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ABSTRACT: An efficient method for chemoselective cysteine 

arylation of unprotected peptides and proteins using Au(III) or-

ganometallic complexes is reported. The bioconjugation reac-

tions proceed rapidly (<5 min) at ambient temperature in various 

buffers and within a wide pH range (0.5-14). This approach pro-

vides access to a diverse array of S-aryl bioconjugates including 

fluorescent dye, complex drug molecule, affinity label, 

poly(ethylene glycol) tags and a stapled peptide. A library of 

Au(III) arylation reagents can be prepared as air-stable, crystal-

line solids in one step from commercial reagents. The selective 

and efficient arylation procedures presented in this work broad-

en the synthetic scope of cysteine bioconjugation and serve as 

promising routes for the modification of complex biomolecules.   

Cysteine bioconjugation is a powerful tool that allows 

for the introduction of a diverse array of substrates to biomole-

cules via the formation of covalent linkages.
1–5

 Transition-metal 

mediated reactions have emerged recently as attractive meth-

ods for the modification of complex biomolecules due to the 

high functional group tolerance, chemoselectivity, and rapid 

reaction kinetics associated with these metal-based transfor-

mations.
6–13

 Additionally, the rational choice of transition-metal 

ion and ligand platform can provide the ability to design organ-

ometallic-based bioconjugation reagents with highly tailored 

reactivity, solubility, and stability properties. This concept is 

embodied by the versatile and efficient palladium-mediated 

cysteine arylation methods reported by Buchwald, Pentelute et 

al. in the past three years that enable access to a broad range of 

bioconjugates under mild reaction conditions (Scheme 1).
9–13

  

Herein, we expand the scope, generality, and utility of transi-

tion-metal mediated cysteine arylation via C–S bond forming, 

reductive elimination process occurring from a class of robust 

organometallic Au(III) complexes.  

 

Scheme 1. Previous work utilizing Pd
II
 reagents (references 9–

13) and this work detailing Au
III

-mediated cysteine S-arylation of 

biomolecules.  

The reluctance of Au(I) to undergo oxidative 

addition
14–19

 potentially provides gold-based species with high 

functional-group tolerance, minimizing the propensity for back-

ground reactivity with the variety of functional groups present in 

complex biomolecules. Furthermore, the thiophilic nature of 

gold renders Au(III)-based complexes prime candidates for re-

duction by cysteine thiols, engendering such systems as poten-

tial reagents for bioconjugation.
20,21

 Surprisingly, there are cur-

rently no auxiliary-free methods using gold-based complexes for 

cysteine arylation.
22

 Here we introduce such a methodology 

using easily accessed, air-stable Au(III)-aryl complexes. The re-

sulting methodology provides rapid access to a diverse array of 

protein and peptide bioconjugates with high conversion under 

mild reaction conditions. The broad scope and utility of the de-

scribed method is highlighted by the variety of well-defined, air-

stable, crystalline Au(III)-based arylation reagents that were 

prepared in one synthetic step from commercial reagents. The 

present strategy is positioned at the interface of organometallic 

and bioconjugation chemistry and aims to provide new and effi-

cient tools for biomolecule modification. 

 Bourissou et al. have recently described an elegant ap-

proach to enhance the reactivity of Au(I) species toward oxida-

tive addition by using preorganized ligand architectures that 

support the square planar geometry of the ensuing Au(III) prod-
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ucts.
14,23,24

 These systems appeared ideal to us to accommodate 

the elementary steps of oxidative addition, transmetalation, and 

reductive elimination
17,19,25–27

 required for C–S bond formation in 

cysteine arylation processes (Scheme 1). 

 

Figure 1. Gold(III) reagents 1 and 2a (X = Cl/I), and glutathione 

arylation scheme with reaction optimization parameters.  

Optimization of cysteine-arylation reaction conditions 

with 1 were carried out using L-glutathione (GSH) as the model 

peptide substrate (Figure 1). Full conversion to the S-tolyl GSH-

conjugate was observed in <5 min upon treatment of GSH with 1 

(5 equiv) at 25 °C in the presence of Tris buffer (pH 8) as deter-

mined by LC-MS analysis of the crude reaction mixture. Reaction 

solutions containing up to 80% H2O in H2O/MeCN mixtures were 

tolerated (Figure 1), whereas larger ratios of H2O led to reduced 

reaction conversion. This limited efficiency led us to seek anoth-

er Au(III)-based system that would exhibit improved compatibil-

ity in biologically relevant reaction media. 

 We prepared the Au(III)-tolyl oxidative addition com-

plex, [(Me-DalPhos)Au(tolyl)Cl][SbF6]  ([2a][SbF6], Me-DalPhos 

= (Ad2P(o-C6H4)NMe2)
28,29

),
24

  isolated as a crystalline, air-stable 

solid. We next evaluated the suitability of 2a to serve as a cyste-

ine arylation reagent under a variety of reaction conditions. 

Quantitative conversion of GSH to the corresponding S-tolyl 

conjugate was observed in minutes (<5 min) at 25 °C in a 80:20 

H2O:MeCN (v,v) mixture, as assayed by LC-MS analysis of the 

crude reaction mixture. The optimized reaction conditions pro-

vided significant improvements upon those employing complex 

1, such as lower reagent loading (3 vs. 5 equiv), and a reduced 

percentage of organic solvent required (20% vs 50%, see Figure 

1). Notably, the 2a-mediated cysteine arylation reactions pro-

ceeded to completion within a large pH range (0.5-14) and in the 

presence of several common buffers (Tris, HEPES, Na2CO3). The 

bioconjugation reactions were also compatible with the disulfide 

reducing agent, TCEP (tris(2-carboxyethyl)phosphine, 1 equiv), 

protein denaturing agent, guanidine·HCl (4M) and several other 

unconventional solvents (SI Figure S79).  

We further prepared a library of [(Me-DalPhos)AuArCl][SbF6] 

oxidative addition complexes (Figure 2A) bearing various bio-

relevant groups including heterocycles (2m, 2p), an affinity label 

(2q), fluorescent tag (2r), complex drug molecule (2n), and a 

poly(ethylene glycol) (PEG) polymer (2o). Oxidative addition 

reactions to generate complexes 2a-2r proceeded rapidly and 

cleanly upon treatment of CH2Cl2 solutions of (Me-DalPhos)AuCl 

with the corresponding aryl iodide electrophile in the presence 

of the halide scavenger, AgSbF6.
24

 After removal of the liberated 

AgI byproduct by filtration, the [(Me-DalPhos)AuArCl][SbF6] 

salts readily crystallized directly from the resulting solution upon 

standing at 25 °C. This purification procedure afforded single, X-

ray diffraction quality crystals of several complexes that enabled 

their structural determination (see SI section V for all crystallo-

graphic data). Notably, iodide to chloride exchange occurs at the 

gold center during the course of the oxidative addition reaction, 

as confirmed by X-ray diffraction analysis of several complexes 

that display Cl/I disorder with a 75-100% range of chloride occu-

pancy (SI section V). This observation is in line with X-ray diffrac-

tion studies of closely related complexes prepared under similar 

conditions,
24

 and is consistent with formation of the more stable 

gold(III)-chloride derivative.
30

 

 

Figure 2. A: Scope of [(Me-DalPhos)AuArCl][SbF6] bioconjuga-

tion reagents. B: LC traces of cysteine arylation reaction mix-

tures with two peptides using reagents 2m (left) and 2n (right). 

Gold-based species are highlighted in grey. See SI section IV for 

further experimental details.  

Interestingly, despite the exclusion of oxygen and wa-

ter from the reported preparation of 2a and related complexes 

previously,
24

 we found that the synthesis and purification of all 

[(Me-DalPhos)AuArCl][SbF6] salts presented in this work pro-

ceeded cleanly even when performed under open atmosphere 

conditions using commercial, unpurified solvents. The salts ex-

hibited excellent long-term air and water stability, and no ob-

servable degradation was detected after prolonged periods (>3 

months) when the reagents were stored on the benchtop at 25 

°C as assayed by 
1
H and 

31
P NMR spectroscopy. Complex 2o dis-

played solubility in neat H2O due to the hydrophilicity imparted 

by the PEG group. This species also demonstrated excellent 

water stability, showing only limited degradation (ca. 20%) after 

a sample was allowed to stand for four days at 25 °C in H2O as 

judged by 
31

P NMR spectroscopy (see Figure S69).  

 A comprehensive demonstration of the aryl scope was 

performed with GSH under the optimized bioconjugation condi-

tions (25 °C, 3 equiv Au complex, 80:20 H2O:MeCN, 0.1 M Tris 

buffer, pH 8.0). Quantitative conversion to the GSH S-aryl con-

jugates was observed in <5 min for all 17 substrates displayed in 

Figure 2A (b-r). Notably, the reaction does not inherently 

necessitate organic co-solvent when the organometallic reagent 

Entry [Au] Equiv pH Solvent 
LC-MS Yield 

(%) 

1 1 5 8.0 50:50, H2O:MeCN >99 

2 1 10 8.0 50:50, H2O:MeCN >99 

3 1 5 8.0 80:20, H2O:MeCN 90 

4 1 3 8.0 80:20, H2O:MeCN 70 

5 2a 3 8.0 80:20, H2O:MeCN >99 

6 2a 3 --- 4M Guanidine�HCl (aq)*:MeCN; 80:20 >99 

7 2a 3 14.0 0.8M NaOH (aq):MeCN; 80:20 >99 

8 2a 3 0.5 10% TFA, H2O:MeCN; 50:50 >99 

9 2a 3 --- Macallan 12TM*:MeCN:H2O, 70:20:10 >99 

H2N–AKGGCARKA–CONH2H2N–AGCAR–CONH2

B

A
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is soluble in water (2o, see SI Figure S93). As a representative 

example, the S-(C6H4-p-Cl) conjugate was easily separated from 

small molecule byproducts and Au-based species by reversed-

phase HPLC, and ICP-AES analysis of the purified peptide indi-

cated more than 99.9% of gold was removed using this purifica-

tion procedure (See SI section IV).  

The chemoselectivity of oxidative addition was probed 

through treatment of (Me-DalPhos)AuCl with p-chloro- and p-

bromoiodobenzene electrophiles in the presence of AgSbF6 (see 

SI section II). For both substrates, oxidative addition occurs ex-

clusively across the Ar–I bond, resulting in the formation of 

complexes 2i and 2j (Figure 2A), respectively. Furthermore, 

treatment of GSH with 2i and 2j generated the p-Cl-C6H4 and p-

Br-C6H4 tagged peptides as the sole products, without any evi-

dence for iodo aryl-based conjugates as judged by LC-MS anal-

yses. The high chemoselectivity of the (Me-DalPhos)Au system 

is in stark contrast to that observed for reported Pd-based plat-

forms that readily react with all Ar–X (X = Cl, Br, I) species with 

limited selectivity.
9
 Thus, the functional group tolerance coupled 

with the high selectivity of the reported Au-based system may 

provide complementary advantages to the previously developed 

Pd-based reagents for transferring aryl groups of various com-

plexities to biomolecules.  

To further establish the versatility and utility of this 

methodology, we applied our bioconjugation strategy to more 

complex peptide substrates. Cysteine arylation of two different 

peptide sequences was observed in nearly quantitative conver-

sion for a variety of aryl substrates (see SI section IV; representa-

tive examples shown in Figure 2B). No reaction was observed 

using a control peptide where the cysteine residue was mutated 

to serine, highlighting the chemoselectivity of the Au(III)-

mediated bioconjugation method. Additionally, trypsin digest 

and MS/MS analyses of a (p-Cl-C6H4)-peptide conjugate support 

modification at the cysteine residue exclusively (see SI section IV 

experimental details). 

 

Figure 3. A: DARPin modification using 2a, and deconvoluted 

mass spectra of the protein before and after conjugation. B: 

Solid-state structure of peptide stapling reagent, [((Me-

DalPhos)AuCl)2(µ2-1,4-C6H4)]
2+

 (2s), with thermal ellipsoids ren-

dered at the 50% probability level and with hydrogen atoms and 

two SbF6
–
 anions removed for clarity. C: LC-MS trace of the puri-

fied phenylene-stapled peptide. [M+H]
+
: 670.1965 (calc’d, 

670.1968) m/z. 

We next extended the scope of Au(III)-mediated cyste-

ine bioconjugation to the modification of proteins. Cysteine 

arylation of DARPin (designed ankyrin repeat protein) was ob-

served using complex 2a within 30 min at 25 °C, as verified by 

LC-MS analysis of the reaction mixture (Figure 3A). The presence 

of a small amount of DMF co-solvent (5%) was required for effi-

cient bioconjugation due to the inherent solubility constraints of 

2a. However, treatment of fibroblast growth factor 2 (FGF2)
31

 

with water soluble 2o (15 equiv) in neat aqueous buffer resulted 

in complete conversion to the PEGylated conjugate as con-

firmed by the deconvoluted mass spectrum from LC-MS analysis 

of the reaction mixture (see SI Figure S102). The rapid and effi-

cient protein bioconjugation reactions demonstrate the poten-

tial generality, and suitability of the described Au(III)-mediated 

methodology for the modification of complex proteins under 

mild, biologically-relevant conditions and at low micromolar 

concentration of protein (36 µM). 

With a protocol for Au-mediated cysteine arylation, we 

envisaged the same route could furnish a stapled peptide 

through the construction of an intramolecular cysteine-cysteine 

linkage. There has been significant interest in the development 

of stapled peptides as therapeutic agents; however, there is still 

a growing need for easily-accessible peptide macrocyclization 

methods that allow for modular tuning of crosslinking units.
32–36

 

The straightforward and efficient Au(III)-mediated bioconjuga-

tion procedures together with the use of commercially available 

(Me-DalPhos)AuCl and diiodoaryl reagents provides a versatile 

and systematic approach to peptide stapling that is complemen-

tary to existing state-of-the-art methods.
4,10,34–37

 The ortho-

phenylene-bridged di-gold(III) stapling reagent, 2s, was pre-

pared in a single synthetic step through treatment of (Me-

DalPhos)AuCl (2 equiv) with 1,4-diiodobenzene (1 equiv) in the 

presence of AgSbF6 (2 equiv), and isolated as a crystalline solid in 

64% yield. A single crystal X-ray diffraction study confirmed the 

solid-state structure of [2s][SbF6]2 (Figure 3B). Peptide stapling 

was observed under optimized conditions (30 min, 50:50 

H2O:MeCN, 25 °C, 0.1 M Tris, pH 8) using a two-fold excess of 

the 2s macrocyclization reagent for peptides containing cysteine 

residues at the i, i+4 positions (Figure 3C). The o-phenylene i, i+4 

stapled peptide was isolated away from metal-based impurities 

after purification by reversed-phase HPLC.  

 

Scheme 2. Competition experiment between (RuPhos)Pd(tolyl)I 

and [2b][SbF6] with GSH. 

The apparent exceptionally rapid kinetics of Au(III)-

mediated bioconjugation were benchmarked by performing a 

comparative study against a closely related Pd(II)-based ana-

logue. The   (RuPhos)Pd(tolyl)I complex reported previously
9
 was 

ideally suited for comparison with the [(Me-DalPhos)Au(p-

ethylbenzene)Cl]
+
 complex 2b on account of its performance as 

a cysteine arylation reagent and the similar electronic and steric 

properties of the aryl substituents on both complexes. Treat-

ment of GSH with equimolar amounts of 2b and 

(RuPhos)Pd(tolyl)I (Scheme 2) under conditions compatible with 

both systems resulted in 87±3% conversion to the ethylbenzene 

conjugate, indicating that the Au-mediated conjugation outper-

formed the Pd-based arylation in nearly 9:1 kinetic ratio. These 

data suggest that the kinetics for Au-mediated bioconjugation 

are on the order of, or faster than those estimated for the Pd-

based systems (10
3
–10

4
 M

-1
 s

-1
).

9
 

In summary, we present a general protocol for cysteine S-

arylation of unprotected peptides and proteins using robust, 

Au(III) oxidative addition complexes bearing a diverse array of 

aryl substituents. The reported method operates in a large pH 

A 

X-ray 

Au 
N 

P 

DARPin 

2s 

Au 

P 

N 

B 

C 

Cl Cl 

87 ± 3 13 ± 3
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range under mild reaction conditions and displays rapid reaction 

kinetics, high chemoselectivity, and excellent functional group 

tolerance. With this work, we expand the scope of biomolecule 

modification
3,5,38–40

 by providing tools that interface bond form-

ing processes characteristic of organometallic complexes
18,25,41–

46
 with bioconjugation. The straightforward synthetic proce-

dures and commercially available or otherwise easily accessible 

reagents presented should expand the bioconjugation space well 

beyond the substrates and peptides reported in this study. This 

work also expands on a relatively underrepresented class of or-

ganometallic reagents containing metal-carbon bonds capable 

of withstanding relatively harsh environmental conditions.
47
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Entry [Au] Equiv pH Solvent LC-MS Yield 
(%) 

1 1 5 8.0 50:50, H2O:MeCN >99 
2 1 10 8.0 50:50, H2O:MeCN >99 
3 1 5 8.0 80:20, H2O:MeCN 90 
4 1 3 8.0 80:20, H2O:MeCN 70 
5 2a 3 8.0 80:20, H2O:MeCN >99 
6 2a 3 --- 4M Guanidine·HCl (aq)*:MeCN; 80:20 >99 
7 2a 3 14.0 0.8M NaOH (aq):MeCN; 80:20 >99 
8 2a 3 0.5 10% TFA, H2O:MeCN; 50:50 >99 
9 2a 3 --- Macallan 12TM*:MeCN:H2O, 70:20:10 >99 
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