seebach and co-

workers,12 we recently reported an arylation strategy which
harnessed the reactivity of hydrophobic peptide N,O-acetals
generated through direct electrolytic decarboxylation of C-
terminal acids.13 In the course of these studies, we identified
hydrolysis of a sarcosine-derived N,O-acetal (Scheme 2A) as a
prevalent side-pathway, which delivered a truncated N-
methylamide variant of the natural product biseokeaniamide
B 4 as a single diastereomer. This oxidation−hydrolysis

pathway, previously noted by Seebach to afford simple primary
amides,12b is reminiscent of the two-step biosynthetic approach
mediated by the enzyme PAM. In contrast to the primary
amide products afforded by the enzymatic process, however,
extending this chemistry to diverse N-alkylated variants
presents an opportunity to access “designer” substituted
amides in an epimerization-free, bioresemblant approach.
We therefore envisaged generalizing this simple decarbox-

ylative strategy to designer C-terminal amides by pairing
electrochemical oxidation with a tandem hydrolysis (path a), or
alternatively, a facile reduction (path b) to deliver a suite of
secondary and tertiary amides (Scheme 1C). This post-
synthetic, divergent strategy would harness the inherent
reactivity of unactivated C-terminal acids, in which “propep-
tide” substrates bearing C-terminal amino acid or N-alkyl
amino acid extensions are converted to the corresponding
truncated amides. The conceptual novelty lies in the ability to
avoid entirely conventional activation chemistry (e.g., Scheme
1B), thus eliminating any risk of epimerization. At the outset of
this endeavor, we were encouraged by recent work on
decarboxylative peptide modifications,14 including photo-
catalytic approaches to decarboxylative reduction15 and
peptide N,O-acetals.16 Herein, we sought to exploit electro-
chemistry as a mild and tunable strategy17 for site-specific
oxidation. Indeed, a selection of recent methods has explored
electrochemistry in the context of peptides,18 although the
majority of these studies rely on programmed oxidation of
peptide electroauxiliaries or the reactivity of electrochemically
active small molecule reagents/catalysts. Moreover, our own
studies13 have focused exclusively on the electrochemical
oxidation of peptides with hydrophobic side-chains. As such,
the broad functional group compatibility of the proposed
anodic decarboxylation remains to be explored. We therefore
aimed to conveniently exploit the inherent reactivity of peptide
C-terminal acids, including in the presence of diverse side-
chain functionalities, to deliver high-value substituted amide
products.

Scheme 1. (a) Biosynthetic Approach to Primary α-Amides; (b) Contemporary Strategies for C-Terminal Amidation; (c)
Proposed Electrochemical Approach

aPDB entry 5WJA was used to generate figure.

Scheme 2. (a) N,O-Acetal Hydrolysis; (b) Analysis of
Electrochemical Oxidation−Hydrolysis via UPLC-MS
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■ RESULTS AND DISCUSSION

Hydrolysis. To begin our investigations, model tetrapep-

tides bearing various N-alkylated glycine residues at the C-

terminal position were designed as “propeptide” substrates to

examine the generalization of the oxidation-hydrolysis path-
way. Peptides were prepared using Fmoc-SPPS through initial
loading of Fmoc-N(Ra)-Gly-OH (Ra = hydrogen, methyl,
ethyl, benzyl, propargyl, allyl, cyclopropylmethyl) and
elongation using standard coupling protocols (see Scheme 3

Scheme 3. Scope of Electrochemical Oxidation−Hydrolysis

aTriisopropylsilane (TIPS) was excluded (see Supporting Information).

Scheme 4. Scope of Electrochemical Oxidation−Reduction

aPeptide was prepared from a C-terminal DL-amino acid. bHydrolysis conditions (TFA/TIPS/H2O) led to the reduction product. cAdditional
NH4I was added to the reduction (see Supporting Information).
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and the Supporting Information (SI) for details). Following
resin cleavage, peptides were dissolved in MeOH, treated with
Et3N, and oxidized at constant current in an undivided
electrochemical cell equipped with carbon electrodes to deliver
the intermediate N,O-acetals.12b,13 A rapid and facile TFA-
promoted hydrolysis under standard peptide cleavage con-
ditions (TFA/triisopropylsilane (TIPS)/H2O, 90:5:5, v:v:v)
then afforded the truncated N-alkylamides 5−11 (Scheme 3)
in appreciable yields over 2 steps (from the starting peptide
acid) or 10 steps (from the resin loading). UPLC-MS analysis
of the oxidation-hydrolysis of N-cyclopropylmethyl glycine
derivative SI-11 (Scheme 2B) highlights the efficiency of the
process, which afforded 5 in 76% yield over 2 steps. Peptides
containing C-terminal alkenyl (6), alkynyl (7), N-methyl (8),
N-ethyl (9), and N-benzyl (10) derivatives were readily
accessible. Intriguingly, in the case of N-benzyl derivative 10,
standard conditions led to competitive reduction of the N,O-
acetal affording the corresponding N-methyl-N-benzyl deriva-
tive; exclusion of TIPS afforded the desired N-benzyl product.
Simple primary amide 11 was likewise accessible beginning
with the quintessential PAM “propeptide” substrate (see
Scheme 1A) bearing a single glycine extension at the C-
terminus.
Although this bioresemblant oxidation−hydrolysis strategy

enables direct access to N-alkylamide variants, the method is
not without limitations. Drawbacks include the need to prepare
protected N-alkyl amino acids and difficulties encountered
during acylation of the secondary amine of the N-alkyl glycine
variants (c.f. the resin-based approaches outlined in Scheme
1B). In addition, SPPS yields of N-alkyl glycine-derived
peptides were generally moderate due to competitive
diketopiperazine formation, which occurred upon elongation
of the peptide.19

Reduction. Given the above considerations, we therefore
aimed to exploit the availability, rich functional diversity, and
facile couplings of amino acids bearing side-chain rather than
N-alkyl substituents (e.g., Ra = H; Rb = alkyl, aryl; see Scheme
4). To this end, it was envisaged that electrochemical oxidation
to deliver α-substituted N,O-acetals could be followed by a
tandem reduction pathway,20 to afford substituted amide
products via retention of the side-chain functionality of the C-
terminal amino acid (e.g., path b, Scheme 1C). Notably, the
competitive, silane-mediated reduction observed in the
preparation of N-benzyl peptide 10 (Scheme 3) lent credence
to the viability of this pathway.
Accordingly, crude tetrapeptides with Gly, Ala, and phenyl-

glycine (Phg) residues at the C-terminus were directly
subjected to an electrolysis/reduction sequence after cleavage
from the resin. To our delight, amides 8 (N-Me), 9 (N-Et),
and 10 (N-Bn) were smoothly obtained upon treatment of the
crude N,O-acetal with BF3·Et2O/triethylsilane (TESH) or
TFA/TESHanhydrous reduction conditions which served to
minimize hydrolysis (see SI, pp 44−45 for optimization
tables). Importantly, unlike the N-alkylated peptide precursors
required for the hydrolysis approach, the “propeptides” utilized
in the oxidation−reduction were readily prepared by SPPS
without complication (e.g., diketopiperazine formation) and
able to be used without intermediary purification. Notably,
amidated products were also obtained as single diastereomers.
In contrast, attempts to synthesize N-Me amide 8 by simple
coupling of the corresponding tripeptide C-terminal acid with
N-methylamine using standard coupling reagents (EDC,
PyBOP, DIC/Oxyma) led to considerable epimerization,

and, in some cases, complete loss of stereochemical integrity
at the C-terminal position (see SI, p 40).
“Propeptides” containing a variety of other native or

commercially available modified amino acids at their C-termini
were also viable (12−20, Scheme 4). Highlights include 12
(derived from readily available Fmoc-Ile-OH), which would be
difficult to synthesize via late-stage amidation given the cost of
the requisite chiral amine (e.g., (S)-(−)-2-methylbutylamine =
USD$156/g).21 Notably, the α-stereochemistry of the C-
terminal amino acid in the “propeptide” precursor is
inconsequential, as reduction abolishes the stereocenter.
Amino acids with undefined α-chirality could therefore be
readily incorporated (e.g., 13, 14, and 16 were derived from C-
terminal DL-amino acids). α,α-Disubstituted amino acids (e.g.,
17 and 18) were also successfully converted to secondary
amides albeit in slightly lower yields, likely attributed to
competitive hydrolysis of the corresponding substituted
iminium intermediates which are more sterically encumbered
and perhaps lead to slower rates of reduction. Surprisingly,
hydrolysis was largely suppressed in the oxidation−reduction
of a C-terminal tert-leucine peptide, which proceeded smoothly
to afford 15, even in the presence of water, with a standard
peptide cleavage cocktail (TFA/TIPS/H2O). Functional group
tolerance is exemplified by the incorporation of a biotin handle
from a commercially available biotin-lysine derivative. Initially,
standard reduction with TFA/TESH afforded 19 in 13% yield
over 10 steps based on the resin loading. We reasoned that
thioether oxidation was a likely deleterious side-pathway in the
electrochemical oxidation step. NH4I was therefore added to
the TFA/TESH reduction cocktail to effect concomitant
sulfoxide reduction,22 affording 19 in an optimized 48% yield.
Tertiary amides were also readily accessible (e.g., 20, derived

from Hyp).23 Oxidation−reduction of the N-alkylglycine
peptide precursors utilized in the hydrolysis approach (see
Scheme 3) provided an additional path to valuable tertiary
amides. For example, reduction of the N,O-acetal derived from
N-cyclopropylmethyl glycine peptide SI-11 (see Scheme 2)
afforded the N-cyclopropylmethyl-N-methyl amide 21 in good
yield (66% over 2 steps). N,N-Dimethyl (22), N-allyl-N-
methyl (23), and N-propargyl-N-methyl (24) peptides were
also accessible; each of these substrates would be challenging,
if not impossible, to prepare using standard solution- or solid-
phase methods due to difficulties accessing the requisite amine
precursor and challenges in forming the tertiary amide using
conventional activation-based coupling approaches.
In another valuable extension of the method, site-selective

deuteration was readily accomplished by adopting slightly
modified oxidation−reduction conditions, allowing for the use
of commercially available NaBD4 as a reductant. This process
provided 25 in good yield (24% over 10 steps) when the more
reactive AcOH-derived N,O-acetal13 was employed. The
MeOH-derived N,O-acetal in this case afforded the desired
product together with an inseparable byproduct. Importantly,
the optimized protocol for late-stage isotope incorporation
serves as a useful proof-of-principle study demonstrating facile
access to labeled peptides, including for structural or biological
assays.

Side-Chain Compatibility. Given that late-stage mod-
ification methods require broad compatibility with canonical
amino acid side-chain functionalities,24 a systematic evaluation
of the side-chain tolerance of the oxidation−reduction pathway
was next examined. To the best of our knowledge, an
exhaustive evaluation of the side-chain tolerance of anodic
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oxidation of C-terminal peptide acids has never been
undertaken.25 Protected and unprotected model tetrapeptides
bearing functionalized amino acids (e.g., Asp, Asn, Ser, Lys,
Arg, Cys, Met, Tyr, His, Trp) at the N-terminal position were
subjected to the standard oxidation−reduction conditions
(Scheme 5, side-chain protected, green; side-chain unpro-
tected, yellow). Notably, the acidic reduction conditions result
in concomitant cleavage of side-chain protecting groups to
deliver unprotected peptides, so both protected and
unprotected peptides are treated equivalently and deliver
identical peptide products. Pleasingly, the desired N-ethyl-
amide product (e.g., 26−35) was formed in all cases in the
presence of protected residues. The majority of residues were
well-tolerated (34−76%) while highly oxidizable aromatic side-
chains, as expected, gave lower yields (e.g., Trp(Boc) 35, 9%).
The nature of the protecting groups played a critical role in
modulating the oxidation potential of the side-chain function-
alities. For example, oxidation−reduction of 2,4,6-triisopropyl-
benzenesulfonyl (Is)-protected Trp afforded the Trp-protected
product in a remarkable 75% yield. We reasoned that the
highly electron-withdrawing nature of the sulfonyl protecting
group rendered the indole nucleus less prone to oxidation.
Unfortunately, the use of sulfonyl-protected Trp is complicated
by difficulties in removing the protecting group under standard
acidolytic cleavage conditions. A suitable one-pot oxidation−
reduction−deprotection protocol employing TMSBr26 for the
removal of the sulfone protecting group was devised but led to

a significant reduction in yield (17% over 2 steps). In this case,
there is a slight trade-off between the yield of product and the
operational simplicity of the method.
In the presence of unprotected Asp, the protocol was

selective for C-terminal decarboxylation, delivering 26 in 59%
over 2 steps. Unprotected amides and alcohols (Asn 27, Ser
28) were well-tolerated. Basic residues (Lys 29, Arg 30)
benefitted from the addition of acetic acid in the electrolysis
step,25a with protonation reducing unwanted oxidation.
Interestingly, unprotected Cys (e.g., 31) did not preclude the
desired transformation, likely owing to in situ oxidation to the
disulfide during electrolysis (see SI). Markedly improved yield
was obtained with the corresponding cystine substrate (31,
from thiol: 10%; from disulfide: 21%). Oxidation−reduction of
the Met thioether-containing peptide afforded 32 in 40% yield
over 10 steps. As with the biotin substrate (19; see Scheme 4)
the addition of NH4I to the standard reduction conditions
enabled concomitant reduction of side-chain sulfoxide formed
in the electrochemical step.22 Tyr, His, and Trp did not
tolerate electrochemical oxidation in the absence of protecting
groups.27 Nevertheless, as protected peptides are easily
accessible using common SPPS strategies and the acidic
reduction conditions enable concurrent cleavage of side-chain
blocking groups, we envisaged that the method would be
readily extendable to more complex peptide systems with
diverse side-chain functionalities.

Scheme 5. Side-Chain Compatibility Studies

aYield over 10 steps from resin loading. bMeOH/AcOH (10:1 v:v) was used for electrolysis. cYield following an additional TCEP reduction step.
dNH4I was added to the reduction mixture (see SI). eIs = 2,4,6-triisopropylbenzenesulfonyl. fTMSBr/thioanisole/1,2-ethanedithiol cocktail was
added for Is-deprotection.

Scheme 6. Synthesis of Natural Product Acidiphilamide A
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Applications. To further evaluate the method, the total
synthesis of acidiphilamide A (Scheme 6), a bioactive
secondary metabolite from the rare actinobacterial genus
Streptacidiphilus,28 was pursued with the intent to construct the
characteristic secondary amide using our electrochemical
oxidation−reduction pathway. Though conceivably accessible
via alternative approaches, we envisaged that acidiphilamide A
would serve to challenge our method due to the presence of an
unprotected C-terminal alcohol and the obligatory intermedi-
acy of a quaternary N,O-acetal. Pleasingly, following synthesis
of the requisite “propeptide” incorporating commercially
available DL-2-benzylserine at the C-terminus (36; see SI),
standard electrolysis and subsequent reduction with the more
reactive NaBH4 afforded the natural product 37 and epi-37 (dr
1:2.2) in synthetically useful yields (Scheme 6). In an effort to
improve the diastereoselectivity of the reduction step, we next
evaluated the use of a chiral reductant to direct the
stereochemical outcome of the reduction. Accordingly, (S)-
and (R)-CBS-oxazaborolidines were employed,29 leading to
selective formation of 37 and epi-37, respectively, and thus
laying the framework for the future exploration of stereo-
selective reductions.
The method was finally applied to the synthesis of bioactive

peptides. Pentapeptide 38 (Scheme 7A), bearing a C-terminal
benzylamide, was reported to be a potent binder of cyclophilin
A,4a which is implicated in HIV-1 replication. This therapeutic
lead was readily accessible via oxidation−reduction of a
phenylglycine (Phg) precursor in 36% yield over 14 steps
(see SI). The deuterated variant 39 was likewise obtained in
comparable yield (32% over 15 steps). In the context of drug
discovery, facile isotope-labeling may serve as a valuable tool
for understanding mechanisms of drug metabolism.30

The nonapeptide cancer therapeutic leuprolide and several
structural variants (40−42) were also accessible. Leuprolide
contains a C-terminal N-ethylamide and a number of
challenging, oxidatively labile residues (His, Tyr, and Trp).
Strikingly, the oxidation−reduction of the requisite protected
“propeptides”, each employing standard Boc/tBu-protecting
group strategies (including the incorporation of Trp(Boc), see

SI); successfully afforded the target N-ethylamide products
over 20 steps, without the need for intermediary purification.
Importantly, 1H NMR analysis and UPLC-MS coinjection
(Scheme 7B) demonstrated that synthetic leuprolide 42 was
identical to a commercial sample of the drug. To further probe
the efficiency of the two-step electrochemical oxidation−
reduction, the purified [L-Leu6] precursor peptide was
subjected to the reaction conditions. This process delivered
41 in 25% isolated yield despite the presence of multiple
oxidizable side-chains, notably outperforming our model
tetrapeptide (e.g., the synthesis of 35 using Trp(Boc)
protection, which proceeded in 9% yield). We postulate that
the peptide microenvironment might influence side-chain
oxidation potentials. In the case of leuprolide, the Trp residue
is internally located on the peptide chain, whereas model
substrate 35 bears an N-terminal Trp. Future studies will aim
to deconvolute the link between peptide sequence and
propensity toward oxidation and, therefore, explore oppor-
tunities for sequence-specific electrochemical modifications.

■ CONCLUSIONS

In summary, we disclose herein an electrochemically enabled
peptide C-terminal amidation strategy. Broadly inspired by the
dual catalytic functionality of the α-amidating monooxygenase
enzyme PAM, an electrochemical oxidative decarboxylation
paired with a tandem hydrolysis or reduction facilitates
postsynthetic conversion of C-terminally extended “propep-
tides” into N-alkylamides. A broad array of C-terminal
alkylamides bearing valuable functional handles (e.g., alkene,
alkyne, biotin, isotope labels) is readily accessible. The method
is both highly functional group tolerant and, by design,
epimerization-free, thus overcoming an unsolved challenge in
the preparation of homogeneous, C-terminally modified
peptides. Several case studies have highlighted the preparation
of bioactive peptides and associated analogues, and we have
established proof-of-principle for the viability of a diaster-
eoselective reduction protocol. We therefore envisage that this
approach to designer C-terminal alkylamides will have broad

Scheme 7. Scope of Bioactive Peptides: (a) Potent Pentapeptide Binder of Cyclophilin A; (b) Synthesis of Leuprolide and
Structural Analogues

aYields based on resin loading. bAn additional deprotection step was carried out following treatment with NaBD4.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05718
J. Am. Chem. Soc. 2021, 143, 11811−11819

11816

https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05718/suppl_file/ja1c05718_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05718/suppl_file/ja1c05718_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05718/suppl_file/ja1c05718_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05718?fig=sch7&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05718?fig=sch7&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


application in the development and advancement of peptide-
based therapies.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.1c05718.

Experimental details and analytical data for all new
compounds (PDF)

■ AUTHOR INFORMATION
Corresponding Author
Lara R. Malins − Research School of Chemistry and Australian
Research Council Centre of Excellence for Innovations in
Peptide and Protein Science, Australian National University,
Canberra, ACT 2601, Australia; orcid.org/0000-0002-
7691-6432; Email: lara.malins@anu.edu.au

Author
Yutong Lin − Research School of Chemistry, Australian
National University, Canberra, ACT 2601, Australia

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.1c05718

Funding
This work was supported by the Australian Research Council
(DE180100092; fellowship to L.R.M.).
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
We would like to thank Ms. Anitha Jeyasingham and Mr.
Joseph Boileau (ANU) for assistance with mass spectrometry,
Dr. Chris Blake (ANU) for support with NMR spectroscopy,
and Dr. Hideki Onagi and Mr. Daniel Bartkus (ANU) for
technical assistance.

■ ABBREVIATIONS
UPLC, ultraperformance liquid chromatography; TFA, tri-
fluoroacetic acid; TESH, triethylsilane; EDC, N-(3-(dimethyl-
amino)propyl)-N′-ethylcarbodiimide hydrochloride; PyBOP,
(benzotriazol-1-yloxy)tripyrrolidinophosphonium hexafluoro-
phosphate; DIC, N,N′-diisopropylcarbodiimide; Oxyma,
Oxyma Pure, ethyl (hydroxyimino)cyanoacetate; Hyp, trans-
4-hydroxy-L-proline; TCEP, tris(2-carboxyethyl)phosphine
hydrochloride

■ REFERENCES
(1) (a) Merkler, D. J. C-Terminal amidated peptides: Production by
the in vitro enzymatic amidation of glycine-extended peptides and the
importance of the amide to bioactivity. Enzyme Microb. Technol. 1994,
16, 450−456. (b) Kim, K.-H.; Seong, B. L. Peptide amidation:
Production of peptide hormones in vivo and in vitro. Biotechnol.
Bioprocess Eng. 2001, 6 (4), 244−251.
(2) Arbour, C. A.; Mendoza, L. G.; Stockdill, J. L. Recent advances
in the synthesis of C-terminally modified peptides. Org. Biomol. Chem.
2020, 18 (37), 7253−7272.
(3) Prigge, S. T.; Mains, R. E.; Eipper, B. A.; Amzel, L. M. New
insights into copper monooxygenases and peptide amidation:
structure, mechanism and function. Cell. Mol. Life Sci. 2000, 57 (8),
1236−1259.
(4) (a) Li, Q.; Moutiez, M.; Charbonnier, J. B.; Vaudry, K.; Menez,
A.; Quemeneur, E.; Dugave, C. Design of a Gag pentapeptide

analogue that binds human cyclophilin A more efficiently than the
entire capsid protein: New insights for the development of novel anti-
HIV-1 drugs. J. Med. Chem. 2000, 43 (9), 1770−1779. (b) Weber, D.;
Berger, C.; Heinrich, T.; Eickelmann, P.; Antel, J.; Kessler, H.
Systematic optimization of a lead-structure identities for a selective
short peptide agonist for the human orphan receptor BRS-3. J. Pept.
Sci. 2002, 8 (8), 461−475. (c) Weber, D.; Berger, C.; Eickelmann, P.;
Antel, J.; Kessler, H. Design of selective peptidomimetic agonists for
the human orphan receptor BRS-3. J. Med. Chem. 2003, 46 (10),
1918−1930. (d) Ahn, S.; Kahsai, A. W.; Pani, B.; Wang, Q. T.; Zhao,
S.; Wall, A. L.; Strachan, R. T.; Staus, D. P.; Wingler, L. M.; Sun, L.
D.; Sinnaeve, J.; Choi, M.; Cho, T.; Xu, T. T.; Hansen, G. M.;
Burnett, M. B.; Lamerdin, J. E.; Bassoni, D. L.; Gavino, B. J.;
Husemoen, G.; Olsen, E. K.; Franch, T.; Costanzi, S.; Chen, X.;
Lefkowitz, R. J. Allosteric “beta-blocker” isolated from a DNA-
encoded small molecule library. Proc. Natl. Acad. Sci. U. S. A. 2017,
114 (7), 1708−1713.
(5) Potetinova, Z.; Barbier, J. R.; Suen, T.; Dean, T.; Gardella, T. J.;
Willick, G. E. C-terminal analogues of parathyroid hormone: effect of
C-terminus function on helical structure, stability, and bioactivity.
Biochemistry 2006, 45 (37), 11113−11121.
(6) Fujino, M.; Fukuda, T.; Shinagawa, s.; Kobayashi, S.; Yamazaki,
I.; Nakayama, R.; Seely, J. H.; White, W. F.; Rippel, R. H. Synthetic
analogs of luteinizing hormone releasing hormone (LH-RH)
substituted in position 6 and 10. Biochem. Biophys. Res. Commun.
1974, 60 (1), 406−413.
(7) For examples of enzymatic/biomimetic late-stage C-terminal
amidation, see: (a) Wu, B.; Wijma, H. J.; Song, L.; Rozeboom, H. J.;
Poloni, C.; Tian, Y.; Arif, M. I.; Nuijens, T.; Quaedflieg, P. J. L. M.;
Szymanski, W.; Feringa, B. L.; Janssen, D. B. Versatile peptide C-
terminal functionalization via a computationally engineered peptide
amidase. ACS Catal. 2016, 6 (8), 5405−5414. (b) Ranganathan, D.;
Saini, S. Transformation of C-terminal serine and threonine extended
precursors into C-terminal alpha-amidated peptides - a possible
chemical-model for the alpha-amidating action of pituitary enzymes. J.
Am. Chem. Soc. 1991, 113 (3), 1042−1044.
(8) El-Faham, A.; Albericio, F. Peptide coupling reagents, more than
a letter soup. Chem. Rev. 2011, 111 (11), 6557−6602.
(9) (a) Stathopoulos, P.; Papas, S.; Tsikaris, V. C-terminal N-
alkylated peptide amides resulting from the linker decomposition of
the Rink amide resin. A new cleavage mixture prevents their
formation. J. Pept. Sci. 2006, 12 (3), 227−232. (b) Lobl, T. J.;
Maggiora, L. L. Convenient synthesis of C-terminal peptide analogues
by aminolysis of oxime resin-linked protected peptide. J. Org. Chem.
1988, 53 (9), 1979−1982. (c) Voyer, N.; Lavoie, A.; Pinette, M.;
Bernier, J. A convenient solid-phase preparation of peptide substituted
amides. Tetrahedron Lett. 1994, 35 (3), 355−358. (d) Ajayaghosh, A.;
Pillai, V. N. R. Photo-triggered selective C-terminal N-methylamida-
tive cleavage of polyethyleneglycol-bound peptides. Tetrahedron Lett.
1996, 37 (35), 6421−6424. (e) Nicolas, E.; Clemente, J.; Ferrer, T.;
Albericio, F.; Giralt, E. The use of the Nbb-resin for the solid-phase
synthesis of peptide alkylesters and alkylamides. Synthesis of
leuprolide. Tetrahedron 1997, 53 (9), 3179−3194. (f) Taboada, L.;
Prieto, L.; Vidal, P.; Espinosa, J. F.; Erickson, J. A. Solid-phase
synthesis of novel trimers containing a phenylstatine core and analysis
by high-resolution magic angle spinning. J. Comb. Chem. 2007, 9 (5),
748−755. (g) Boas, U.; Brask, J.; Jensen, K. J. Backbone amide linker
in solid-phase synthesis. Chem. Rev. 2009, 109 (5), 2092−2118.
(h) Fang, W. J.; Yakovleva, T.; Aldrich, J. V. A Convenient Approach
to Synthesizing Peptide C-Terminal N-Alkyl Amides. Biopolymers
2011, 96 (6), 715−722. (i) Hansen, J.; Diness, F.; Meldal, M. C-
Terminally modified peptides via cleavage of the HMBA linker by O-,
N- or S-nucleophiles. Org. Biomol. Chem. 2016, 14 (12), 3238−3245.
(j) Alsina, J.; Albericio, F. Solid-phase synthesis of C-terminal
modified peptides. Biopolymers 2003, 71 (4), 454−477.
(10) Jensen, K. J.; Alsina, J.; Songster, M. F.; Vágner, J.; Albericio, F.;
Barany, G. Backbone Amide Linker (BAL) Strategy for Solid-Phase
Synthesis of C-Terminal-Modified and Cyclic Peptides. J. Am. Chem.
Soc. 1998, 120 (22), 5441−5452.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05718
J. Am. Chem. Soc. 2021, 143, 11811−11819

11817

https://pubs.acs.org/doi/10.1021/jacs.1c05718?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05718/suppl_file/ja1c05718_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Lara+R.+Malins"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-7691-6432
https://orcid.org/0000-0002-7691-6432
mailto:lara.malins@anu.edu.au
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yutong+Lin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.1c05718?ref=pdf
https://doi.org/10.1016/0141-0229(94)90014-0
https://doi.org/10.1016/0141-0229(94)90014-0
https://doi.org/10.1016/0141-0229(94)90014-0
https://doi.org/10.1007/BF02931985
https://doi.org/10.1007/BF02931985
https://doi.org/10.1039/D0OB01417F
https://doi.org/10.1039/D0OB01417F
https://doi.org/10.1007/PL00000763
https://doi.org/10.1007/PL00000763
https://doi.org/10.1007/PL00000763
https://doi.org/10.1021/jm9903139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9903139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9903139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9903139?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/psc.407
https://doi.org/10.1002/psc.407
https://doi.org/10.1021/jm0210921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm0210921?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1073/pnas.1620645114
https://doi.org/10.1073/pnas.1620645114
https://doi.org/10.1021/bi060500q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/bi060500q?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0006-291X(74)90219-8
https://doi.org/10.1016/0006-291X(74)90219-8
https://doi.org/10.1016/0006-291X(74)90219-8
https://doi.org/10.1021/acscatal.6b01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscatal.6b01062?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00003a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00003a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja00003a048?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100048w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr100048w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/psc.706
https://doi.org/10.1002/psc.706
https://doi.org/10.1002/psc.706
https://doi.org/10.1002/psc.706
https://doi.org/10.1021/jo00244a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo00244a025?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/0040-4039(94)85052-6
https://doi.org/10.1016/0040-4039(94)85052-6
https://doi.org/10.1016/0040-4039(96)01363-9
https://doi.org/10.1016/0040-4039(96)01363-9
https://doi.org/10.1016/S0040-4020(97)00029-X
https://doi.org/10.1016/S0040-4020(97)00029-X
https://doi.org/10.1016/S0040-4020(97)00029-X
https://doi.org/10.1021/cc070001o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cc070001o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cc070001o?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068206r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr068206r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/bip.21600
https://doi.org/10.1002/bip.21600
https://doi.org/10.1039/C6OB00213G
https://doi.org/10.1039/C6OB00213G
https://doi.org/10.1039/C6OB00213G
https://doi.org/10.1002/bip.10492
https://doi.org/10.1002/bip.10492
https://doi.org/10.1021/ja974116f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja974116f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(11) (a) Kenner, G. W.; McDermott, J. R.; Sheppard, R. C. The
safety catch principle in solid phase peptide synthesis. J. Chem. Soc. D
1971, 636−637. (b) Backes, B. J.; Virgilio, A. A.; Ellman, J. A.
Activation method to prepare a highly reactive acylsulfonamide
“safety-catch” linker for solid-phase synthesis. J. Am. Chem. Soc. 1996,
118 (12), 3055−3056. (c) Backes, B. J.; Ellman, J. A. An
alkanesulfonamide “safety-catch” linker for solid-phase synthesis. J.
Org. Chem. 1999, 64 (7), 2322−2330. (d) Yang, L. H.; Morriello, G.
Solid phase synthesis of ‘head-to-tail’ cyclic peptides using a
sulfonamide ’safety-catch’ linker: the cleavage by cyclization approach.
Tetrahedron Lett. 1999, 40 (47), 8197−8200. (e) Copeland, G. T.;
Miller, S. J. Selection of enantioselective acyl transfer catalysts from a
pooled peptide library through a fluorescence-based activity assay: an
approach to kinetic resolution of secondary alcohols of broad
structural scope. J. Am. Chem. Soc. 2001, 123 (27), 6496−6502.
(f) Park, J.; Lee, K. H. Synthesis of Peptide Amides on Safety-catch
Resin with Microwave Irradiation. Bull. Korean Chem. Soc. 2009, 30
(10), 2475−2478.
(12) (a) Renaud, P.; Seebach, D. Preparation of Chiral Building
Blocks from Amino Acids and Peptides via Electrolytic Decarbox-
ylation and TiCI4-Induced Aminoalkylation. Angew. Chem., Int. Ed.
Engl. 1986, 25 (9), 843−844. (b) Seebach, D.; Charczuk, R.; Gerber,
C.; Renaud, P. Elektrochemische Decarboxylierung von L-Threonin-
und Oligopeptid-Derivaten unter Building von N-Acyl-N,O-acetalen:
Herstellung von Oligopeptiden mit Carboxamid- oder Phosphonat-C-
Terminus. Helv. Chim. Acta 1989, 72, 401−425. (c) Gerber, C.;
Seebach, D. Dipeptide Derivatives with a Phosphonate Instead of
Carboxylate Terminus by C-Alkylation of Protected (Decarboxy-
Dipeptidyl)Phosphonates. Helv. Chim. Acta 1991, 74 (7), 1373−
1385.
(13) Lin, Y.; Malins, L. R. Total synthesis of biseokeaniamides A-C
and late-stage electrochemically-enabled peptide analogue synthesis.
Chem. Sci. 2020, 11 (39), 10752−10758.
(14) (a) Malins, L. R. Decarboxylative couplings as versatile tools for
late-stage peptide modifications. Pept. Sci. 2018, 110 (3), e24049.
(b) Bottecchia, C.; Noel, T. Photocatalytic Modification of Amino
Acids, Peptides, and Proteins. Chem. - Eur. J. 2019, 25 (1), 26−42.
(c) King, T. A.; Kandemir, J. M.; Walsh, S. J.; Spring, D. R.
Photocatalytic methods for amino acid modification. Chem. Soc. Rev.
2021, 50 (1), 39−57. (d) Rahman, M.; Mukherjee, A.; Kovalev, I. S.;
Kopchuk, D. S.; Zyryanov, G. V.; Tsurkan, M. V.; Majee, A.; Ranu, B.
C.; Charushin, V. N.; Chupakhin, O. N.; Santra, S. Recent Advances
on Diverse Decarboxylative Reactions of Amino Acids. Adv. Synth.
Catal. 2019, 361 (10), 2161−2214.
(15) (a) Maeda, K.; Saito, H.; Osaka, K.; Nishikawa, K.; Sugie, M.;
Morita, T.; Takahashi, I.; Yoshimi, Y. Direct modification of
tripeptides using photoinduced decarboxylative radical reactions.
Tetrahedron 2015, 71 (7), 1117−1123. (b) Cassani, C.; Bergonzini,
G.; Wallentin, C.-J. Photocatalytic Decarboxylative Reduction of
Carboxylic Acids and Its Application in Asymmetric Synthesis. Org.
Lett. 2014, 16 (16), 4228−4231.
(16) Le Du, E.; Garreau, M.; Waser, J. Small peptide diversification
through photoredox-catalyzed oxidative C-terminal modification.
Chem. Sci. 2021, 12 (7), 2467−2473.
(17) (a) Horn, E. J.; Rosen, B. R.; Baran, P. S. Synthetic Organic
Electrochemistry: An Enabling and Innately Sustainable Method. ACS
Cent. Sci. 2016, 2 (5), 302−308. (b) Yan, M.; Kawamata, Y.; Baran, P.
S. Synthetic Organic Electrochemical Methods Since 2000: On the
Verge of a Renaissance. Chem. Rev. 2017, 117 (21), 13230−13319.
(c) Mohle, S.; Zirbes, M.; Rodrigo, E.; Gieshoff, T.; Wiebe, A.;
Waldvogel, S. R. Modern Electrochemical Aspects for the Synthesis of
Value-Added Organic Products. Angew. Chem., Int. Ed. 2018, 57 (21),
6018−6041. (d) Wiebe, A.; Gieshoff, T.; Mohle, S.; Rodrigo, E.;
Zirbes, M.; Waldvogel, S. R. Electrifying Organic Synthesis. Angew.
Chem., Int. Ed. 2018, 57 (20), 5594−5619.
(18) (a) Kawamata, Y.; Vantourout, J. C.; Hickey, D. P.; Bai, P.;
Chen, L.; Hou, Q.; Qiao, W.; Barman, K.; Edwards, M. A.; Garrido-
Castro, A. F.; deGruyter, J. N.; Nakamura, H.; Knouse, K.; Qin, C.;
Clay, K. J.; Bao, D.; Li, C.; Starr, J. T.; Garcia-Irizarry, C.; Sach, N.;

White, H. S.; Neurock, M.; Minteer, S. D.; Baran, P. S. Electro-
chemically Driven, Ni-Catalyzed Aryl Amination: Scope, Mechanism,
and Applications. J. Am. Chem. Soc. 2019, 141 (15), 6392−6402.
(b) Weng, Y.; Song, C. L.; Chiang, C. W.; Lei, A. W. Single electron
transfer-based peptide/protein bioconjugations driven by biocompat-
ible energy input. Commun. Chem. 2020, 3 (1). DOI: 10.1038/
s42004-020-00413-x. (c) Alvarez-Dorta, D.; Thobie-Gautier, C.;
Croyal, M.; Bouzelha, M.; Mevel, M.; Deniaud, D.; Boujtita, M.;
Gouin, S. G. Electrochemically Promoted Tyrosine-Click-Chemistry
for Protein Labeling. J. Am. Chem. Soc. 2018, 140 (49), 17120−17126.
(d) Song, C.; Liu, K.; Wang, Z.; Ding, B.; Wang, S.; Weng, Y.; Chiang,
C. W.; Lei, A. Electrochemical oxidation induced selective tyrosine
bioconjugation for the modification of biomolecules. Chem. Sci. 2019,
10 (34), 7982−7987. (e) Sun, H.; Moeller, K. D. Silyl-substituted
amino acids: new routes to the construction of selectively function-
alized peptidomimetics. Org. Lett. 2002, 4 (9), 1547−1550. (f) Sun,
H.; Martin, C.; Kesselring, D.; Keller, R.; Moeller, K. D. Building
functionalized peptidomimetics: use of electroauxiliaries for introduc-
ing N-acyliminium ions into peptides. J. Am. Chem. Soc. 2006, 128
(42), 13761−13771. (g) Shoji, T.; Kim, S.; Yamamoto, K.; Kawai, T.;
Okada, Y.; Chiba, K. Anodic substitution reaction of proline
derivatives using the 2,4,6-trimethoxyphenyl leaving group. Org.
Lett. 2014, 16 (24), 6404−6407. (h) Ibrahim, S. M. S.; Banerjee, K.;
Slater, K. A.; Friestad, G. K. A Tamao-Fleming oxidation route to
dipeptides bearing N,O-acetal functionality. Tetrahedron Lett. 2017,
58 (52), 4864−4866. (i) Kitada, S.; Takahashi, M.; Yamaguchi, Y.;
Okada, Y.; Chiba, K. Soluble-support-assisted electrochemical
reactions: application to anodic disulfide bond formation. Org. Lett.
2012, 14 (23), 5960−5963. (j) Takahashi, M.; Okada, Y.; Kitano, Y.;
Chiba, K. Phase-transfer-mediated electrochemical reaction: anodic
disulfide bond formation under biphasic condition. Tetrahedron Lett.
2014, 55 (26), 3622−3624. (k) Ding, H.; DeRoy, P. L.; Perreault, C.;
Larivee, A.; Siddiqui, A.; Caldwell, C. G.; Harran, S.; Harran, P. G.
Electrolytic macrocyclizations: scalable synthesis of a diazonamide-
based drug development candidate. Angew. Chem., Int. Ed. 2015, 54
(16), 4818−4822. (l) Gutz, C.; Selt, M.; Banziger, M.; Bucher, C.;
Romelt, C.; Hecken, N.; Gallou, F.; Galvao, T. R.; Waldvogel, S. R. A
Novel Cathode Material for Cathodic Dehalogenation of 1,1-
Dibromo Cyclopropane Derivatives. Chem. - Eur. J. 2015, 21 (40),
13878−13882. (m) Shao, X.; Zheng, Y.; Tian, L.; Martin-Torres, I.;
Echavarren, A. M.; Wang, Y. Decarboxylative Csp3-N Bond
Formation by Electrochemical Oxidation of Amino Acids. Org. Lett.
2019, 21 (22), 9262−9267. (n) Chen, X. P.; Luo, X. S.; Peng, X.;
Guo, J. J.; Zai, J. T.; Wang, P. Catalyst-Free Decarboxylation of
Carboxylic Acids and Deoxygenation of Alcohols by Electro-Induced
Radical Formation. Chem. - Eur. J. 2020, 26 (15), 3226−3230.
(o) Wang, H.; He, M.; Li, Y.; Zhang, H.; Yang, D.; Nagasaka, M.; Lv,
Z.; Guan, Z.; Cao, Y.; Gong, F.; Zhou, Z.; Zhu, J.; Samanta, S.;
Chowdhury, A. D.; Lei, A. Electrochemical Oxidation Enables
Regioselective and Scalable α-C(sp3)-H Acyloxylation of Sulfides. J.
Am. Chem. Soc. 2021, 143 (9), 3628−3637.
(19) The prevalence of diketopiperazine (DKP) formation could be
reduced through the use of modified deprotection conditions. Please
see SI for details.
(20) (a) Yamazaki, H.; Horikawa, H.; Nishitani, T.; Iwasaki, T. A
Facile Synthesis of Optically Pure Amines by Reduction of N-Acyl-
Alpha-Methoxyalkylamines Derived from Alpha-Amino-Acids Using
Triethylsilane. Chem. Pharm. Bull. 1990, 38 (7), 2024−2026.
(b) Sznaidman, M. L.; Hecht, S. M. Studies on the total synthesis
of tallysomycin. Synthesis of the threonylbithiazole moiety containing
a structurally unique glycosylcarbinolamide. Org. Lett. 2001, 3 (18),
2811−2814. (c) Saavedra, C. J.; Carro, C.; Hernandez, D.; Boto, A.
Conversion of “Customizable Units” into N-Alkyl Amino Acids and
Generation of N-Alkyl Peptides. J. Org. Chem. 2019, 84 (13), 8392−
8410.
(21) Sigma-Aldrich. www.sigma-aldrich.com (accessed 2021-07-09),
(S)-(−)-2-methylbutylamine, CAS: 34985-37-0.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05718
J. Am. Chem. Soc. 2021, 143, 11811−11819

11818

https://doi.org/10.1039/c29710000636
https://doi.org/10.1039/c29710000636
https://doi.org/10.1021/ja9535165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja9535165?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981990y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo981990y?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(99)01701-3
https://doi.org/10.1016/S0040-4039(99)01701-3
https://doi.org/10.1021/ja0108584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0108584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0108584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja0108584?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.5012/bkcs.2009.30.10.2475
https://doi.org/10.5012/bkcs.2009.30.10.2475
https://doi.org/10.1002/anie.198608431
https://doi.org/10.1002/anie.198608431
https://doi.org/10.1002/anie.198608431
https://doi.org/10.1002/hlca.19890720302
https://doi.org/10.1002/hlca.19890720302
https://doi.org/10.1002/hlca.19890720302
https://doi.org/10.1002/hlca.19890720302
https://doi.org/10.1002/hlca.19910740702
https://doi.org/10.1002/hlca.19910740702
https://doi.org/10.1002/hlca.19910740702
https://doi.org/10.1039/D0SC03701J
https://doi.org/10.1039/D0SC03701J
https://doi.org/10.1002/pep2.24049
https://doi.org/10.1002/pep2.24049
https://doi.org/10.1002/chem.201803074
https://doi.org/10.1002/chem.201803074
https://doi.org/10.1039/D0CS00344A
https://doi.org/10.1002/adsc.201801331
https://doi.org/10.1002/adsc.201801331
https://doi.org/10.1016/j.tet.2014.12.075
https://doi.org/10.1016/j.tet.2014.12.075
https://doi.org/10.1021/ol5019294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol5019294?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D0SC06180H
https://doi.org/10.1039/D0SC06180H
https://doi.org/10.1021/acscentsci.6b00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acscentsci.6b00091?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.chemrev.7b00397?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201712732
https://doi.org/10.1002/anie.201712732
https://doi.org/10.1002/anie.201711060
https://doi.org/10.1021/jacs.9b01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b01886?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-020-00413-x
https://doi.org/10.1038/s42004-020-00413-x
https://doi.org/10.1038/s42004-020-00413-x
https://doi.org/10.1038/s42004-020-00413-x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s42004-020-00413-x?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b09372?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9SC02218J
https://doi.org/10.1039/C9SC02218J
https://doi.org/10.1021/ol025776e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol025776e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol025776e?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja064737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja064737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja064737l?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol503198p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol503198p?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2017.11.036
https://doi.org/10.1016/j.tetlet.2017.11.036
https://doi.org/10.1021/ol302863r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol302863r?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.tetlet.2014.04.116
https://doi.org/10.1016/j.tetlet.2014.04.116
https://doi.org/10.1002/anie.201411663
https://doi.org/10.1002/anie.201411663
https://doi.org/10.1002/chem.201502064
https://doi.org/10.1002/chem.201502064
https://doi.org/10.1002/chem.201502064
https://doi.org/10.1021/acs.orglett.9b03696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.9b03696?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/chem.201905224
https://doi.org/10.1002/chem.201905224
https://doi.org/10.1002/chem.201905224
https://doi.org/10.1021/jacs.1c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c00288?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/doi/suppl/10.1021/jacs.1c05718/suppl_file/ja1c05718_si_001.pdf
https://doi.org/10.1248/cpb.38.2024
https://doi.org/10.1248/cpb.38.2024
https://doi.org/10.1248/cpb.38.2024
https://doi.org/10.1248/cpb.38.2024
https://doi.org/10.1021/ol0101178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0101178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ol0101178?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.joc.9b00114?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
http://www.sigma-aldrich.com
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(22) Hackenberger, C. P. The reduction of oxidized methionine
residues in peptide thioesters with NH4I-Me2S. Org. Biomol. Chem.
2006, 4 (11), 2291−2295.
(23) When insufficient reductant was used, an aromatized product
(acyl pyrrole derivative) was observed.
(24) (a) deGruyter, J. N.; Malins, L. R.; Baran, P. S. Residue-Specific
Peptide Modification: A Chemist’s Guide. Biochemistry 2017, 56 (30),
3863−3873. (b) Hoyt, E. A.; Cal, P. M. S. D.; Oliveira, B. L.;
Bernardes, G. J. L. Contemporary approaches to site-selective protein
modification. Nat. Rev. Chem. 2019, 3 (3), 147−171.
(25) The side-chain compatibility of select photochemical
decarboxylative transformations has been evaluated: (a) Bloom, S.;
Liu, C.; Kolmel, D. K.; Qiao, J. X.; Zhang, Y.; Poss, M. A.; Ewing, W.
R.; MacMillan, D. W. C. Decarboxylative alkylation for site-selective
bioconjugation of native proteins via oxidation potentials. Nat. Chem.
2018, 10 (2), 205−211. (b) Garreau, M.; Le Vaillant, F.; Waser, J. C-
Terminal Bioconjugation of Peptides through Photoredox Catalyzed
Decarboxylative Alkynylation. Angew. Chem., Int. Ed. 2019, 58 (24),
8182−8186.
(26) Fujii, N.; Otaka, A.; Sugiyama, N.; Hatano, M.; Yajima, H.
Studies on peptides. CLV. Evaluation of trimethylsilyl bromide as a
hard-acid deprotecting reagent in peptide synthesis. Chem. Pharm.
Bull. 1987, 35 (9), 3880−3883.
(27) (a) Suprun, E. V.; Shumyantseva, V. V.; Archakov, A. I. Protein
Electrochemistry: Application in Medicine. A Review. Electrochim.
Acta 2014, 140, 72−82. (b) Permentier, H. P.; Bruins, A. P.
Electrochemical oxidation and cleavage of proteins with on-line mass
spectrometric detection: development of an instrumental alternative
to enzymatic protein digestion. J. Am. Soc. Mass Spectrom. 2004, 15
(12), 1707−1716.
(28) Hwang, S.; Yun, Y.; Choi, W. H.; Kim, S. B.; Shin, J.; Lee, M. J.;
Oh, D. C. Acidiphilamides A-E, Modified Peptides as Autophagy
Inhibitors from an Acidophilic Actinobacterium, Streptacidiphilus
rugosus. J. Nat. Prod. 2019, 82 (2), 341−348.
(29) Sakai, T.; Yan, F. Y.; Uneyama, K. Asymmetric Reduction of 2-
(N-Arylimino)-3,3,3-Trifluoropropanoic Acid-Esters Leading to Chi-
ral 3,3,3-Trifluoroalanine and Its Derivatives. Synlett 1995, 1995 (7),
753−754.
(30) Mutlib, A. E. Application of stable isotope-labeled compounds
in metabolism and in metabolism-mediated toxicity studies. Chem.
Res. Toxicol. 2008, 21 (9), 1672−1689.

Journal of the American Chemical Society pubs.acs.org/JACS Article

https://doi.org/10.1021/jacs.1c05718
J. Am. Chem. Soc. 2021, 143, 11811−11819

11819

https://doi.org/10.1039/B603543D
https://doi.org/10.1039/B603543D
https://doi.org/10.1021/acs.biochem.7b00536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.biochem.7b00536?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41570-019-0079-1
https://doi.org/10.1038/s41570-019-0079-1
https://doi.org/10.1038/nchem.2888
https://doi.org/10.1038/nchem.2888
https://doi.org/10.1002/anie.201901922
https://doi.org/10.1002/anie.201901922
https://doi.org/10.1002/anie.201901922
https://doi.org/10.1248/cpb.35.3880
https://doi.org/10.1248/cpb.35.3880
https://doi.org/10.1016/j.electacta.2014.03.089
https://doi.org/10.1016/j.electacta.2014.03.089
https://doi.org/10.1016/j.jasms.2004.09.003
https://doi.org/10.1016/j.jasms.2004.09.003
https://doi.org/10.1016/j.jasms.2004.09.003
https://doi.org/10.1021/acs.jnatprod.8b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.8b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jnatprod.8b00828?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1055/s-1995-5068
https://doi.org/10.1055/s-1995-5068
https://doi.org/10.1055/s-1995-5068
https://doi.org/10.1021/tx800139z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx800139z?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.1c05718?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

