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ABSTRCT: Histidine (His) carries a unique heteroaromatic imidazole side chain and plays irreplaceable functional roles in peptides
and proteins. Existing strategies for site-selective histidine modification predominantly rely on the N-substitution reactions of the
moderately nucleophilic imidazole group, which inherently suffers from the interferences from lysine and cysteine residues.
Chemoselective modification of histidine remain one of the most difficult challenges in peptide chemistry. Herein, we report peptide
modification via radical-mediated chemoselective C—H alkylation of histidine using C4-alkyl-1,4-dihydropyridine (DHP) reagents
under visible light promoted conditions. The method exploits the electrophilic reactivity of the imidazole ring via a Minisci-type
reaction pathway. This method exhibits an exceptionally broad scope for both peptides and DHP alkylation reagents. Its utility has
been demonstrated in a series of important peptide drugs, complex natural products, and a small protein. Distinct from N-substitution
reactions, the unsubstituted nitrogen groups of the modified imidazole ring are conserved in the C—H alkylated products.

INTRODUCTION

Peptides are one of the most important classes of biomole-
cules, playing a wide range of essential roles in living systems.!
Naturally occurring or synthetic peptides have long been used
as therapeutic agents and continue to serve as invaluable plat-
forms for new drug development.? In comparison to de novo
synthesis, methods for site-selective modification of existing
peptides could provide a more straightforward and cost-effec-
tive approach to diversify peptides for functional studies.® De-
spite significant development, existing methods for peptide
modification are largely limited to reactions of nucleophilic res-
idues such as cysteine (Cys)* and lysine (Lys).> Moving beyond
the functionalization of these nucleophilic residues would dra-
matically expand the arsenal of peptide functionalization meth-
0ds.® In this context, direct functionalization of ubiquitous C—H
bonds could offer a different set of reactivity and selectivity for
peptide modification.” In contrast to the development of C-H
functionalization of small molecules,® peptide C—H functional-
ization is still in its infancy.® The presence of various interfering
functional groups on peptides poses a significant obstacle to
chemoselectivity (Scheme 1a).

Histidine (His) carries an electron-deficient heteroaromatic
imidazole side chain, and plays irreplaceable roles in protein
function including metal ion coordination, hydrogen bond do-
nor/acceptor, proton shuttle, and nucleophilic catalysis.’® The

important function and rarity of His residues (approximately 2.2%

in proteins) make it an enticing target for peptide modification.
Most reported strategies for His modification are predominantly
based on the N-alkylation or phosphorylation of the imidazole
ring.!* However, interference of more nucleophilic Cys and Lys
residues has significantly limited the scope of these methods. In
addition, the N-modifications inevitably abolish the function of
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Scheme 1. Histidine-specific peptide modification via radical-me-
diated chemoselective C—H functionalization. a, Representative
proteinogenic amino acid residues of peptides and proteins. b, Bi-
osynthesis of diphthine via enzyme-catalyzed C:-selective C-H
functionalization of His with S-adenosylmethionine (SAM). ¢, Vis-
ible-light-promoted Minisci-type Cz-selective C—H functionaliza-
tion of His with DHP-R reagents. EF2, translation elongation factor
2. Circles and AAs represent amino acids. DHP = 1,4-dihydro-
pyridine. TFA, trifluoroacetic acid. TFE, trifluoroethanol.
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adenosylmethionine (SAM), a key post-translational modifica-
tion (PTM) for diphthine biosynthesis (Scheme 1b).2 Although
the mechanism of biosynthesis has not been fully elucidated, it
appears similar to Minisci-type C—H functionalization of elec-
tron-deficient heteroarenes via radical-mediated pathway.™®
Herein, we report a selective, efficient and broadly applicable
chemical method for His-specific peptide modification via rad-
ical-mediated C,-selective C—H alkylation of imidazole using
various 4-alkyl-1,4-dihydropyridines (DHP) reagents under the
irradiation of visible light (Scheme 1c). The critical nitrogen
functional groups of histidine are conserved in the alkylated
products. This reaction proceeds under mild conditions and ex-
hibits excellent scope for both peptides and DHP reagents.
Mechanistic studies indicated that the DHP reagent not only
serves as a donor of alkyl radicals, but also as a H atom acceptor
thus an oxidant. The avoidance of external oxidant is critical to
minimize side reactions of peptides bearing oxidation sensitive
residues.

RESULTS AND DISCUSSION

Useful late stage C—H functionalization of peptides demands
orthogonal reactivity selective for target C—H bonds and com-
patibility with various peptide functional groups. Beside inter-
ferences from nucleophilic groups, the oxidation of Cys, Met,
His, Trp and Tyr need to be avoided.'* In comparison to elec-
tron-neutral Phe and electron-rich Tyr and Trp residues, His
carries a unique electron-deficient heteroarene imidazole side
chain. Moreover, the nitrogen atom of the imidazole can be pro-
tonated under physiological conditions to make the C, position
of imidazolium a distinct electrophilic site on peptide side
chains and backbones. We reasoned that the electrophilicity of
the imidazole ring could be exploited by a Minisci-type radical-
mediated C—H alkylation reaction for chemoselective modifi-
cation of His. This proposed Minisci reaction would proceed
through attack of nucleophilic alkyl radical on the electrophilic
C, position of imidazole, followed by single electron transfer
oxidation (SET), and deprotonation/re-aromatization to give the
alkylated product. Minisci reactions of His have been sporadi-
cally studied. Notably, Jain and co-workers reported a C—H al-
kylation of a simple His derivative with free carboxylic acid as
the alkyl radical donor, and (NH.).S,Os as the oxidant, under
strongly acidic conditions at elevated temperature, giving prod-
uct 1-a in moderate yield (Scheme 2a).*®

Encouraged by Jain’s study and recent advances in photore-
dox catalysis,'® we commenced an investigation of Minisci-type
C—-H alkylation of simple His derivatives under mild operating
conditions, with the ultimate aim of application to complex pep-
tide substrates. After extensive experimentations with model
His substrate 3, two protocols stood out. Firstly, reaction of 3
with cyclohexyl N-hydroxyphthalimide ester 4 under the irradi-
ation of blue LED light (10 W) using [Ir{dF(CF3)ppy}--
(dtbbpy)]PFs photocatalyst gave the desired C,-alkylation prod-
uct 3-a in 21% isolated yield and with high regio-selectivity
(Scheme 2b). However, this reaction exhibited poor compatibil-
ity with peptide substrates bearing unprotected Trp, free amine,
and C-terminal carboxylate groups.l” Secondly, reaction of 3
with 3 equivalents of 4-cyclohexyl-1,4-dihydropyridine (DHP-
a), 3 equivalents of trifluoroacetic acid (TFA) and 3 equivalents
of Na,S,0g oxidant at 35 < without irradiation of visible light
gave product 3-a in a 49% isolated yield and with excellent re-
gio-selectivity. Pyridine compound 5 was formed as the major
byproduct in > 90% yield (Scheme 2c). A similar non-irradiated

protocol for Minisci alkylation of N-heteroarenes using 4-alkyl-
1,4-dihydropyridine reagents as alkyl donors was recently re-
ported by Molander and co-workers.*®
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Scheme 2. Minisci-type C—H alkylation of simple histidine deriv-
ative. a, Alkylation of histidine with carboxylic acid reagent and
strong oxidant at elevated temperature. b, Preliminary results on
C—H alkylation of histidine at ambient temperature under photore-
dox catalysis. ¢, Preliminary results on oxidant-promoted C—H al-
kylation of histidine with Ca-cyclohexyl 1,4-dihydropyridine
(DHP-a) without light irradiation.

Next, the use of DHP-a for C—H alkylation of His was eval-
uated with more complex substrate saralasin 6, a potent antihy-
pertensive octapeptide carrying a single mid-chain His (Scheme
3a). As shown in entry 1, the reaction of 6 under Molander’s
conditions using the combination of DHP-a and Na,S,0g with-
out light irradiation gave 21% yield of the desired product 6-a,
a considerable amount of oxidized byproducts (~27%, see Fig-
ure S4), and 52% of unconsumed 6 based on liquid chromatog-
raphy—mass spectrometry (LC-MS) analysis. Undesired oxida-
tion of side chains such as Tyr, Trp and Met is one of the major
complicating factors in peptide synthesis and modification,
causing serious problem for purification.'* ® To our surprise,
the formation of undesired oxidation byproducts was signifi-
cantly suppressed by omitting Na,S,0g oxidant and using excess
amount of DHP-a and TFA under the visible light irradiation
conditions. As shown in entry 2, reaction of 6 with 10 equiva-
lents of DHP-a and 10 equivalents of TFA in trifluoroethanol
(TFE) solvent under the irradiation of a 10 W blue LED light
for 3 hours at 35 °C under argon atmosphere gave 41% of 6-a,
58% of unconsumed 6, and little undesired oxidation side prod-
ucts. Besides pyridine 5, a new byproduct corresponding to a
di-hydrogenated form of DHP-a was identified (see Scheme 6
for a mechanistic discussion). The conversion of 6 can be im-
proved by a reiterative alkylation procedure. Treating the first
alkylation reaction mixture with cold diethyl ether, drying the
precipitate and subjecting it to the same alkylation procedure
(10 equivalents of DHP-a and TFA in TFE), giving 6-a in 57%
LC-MS yield. A third round of precipitation/alkylation operat-
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49 Scheme 3. Development of His-specific alkylation reaction of saralasin 6. a, Optimization of reaction conditions for His-selective function-
50 alization of saralasin 6 with DHP-a. b, Scope of DHP reagents under optimized conditions using the three-round alkylation procedure.
51 Compounds 6-R are alkylation products of 6 bearing different R groups (marked in green). ¢, LC trace of solids obtained after diethyl ether
52 precipitation. 3LC-MS yields were estimated by UV absorption at 230 nm of the peak corresponding to the alkylated peptide product versus
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54 nonpeptide materials. °LC-MS yields after two rounds of alkylation. °LC-MS vyields after three rounds of alkylation. 4Standard conditions:
55 peptide (2.0 umol, 1 equiv.), DHP (20.0 umol, 10 equiv.), TFA (20.0 umol, 10 equiv.) in TFE (0.2 mL, 10 mM) under irradiation of blue
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ACS Paragon Plus Environment



Page 5 of 8

oNOYTULT D WN =

Journal of the American Chemical Society

ions gave 6-a in 76% LC-MS vyield (Scheme 3b, 57% isolated
yield) with negligible amount of side products (see chromato-
gram of reaction mixture in Scheme 3c). NMR and tandem
MS/MS analyses of 6-a confirmed the C, regioselectivity of the
alkylation reaction (see Supporting Information). Several other

observations made during reaction optimization are noteworthy:

1) TFE is much better than any other solvents examined (entries
7-9), owing to its special ability to solubilize peptides and fa-
cilitate radical-mediated reactions. 2) The addition of TFA sig-
nificantly improves reaction yield (entries 10 and 11). 3) Small
amounts of product are obtained without LED irradiation (en-
tries 12 and 13). In comparison, a reaction performed in the ab-
sence of LED irradiation and TFA gave no product (entry 14).
This indicates that TFA could promote the activation of DHP
reagents to a small extent without light irradiation. The activa-
tion is further enhanced by LED irradiation. Similar activations
of DHP reagents by heat, Lewis acid, SET oxidant or light irra-
diation have been reported. 4) Decreases or increases in the
loading of DHP reagents or extended reaction time did not im-
prove the reaction efficiency (entries 3-5). 5) Significant
amount of oxidized side products (~16%) were formed under
air atmosphere (entry 6, see Figure S11).

As shown in Scheme 3b, reactions of saralasin 6 with DHP
reagents carrying different Cs-alkyl groups were evaluated us-
ing the optimized three-round alkylation protocol. These rea-
gents can be readily prepared in a single step in high yield from
a three component reaction of corresponding alkylated alde-
hyde, ethyl acetoacetate and ethyl 3-aminocrotonate.!® 2° In
general, cyclic or acyclic, and secondary or tertiary alkyl groups
work well, forming desired products in moderate to excellent
yield based on LC-MS analysis. Primary alkyl groups show sig-
nificantly lower reactivity (e.g. 6-f). A wide range of functional
groups such as hydroxyl (6-c), free carboxylic acid (6-d and 6-
q), ether (6-h), tosylate (6-j), azido (6-k), alkene (6-1), alkyne
(6-m), polyethylene glycol (6-n and 6-r) and ester (6-p) were
tolerated. Notably, >90% vyield of 6-g, -r bearing an adamantyl
substituent were obtained using DHP-g, -r. As shown in
Scheme 3c, chromatograms of selected reaction mixtures indi-
cated the reactions typically proceeded with high chemo-selec-
tivity, forming trace amounts of side products. All products
were analyzed with tandem MS/MS to confirm the site-selec-
tivity of the reaction (see Supporting Information for details).

The scope of this alkylation protocol was next investigated
with peptide substrates of varied length and composition
(Scheme 4). To our delight, all proteinogenic amino acids ex-
cept free Cys were compatible with our alkylation protocol us-
ing DHP-a (Scheme 4a). No alkylation occurred to 9-mer pep-
tide 7, which has no His but carries three aromatic residues Trp,
Phe, and Tyr. Selective His C—H alkylation was achieved in
good isolated yields for 8-a to 11-a. The reaction of peptide 12
containing a free Cys residue gave complex results (see Figure
S122). It is well-known that free thiol group is reactive under
radical-mediated conditions.? In comparison, alkylation of
peptide 13 carrying an acetamidomethyl (Acm)-protected Cys
residue worked well to give the desired product 13-a in 46%
LC-MS yield.

This protocol worked well with a series of small-sized His-
containing peptides drugs of less than 10 AA residues, such as
angiotensin Il (a cardiovascular drug), leuprorelin (for treat-
ment of prostate or breast cancer) and gonadorelin (for amenor-
rhea and hypogonadism). All the peptides reacted with the se-
lected DHPs, affording the desired products 14-a to 16-n in

moderate to good yields (Scheme 4b). As shown in Scheme 4c,
medium-sized peptide drugs (of 24-76 residues) also worked
well. Cosyntropin (a synthetic adrenocorticotropic hormone)
was alkylated with DHP-a, -g, and -k, giving products 17-a, -g
and -k in good to excellent yields (45-90% LC-MS yields). Se-
cretin (a diagnostic agent for pancreatic functional diagnoses)
reacted with DHPs to give products 18-g, -k and -r. Exenatide
(a blockbuster drug for treatment of type-2 diabetes) was alkyl-
ated with DHP-a to provide a 45% LC-MS yield. 20-f, an ana-
log of lixisenatide (a synthetic type-2 diabetes drug), was ob-
tained in good yield. To our delight, ubiquitin, a small-sized
protein of 76 residues, was alkylated with almost full conver-
sion to generate 21-g (>90% LC-MS yield). The circular dichro-
ism spectrum of 21-g is identical to that of expressed ubiquitin,
indicating intact a-helical structure (see Figure S262).

The versatility of this transformation was also demonstrated
in the late stage C—H functionalization of complex peptides
bearing various unnatural AA residues (Scheme 4d). Bremela-
notide, a cyclic peptide for treatment of female sexual dysfunc-
tion, reacted with DHP-a, -g to give products 22-a, -g in 56%
and 92% LC-MS yield respectively. Bleomycin A2 is a potent
glycopeptide antibiotic and anticancer agent.?? Its structure con-
tains a number of potential interfering groups such as bis-thia-
zole, pyrimidine, sulfonium ion groups, and an acid-sensitive
disaccharide moiety. The histidine residue of bleomycin serves
as a ligand for iron, and is essential for biological activity. Mod-
ification of the histidine residue via chemical or enzymatic ap-
proaches has been previously impossible. We were pleased to
find that the alkylation reaction of Bleomycin A2 with admantyl
substituted DHP-g, -r proceeded in 58% and 47% LC-MS yield
and with excellent chemoselectivity in the absence of TFA ad-
ditive using a two-round alkylation procedure.

HO,C

NH -
o,

Necen
»i o B

rhodamine tag 24
CuS0y4*5H,0 (5 mol %)

Pepllde 6-k
sodium ascorbate (10 mol %)
HO,C

MeOH/CHCI3/H,0 (1:1:2, viviv)
25, 68%

25°C,12h
Scheme 5. Secondary Iabelllng of alkylated peptide by azide-al-
kyne click reaction.

As shown in Scheme 5, alkylated peptide 6-k bearing an az-
ido handle was subjected to a copper-catalyzed azide-alkyne cy-
cloaddition reaction with a Rhodamine fluorophore to give
product 25 in 68% isolated yield.

NH

—>\/ \\( rhodamine

MECHANISTIC STUDY

Our Cy-selective alkylation of His with DHP reagents likely
follows the general mechanism of radical-mediated Minisci-
type C—H functionalization of electron-deficient heteroarenes.
A critical feature of our protocol is the exclusion of external
oxidants, which prevents side reactions of oxidation-prone res-
idues and enables chemoselective His modification in a comple-
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Scheme 6. Mechanistic proposal of photo-mediated C—H alkylation of His with DHP reagents. a, Control experiments with DHP-a. b,
Proposed main reaction pathway of C—H alkylation of His featuring a dual role of DHP reagent.

x molecular setting. However, an oxidant is required to balance
the net dehydrogenative Minisci reaction. It is well-known that
DHP reagents such as Hantzsch esters are excellent reductants.
Recent studies by Nishibayashi,? Li,2* Molander,> Melchiorre
and others? have shown that alkyl-substituted DHP reagents
(DHP-R) can undergo C-C cleavage to generate an alkyl radical
Re under the activation of heat, Lewis acid, SET oxidant or light
irradiation.?” As shown in Scheme 6a, irradiation of DHP-a in
TFE with TFA gave a mixture of cyclohexane 26, bis-cyclohex-
ane 27 (trace amount, detected by GC-MS), and pyridine prod-
uct 5 (>90% vyield). This indicates that cyclohexyl radical Re is
generated under our reaction conditions. Furthermore, irradia-
tion of simple His substrate 3 with 3 equivalents of DHP-a in
the presence of 3 equivalents of TFA gave a mixture of C-H
alkylation product 3-a (66% isolated yield), pyridine 5 (71%
isolated yield with respect to DHP-a used), and a new tetrahy-
dropyridine byproduct 28. Compound 28 was formed as a mix-
ture of regio- and diastereomeric isomers of reduced DHP-a.
Formation of 28 was observed in all the C—H alkylation reac-
tions tested. Compound 28 is unstable and decomposes quickly
in air. One of its major isomers was isolated and characterized
by H, 3C-NMR, GC-MS, and high-resolution MS (see Figures
S286-5289). These results strongly suggest that, contrary to the
conventional role of reductant, DHP reagents serve as the oxi-
dant in our Minisci reaction system.?

As outlined in Scheme 6b, we propose the main pathway of
our reaction system starts with homolytic C-C cleavage of
DHP-R substrate under visible-light irradiation to generate al-
kyl radical Re and DHP radical intermediate A. A can be oxi-
dized by SET or proton-coupled electron transfer (PCET) with

another molecule of DHP-R to form DHP cation B and radical
C. Deprotonation of B gives aromatized pyridine product 5. The
nucleophilic alkyl radical Re reacts with the protonated His sub-
strate E to give radical cation intermediate F. Oxidation of F by
C via hydrogen atom abstraction (HAT) or SET/H* transfer
gives the final alkylated product G along with tetrahydro-
pyridine D. As an alternative to the homolytic cleavage process,
SET between two DHP-Rs under photo irradiation can generate
a pair of radical anion and radical cation (see Figure S281).
These intermediates can play similar roles as Re donor and elec-
tron/hydrogen atom acceptor in the subsequent steps. Overall,
DHP-R reagents serve as both Re donor and oxidant (as accep-
tor of electron or hydrogen atom) in our light-promoted
Minisci-type C—H alkylation of His.

CONCLUSION

In summary, we have developed an efficient and broadly ap-
plicable method for late-stage modification of peptides via rad-
ical-mediated chemoselective C—H alkylation of histidine resi-
dues. In contrast to the nucleophilic substitution reactions used
in existing histidine modification methods, the new method ex-
ploits the electrophilic reactivity of imidazole ring via a
Minisci-type reaction pathway under visible light promoted
conditions. Mechanistic studies of the reaction indicate that
DHP reagents play unprecedented roles of both alkyl radical do-
nor and oxidant. The exclusion of strong external oxidant is crit-
ical to suppress oxidation of the peptide substrates. This method
exhibits an exceptionally broad scope for both peptides and
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DHP alkylation reagents. Importantly, the unsubstituted nitro-
gen groups on the imidazole ring of modified histidine are con-
served. The utility of this methods has been demonstrated in the
modification of a series of important peptide drugs, complex
natural products, and a small protein. We are optimistic this
method will provide a useful tool to label and fine-tune histidine
residues of molecules for both biological and medicinal chem-
istry study.

EXPERIMENTAL SECTION

Typical procedure for chemoselective C—H alkylation of His
under LED irradiation: Saralasin 6 (106.5 mg, 93.4 umol, 1.0
equiv.), DHP-a (312.7 mg, 0.93 mmol, 10.0 equiv.), degassed
TFA (70 pL, 0.93 mmol, 10.0 equiv.) and TFE (9.35 mL, 10
mM) were added into a glass vial (20 mL). The mixture was
gently purged by argon for 2 mins and sealed with a cap. The
reaction mixture was stirred under argon atmosphere and irra-
diated with two blue LEDs (10 W, 3 cm from the vial) for 3
hours. The reaction temperature was kept around 35 € with a
cooling fan. The reaction mixture was concentrated with a
stream of argon and precipitated with the addition of 10 mL of
ice-cold diethyl ether. The precipitate was collected by decanta-
tion after centrifugation and dried under reduced pressure. The
crude peptide mixture was re-subjected to the same alkylation
operation for two more rounds. The final crude product after
precipitation treatment was analyzed by LC-MS and purified by
preparative reverse phase HPLC to afford a white peptide pow-
der 6-a as a TFA salt after lyophilization (65.0 mg, 53.2 umol,
57% vyield).
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