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Electrochemical Nickel-Catalyzed Selective Inter-and Intramolecular Arylations of Cysteine-Containing Peptides

Here we report a simple electrochemical route towards the synthesis of S-arylated peptides by a site selective coupling of peptides with aryl halides under base free conditions. This approach demonstrates the power of electrochemistry to access both highly complex peptide conjugates and to cyclic peptides.

Introduction

Functionalized peptides have emerged as a privileged class of bioconjugates with a diverse range of potential therapeutic applications, including cancer therapy, inflammation, and infection. [1] Examples of peptide bioconjugates include antibodydrug conjugates (ADCs), [2] which are composed of an antibody that targets specific cancer cells linked via a peptide based linker to a cytotoxic drug, and cell-penetrating peptides (CPPs); [3] short peptides which are used to improve crossing cellular membranes to deliver cargos, such as small molecules or therapeutic proteins into cells. Thus, the development of peptide bioconjugates is a growing area of research and holds great potential for the treatment of various diseases. As a consequence, the need for new site-selective bioconjugation methods under biocompatible conditions is highly desirable. Besides the traditional bioconjugation methods, various metalcatalyzed approaches have been developed recently for the siteselective functionalization of peptides and proteins. [4] Among endogenous amino acids, cysteine represents one of the most targeted residue for the late stage modification of peptides and proteins because of its low natural abundancy and its high nucleophilicity. In this context, various catalytic systems based on palladium [5] have been reported as promising bioconjugation strategies that involve mild and biocompatible reaction conditions (i.e. room temperature and aqueous buffer solutions as solvent) (Scheme 1,a). Despite their high interest, these methods require the use of basic conditions combined with a high loading (large excess) of precious and non-abundant palladium metal surrounded by specially designed ligands. Recently, photoredox catalysis involving a single electron transfer (SET) manifold has emerged as a powerful way to functionalize complex (bio)molecules under mild reaction conditions. [6] This promising approach involves the use of light and earth abundant metals as catalysts. In this context, Molander's group reported for the first time the use of a Ni/photoredox dual-catalyzed crosscoupling to promote the S-arylation of cysteine-containing polypeptides in the late stage of the process. [7] This elegant method requires the use of a combination of Ni/Ru catalysts combined with stoichiometric amounts of ammonium Scheme 1. Catalytic strategies for the synthesis of S-aryl peptides. bis(catechol)alkylsilicates as a hydrogen atom transfer (HAT) reagent (Scheme 1,b). Simultaneously, Noel's group developed a similar approach for a selective arylation of cysteine containing peptides in batch and flow. [8] The method relies on the use of eosin Y as a metal-free photocatalyst and aryldiazonium salts as arylating agents (Scheme 1,c). In recent years, electrosynthesis has re-emerged as a remarkably efficient tool for organic cross-coupling reactions through the use of less precious metal catalysts, waste-free and inexpensive electric current. [9] Thus, the use of electrosynthesis in bioconjugation [10] promises to provide milder, biocompatible, and environmentally friendly conditions for peptides functionalization. In this context, the electrochemical modification of peptides and proteins has been reported recently, but remains limited to the electro-oxidation of tyrosine, [11] tryptophan [12] and glutamine containing substrates. [13] Surprisingly, there is no procedure reporting the bioconjugation of cysteine-containing peptides by cross-coupling processes. [START_REF] Ang | For electrochemical thiolation of alkyl bromides with thiosulfonates to access alkyl sulfides[END_REF] Previous work within our group describes the first electrochemical method for coupling various anomeric unprotected glycosyl thiols with aryl halides. [15] This method demonstrates unprecedented reactivity in regard to halide partners as well as tolerance for unprotected thiosugars. During this study we disclosed through one example the proof-of-concept of the S-arylation of cysteine. We hypothesized that similar conditions might also be suitable for the selective S-arylation of cysteine containing peptides. Because both the operating current and potential can be controlled during this electrochemical coupling, such a method promises to be more straightforward than photoredox catalysis and other traditional methods. Herein, we demonstrate that such a simple electrochemically driven approach can be employed in both inter-and intramolecular fashions to generate linear S-arylated peptides as well as cyclic peptides. The reaction exhibits a broad substrate scope with regard to both aryl and peptides partners, employing mild and base-free conditions to deliver highly S-functionalized peptides in an efficient manner.

Results and Discussion

Reaction Optimization

From a mechanistic point of view, based on literature mechanistic studies on C-S bond formation through either electrocatalysis [START_REF] Ang | For electrochemical thiolation of alkyl bromides with thiosulfonates to access alkyl sulfides[END_REF] and photocatalysis [16] and our own study (vide infra) we suggest that the catalytic cycle follows the Ni I /Ni III pathway (Figure 1, Green): the Ni(II) as well as the sulfhydryl group from cysteine are reduced into Ni 0 and thiolate anion. After oxidative addition (OA) of the Ni 0 complex into the C-halogen bond of the aryl halide partner, the thiyl radical produced at the Mg anode, is captured by the Ni(II)-complex (A) to generate the Ni(III) species (B). A reductive elimination (RE) will produce the desired product and a catalytic amount of a cationic N(I)-species which is reduced at the cathode to close the catalytic cycle or engages a thiolate to give a Ni(I)-sulfide (C). This later propagates the coupling through an oxidative addition with the aryl halide (Figure1, Blue). In an alternative mechanistic pathway, [16] the reduced Ni(0) can be captured by the radical thiyl to produce the key intermediate Ni(I)sulfide (C) (Figure1, Blue). The formation of a thiyl radical was further supported by a control experiment with TEMPO as a radical scavenger (see Table 1,entry 13). In some cases the anodic oxidation of the thiolate to thiyl radical can lead to the formation of the disulfides as by-products. [17] Figure 1. A discussed reaction mechanism.

To explore this electrochemical S-arylation concept, we selected the coupling of the N-protected D-Pro-L-Cys(OMe) 1a with 4iodoanisole 2a as a model study under various reaction conditions. Representative assays from this study are summarized in Table 1. The reaction of Boc-protected dipeptide 1a (1 equiv) with piodoanisole 2a (1 equiv) was first investigated under our previously reported conditions using constant-current electrolysis at 4.0 mA in the presence of NiBr2.diglyme (10 mol%), 4,4'-di-tertbutyl-2,2'-bipyridine (di-tBubpy) (10 mol%), LiBr (4 equiv) in DMF (cc = 0.1 M) at room temperature for 3 h within an undivided cell (Table 1, entry 2). Under these conditions the expected compound 3a was isolated in a good 74% yield (entry 2). This encouraging result prompted us to re-optimize the reaction conditions by a systematic evaluation of all the relevant variables. Firstly, the influence of the solvent was studied and showed that DMA was the solvent of choice compared to DMF and produces 3a in an excellent 89% yield (entry 1). Interestingly, running the reaction under a concentration of 0.01 M instead 0.1 M furnished also the desired compound 3a in a slightly lower yield (63%, entry 3). In addition, this e-coupling tolerates both aryl iodide and bromide as coupling partners, however the yield of the desired peptide 3a was moderately lower in the case of bromide (57%, entry 4). The yield of 3a could be increased up to 71% yield when 20 mol% of the Ni-catalyst was used (entry 5). Interestingly, the less reactive aryl chlorides proved to be also suitable electrophilic partners (entry 6). Since LnNi(0) species is not reactive enough to undergo an oxidative addition with the inert 4-Cl-anisole, this result clearly supports the proposed mechanism involving Ni(I)sulfide (C) complex (Figure 1). Reducing the amount of the LiBr electrolyte from 4 equiv to 2 equiv. led to a decrease of the yield up to 70% (entry7) indicating that 4 equiv are necessary for the Table 1. Optimization of the coupling reaction of 1a. [a] Entry Deviation from the standard conditions Yield (%) [b] 1 None 89

2 DMF instead DMA [0.1 M] 74 3 [0.01 M] 63 4
4-Br-anisole instead 4-I-anisole 57 5 4-Br-anisole instead 4-I-anisole 71 [c] 6 4-Cl-anisole instead 4-I-anisole 51 [c] 

Substrate Scope

With these encouraging results in hand, we investigated the scope of our electrochemical process by varying at first the nature of the halide electrophile. As showed in Scheme 2, all the Scheme 2. Scope of Coupling of dipeptide 1a with Halo(hetero)arenes, Alkenyl Halides and Alkynyl Bromides 2a. [a] [a] Reactions conditions: Mg anode, Ni foam cathode, 1a (0.3 mmol), 2 (0.3 mmol), NiBr2.diglyme (10 mol%), di-tBubpy (10 mol%), LiBr (1.2 mmol), DMA (0.3 M), undivided cell, constant current = 8 mA, N2 protection, room temperature, 3 h. [b] Isolated yield. [c] 0.1 mmol scale.

S-arylations of D-(NBoc)

Pro-L-Cys(OMe) 1a proceeded selectively in good yields. Cross-coupling of 1a with aryl iodides bearing various functions (-OMe, -SMe, -CN, -Cl, -F, -CF3, and -CO2Me) at meta or para positions, have been successfully achieved at room temperature to afford the corresponding S-aryl peptides (3a-k) in yields up to 89%. Interestingly, the presence of an ortho substitution at the aromatic ring of the coupling partner is tolerated however a slight effect on the coupling was observed compared to the para substituted congeners (compounds 3l-n). It can be noted that the coupling with an heteroaryl halide such as 2-iodopyridine have also been successful, furnishing 3o in 37% yield. In addition, this procedure is not limited to only aryl halides but tolerates also alkenyl and alkynyl halides as shown by the formation of compounds 3p and 3q (scheme 2). The influence of the N-protecting group was also examined and revealed that only the Boc group allowed access to the desired product 3a while compounds 1b and 1c carrying Bz and Fmoc groups only led to traces of the corresponding products without any recovering of the starting peptides. Only the disulfide by-product was obtained.

Next, we moved on to investigate the synthetic utility of this methodology by synthesizing some S-aryl peptides that could be useful in chemical biology. Thus, peptide 3r and 3s respectively bearing an S-phenylalanine and a ß-thioglycopyranose moiety were obtained in good to excellent yields (57% and 84% respectively). Finally, the biaryl containing peptide 3t was prepared in 51% yield. This family of peptide building blocks may be used in the assembly of biaryl-bridged cyclic peptides of biological interests. [18] With these very encouraging results in hand, we next, turned our attention to the generality of our electrochemical procedure with respect to various protected or unprotected peptides (scheme 3). In all studied cases, the coupling reactions proceeded selectively and cleanly in good yields. As shown in scheme 3, the coupling protocol is compatible with the NH-Boc of glycine in 4a, the free-OH of serine in the dipeptide 4c and the NH-Boc of Trp in 4d to produce the desired peptides 5a, 5c-d, in 85%, 41% and 73% yields, respectively. The compatibility of this electrochemical protocol was also demonstrated by the coupling of dipeptide Met-Cys 4b with iodoanisole leading to the desired product 5b in 76%. Pleasingly, the -SMe group of the methionine residue in 5d was not altered during this electrocoupling: no side reaction such as no side reaction such as oxidation of the thiomethyl group was observed. [19] The use of some amino acids in electrochemical transformations is still highly challenging. From the 20 common proteinogenic amino acids, tryptophan, tyrosine, histidine, methionine and cysteine are prone to electrochemical oxidation. [20] Indeed, Malins' group reported recently that unprotected aromatic residues of aminoacids such as His, Tyr and Trp were not compatible with the electrochemical conditions [13], [21] probably due to their narrow redox potential range. [22] Scheme 3. Scope of coupling of peptides 4 with iodoanisole 2a. [a] [a] Reactions conditions: Mg anode, Ni foam cathode, 4 (0.3 mmol), 2a (0.3 mmol), NiBr2.diglyme (10 mol%), di-tBubpy (10 mol%), LiBr (1.2 mmol), DMA (0.3 M), undivided cell, constant current = 8 mA, N2 protection, room temperature, 3 h. [b] Isolated yield. [c] NiBr2.diglyme (20 mol%), di-tBubpy (20 mol%), 4 mA, 6h. [d] isolated yield after HPLC purification.

Scheme 4. Applications in electrochemical peptides functionalization and cyclization. [a] [a] Reactions conditions: Mg anode, Ni foam cathode, peptide (1equiv), aryl halide (1 to 2 equiv), NiBr2.diglyme (10-20 mol%), di-tBubpy (10 -20 mol%), LiBr (4 equiv), DMA (3 to 10 mL), undivided cell, constant current = 4 mA, N2 protection, room temperature, 1-2 h. [b] isolated yield after HPLC purification. [c] isolated yield after flash column chromatography purification. [d] the high hydrophobicity causes difficulties in HPLC purification.

During this study, we were wondering whether our methodology could be applied to peptides bearing the electrochemical sensitive aminoacids. Pleasingly, under our electrochemical reaction conditions by using 4 mA constant current (instead of 8 mA), we demonstrated that dipeptides 4e and 4f bearing a free-OH tyrosine and a free NH indole of tryptophan are completely compatible and led to the desired compounds 5e and 5f in 35% and 31% yields, respectively (scheme 3). Although the yields are moderate, the chemoselectivity demonstrated herein is promising for future applications on highly functionalized peptide substrates In addition, tripeptide such as the protected gluthathion 4f was successfully coupled with iodoanisole to give the corresponding S-arylated 5g in good 71% yield. More interestingly, its unprotected counterpart (GSH) 5h was found to be also a good substrate under our reaction conditions. This preliminary result clearly demonstrated that free carboxylic groups combined with free amino groups are tolerated in this electrochemical crosscoupling even if the yield is low (23%) in this non-optimized assay.

Aiming to demonstrate further the utility of our e-coupling, we focused our attention on performing this reaction on more complex peptides either in inter-or intramolecular ways. As a proof-of-concept, we applied our coupling protocol on the hexapeptide 6 (Scheme 4A), which was prepared by SPPS and used upon resin cleavage without further purification (see SI).

Under our optimized reaction conditions (@ 4 mA instead of 8 mA constant current) in the presence of p-iodoanisole (1 equiv) as a coupling partner, full conversion of the starting peptide 6 was observed and the desired product 7 was detected by LC/MS analysis within 6 h and isolated in 27% despite the presence of the highly oxidation-prone phenolic Tyr side-chain (Scheme 4A).

Importantly, the coupling revealed to be exclusively chemoselective confirming the result obtained with 5e with no transformation of the tyrosine residue moiety.

We were next interested in the reactivity of diiodobenzene substrates (Scheme 4B1) under our conditions. We showed that in the presence of 1a, S-diarylation occurred to deliver compound 8 in 64% yield, thus demonstrating that dihalogenated arenes are tolerated under our conditions. The success of this double arylation applied to a peptide containing two cysteine functions would pave the way to cyclic peptides via a stapling process under electrochemical conditions. This hypothesis was examined by selecting compound 9a bearing two Cys residues separated by an aromatic spacing unit as well as tripeptides Cys-Ala-Cys (9b) and Cys-Phe-Cys (9c) as substrate models. As a control experiment, both cysteine moieties in 9a showed a good reactivity toward 4-iodoanisole (2.0 equiv) delivering the desired diarylated product 10 in 51 % yield (Scheme 4B2). Satisfied with this result, we examined whether our protocol could be used as a stapling approach to access cyclic peptides. As a proof-of-concept, substrate 9a-c were subjected to our e-coupling in the presence of 1,3-diiodobenzene, and gratifyingly the desired stapled peptides 11a-c were isolated by in 34%, 38% and 42% yields, respectively (Scheme 4C). Moreover, using a longer peptide such as the heptapeptide 9d is also effective under our protocol and the desired product 11d was detected by LCMS. However, because of its high hydrophobicity, all our attempts to purify it through HPLC failed: the cyclic peptide precipitate during HPLC injections and only small amount could be collected. Overall, these preliminary results may be considered as a sustainable alternative method to Pd-catalyzed processes for the construction of macrocyclic peptides via e-Ni-catalysis of cysteine containing peptides with dihaloarene reagents. Finally, to demonstrate the synthetic value of this new versatile technology, we sought to achieve the intramolecular electrochemical Ni-catalyzed S-arylation of peptides carrying a free cysteine and a para-iodophenylalanine (pI-Phe) moiety on the peptide backbone (Scheme 4D). To our delight, cyclization of the tri-peptides 12a (pI-Phe-Phe-Cys) and 12b (pI-Phe-Val-Cys)

bearing a cysteine at the N-terminus proceeded smoothly to give preferentially the desired 14-membered ring cyclic peptides 13a and 13b in 70% and 64% yields, respectively. Similarly, tetrapepides 12c (pI-Phe-Trp-Pro-Cys) and 12d (pI-Phe-Val-Pro-Cys) proceeded smoothly to give preferentially the cyclic peptides 13c and 13d (17 membered ring) in 26% and 47% yields, respectively. Finally, the penta-peptide Cys-Val-Phe-Ala-pI-Phe 12e bearing the Cys at the N-terminus reacts efficiently and furnishes the 20 membered rings cyclic peptide 13e in a synthetically useful yield despite its high hydrophobicity causing difficulties in HPLC purification.

Conclusion

In summary, we reported here the first electrochemical method for the coupling of peptides with aryl halides under mild reaction conditions. The designed Ni-catalyzed electrothioarylation reaction does not require precious metals, large excess of aryl halide, nor elaborate ligand design. It enables quick syntheses of a wide range of protected and/or unprotected thioarylated small peptides, stapled peptides as well as S-aryl ether-bridged peptide macrocycles. This protocol may thus serves as a complementary approach to Pd-catalyzed processes or photoredox procedures. Further studies on the applications of this method to the peptide macrocycles synthesis are ongoing.

  The constant current may be reduced to 4 mA, however, in this case, the reaction needs 6 h stirring to reach 84% yield (entry 12).

	7	2 equiv of LiBr	70
	8	RVC instead of Ni foam cathode	72
	9	Zn instead of Mg anode	24
	10	RVC as cathode, graphite as anode	19
	11	Ni (0) (COD)2 instead of NiBr2	29
	12	(4 mA, 6 h) instead of (8 mA, 3 h)	84
	13	+TEMPO reagent	traces
	[a] Reaction conditions: Mg anode, Ni foam cathode, 1a (0.3
	mmol), 2a (0.3 mmol), NiBr2.diglyme (10 mol%), di-tBubpy (10
	mol%), LiBr (1.2 mmol), solvent [0.1 M], undivided cell, constant
	current = 8 mA, 3 F/mol, (Ar), RT, 3 h. [b] Isolated yield. [c] Ni (20
	mol%).		
	coupling efficiency. Replacing the Ni-foam cathode by a
	Reticulated Vitreous Carbon (RVC) one furnished 3a in good 72%
	yield (entry 8), while the use of anodes such as Zn or a non-

sacrificial anode (RVC as cathode, graphite as anode) led to dramatically decreased yields (24% and 19%, respectively, entry 9 and 10). Moreover, control experiment showed that reaction with NiBr2 is more efficient than with Ni 0 (COD)2 (29% yield, entry 11) suggesting that the Ni(0)-species is less involved in this coupling. Negative controlling experiments demonstrated that the catalyst, the LiBr and the current are necessary.
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