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ABSTRACT: Herein we report an umpolung strategy for
the bioconjugation of selenocysteine in unprotected
peptides. This mild and operationally simple approach
takes advantage of the electrophilic character of an
oxidized selenocysteine (Se−S bond) to react with a
nucleophilic arylboronic acid to provide the arylated
selenocysteine within hours. This reaction is amenable to
a wide range of boronic acids with different biorelevant
functional groups and is unique to selenocysteine.
Experimental evidence indicates that under oxidative
conditions the arylated derivatives are more stable than
the corresponding alkylated selenocysteine.

In 1973, Ganther reported the presence of selenium within the
natural enzyme glutathione peroxidase.1 While it was strongly

suspected that the detection of selenium in this natural enzyme
was the result of a parent amino acid, the existence of
selenocysteine was not confirmed until the subsequent reports
by Stadtman2 and Tappel.3 Selenocysteine (Sec or U), the 21st
proteinogenic amino acid,4 is a structural analogue to cysteine
(Cys) with a selenol in place of the thiol.5 There are several
notable differences between Cys and Sec. The greater acidity of
Sec (pKa = 5.47)6 versus Cys (pKa = 8.14)7 causes it to be
deprotonated at physiological pH, and its lower reduction
potential makes it an integral part of antioxidant proteins.8 Sec is
essential for activity in several enzymes, including glutathione
peroxidases, iodothyronine deiodinases, formate dehydro-
genases, and methionine-R-sulfoxide reductase. Mutation of
the catalytic Sec to Cys in the aforementioned enzymes results in
>100-fold decreases in activity.9

The inherent nucleophilicity of selenols makes selenocysteine
an appealing handle for chemoselective bioconjugation in
peptides and proteins.10 Nevertheless, reports on bioconjugation
with this amino acid have been sparse because of several
challenges associated with its functionalization.11 Specifically, the
low selenol redox potential promotes facile oxidation to the
diselenide or seleninic acid, and the high polarizability of
selenium leads to elimination to generate dehydroalanine.11e,12

Reports of Sec functionalization have paralleled methods to
modify Cys13 and relied upon alkylation and maleimide
conjugate addition with the selenol group (Figure 1, eq 1). In
contrast to common Cys conjugation methods, a reducing agent
[i.e., tris(2-carboxyethyl)phosphine (TCEP)] and exclusion of
oxygen are needed to generate the selenol in situ prior to reaction
with the electrophile. The development of a direct, robust, and
selective method for the functionalization of Sec that overcomes

these limitations would be an important breakthrough for site-
selective modification of unprotected peptides.
Herein we disclose an umpolung approach14 that utilizes the

electrophilic character of the oxidized selenocysteine15 together
with a copper, ligand, and nucleophilic boronic acid combination
to provide the arylated selenocysteine in unprotected peptides
(eq 2). The proposed reaction pathway involves initial oxidative
addition of copper to the Se−S bond (eq 3). Subsequent
transmetalation with an arylboronic acid and reductive
elimination furnishes the arylated selenocysteine.16 This method
does not require oxygen-free conditions or a reducing agent and
takes place in water-rich media [0.1 M Tris buffer (pH 8.0), 95:5
H2O/EtOH]. Reaction yields are excellent for a wide range of
substrates, and this approach is unique to selenocysteine.
Our optimization of the synthesis for arylated selenocysteine

began by combining unprotected peptide 1, p-tolylboronic acid,
CuSO4, and a ligand in an aqueous buffer [0.1 M Tris (pH 8.0),
95:5 H2O/EtOH] at 37 °C. We chose to begin our initial studies
with 2-thiol-5-nitropyridine (TNP) protected selenocysteine-
containing peptide 1, as it is the reaction product from the
deprotection of the p-methoxybenzyl protecting group in solid-
phase peptide synthesis.17 First we tested several bipyridine and
phenanthroline ligands (Table 1, entries 1−4) and found 4,4′-di-
tert-butyl-2,2′-bipyridine (L2) to be the best ligand for
conversion and yield of arylated peptide 4a, as observed by
LC−MS. The diselenide, seleninic acid, and the elimination
product dehydroalanine were the observed side products.18 In
the absence of ligand, only 30% conversion of 1 and 5% arylation
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Figure 1. Bioconjugation of cysteine and selenocysteine.
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to give 4a were observed (entry 5). Other sources of copper
provided similar yields (entries 6−8). In the absence of copper,
no arylation was observed (entry 9). Lastly, decreasing the
amount of copper, ligand, or boronic acid resulted in lower levels
of conversion and increased side reactions (entries 10 and 11).18

No product was observed in a control reaction with the Sec-to-
Ser variant (entry 12), confirming that arylation occurs
exclusively at selenium. To probe the reactivity of selenocysteine
versus cysteine, we investigated two peptides in which the Sec
was replaced with Cys (free thiol) or Cys linked with TNP as the
masking agent (entries 13 and 14). For both peptides we
observed low conversion to the arylated cysteine; rather, the
starting material was converted to the respective disulfide or
sulfinic acid.19 This result demonstrates the enhanced reactivity
of Sec over Cys toward Cu-mediated arylation. It also indicates
that Cys is not compatible with these reaction conditions.20

Lastly, no oxidation was detected for the Sec-to-Met variant
(entry 15), proving that this method could be applied to
methionine-containing peptides.
Having found the optimized conditions, we explored the

substrate scope of this copper-mediated synthesis of arylated
selenocysteine in unprotected peptides (Table 2). Arylboronic
acids with electron-donating functional groups were first
examined (Table 2, section a). Methoxy (4b), o-phenol (4c),
dioxolane (4d),−CH2N(H)Boc (4e), and p-dimethylamine (4f)
groups were readily tolerated. Under these reaction conditions,

Boc deprotection was not observed (4e), thus demonstrating the
mild conditions needed to achieve the arylation.
Next we surveyed arylboronic acids with electron-withdrawing

functional groups (Table 2, section a). Despite the decreased
nucleophilicity of these electron-poor boronic acids, the
corresponding selenium conjugates were formed in good to
excellent yields. In some cases, the amounts of Cu/L and boronic
acid had to be increased to provide full conversion to product
while suppressing side reactions. Ester (4g), amide (4h), nitro
(4i), nitrile (4j), and halogen (4k, 4l) groups were compatible
with these conditions. Peptide 4l was formed quantitatively even
though 2,6-difluorophenylboronic acid tends to undergo
protodeboronation under basic conditions.21

We next examined the conjugation of heteroaryl substrates
(Table 2, section b). The known bioactivities of heterocycles
make them an important class of molecules for conjugation to
selenocysteine.22 The arylation of five-membered heterocycles
such as indole (5a, 5b), benzofuran (5c), pyrazole (5d), 2,5-
disubstituted isoxazole (5e), and thiophene (5f, 5g) proceeded
with excellent yields. Six-membered heterocycles such as
dibenzofuran (5h), phenoxathiine (5i), and pyrimidine (5j)
furnished the corresponding conjugates in >90% yield.
To demonstrate the utility of this reaction, biorelevant

molecules with pendent boronic acids were investigated (Table
2, section c). The linking of protected phenylalanine and
coumarin proceeded in good yield (6a and 6b, respectively). The
boronic acids of the anti-inflammatory drugs tolfenamic ester and
paracetamol furnished the corresponding conjugates in moder-
ate to good yields (6c and 6d, respectively). Lastly, estrone was
coupled to selenium in moderate yield (6e).
To investigate the robustness and selectivity of this strategy,

we prepared peptide 7, which contained most of the key
functional groups found in polyamides (e.g., histidine, arginine,
aspartic acid, tyrosine, and asparagine; Table 2, section d).
Exposure of 7 to our optimized reaction conditions with 2,6-
difluorophenylboronic acid as the nucleophile provided the
corresponding arylated product 8 in quantitative yield based on
LC−MS analysis. No other peptidic species were observed (see
the LC−MS trace in section d).23 The arylation occurred
exclusively on the selenocysteine, as a Sec-to-Ser control variant
(9) provided no product under identical reaction conditions
(Table 2, section e).

Table 1. Optimization of the Reaction Parametersa

entry Cu ligand % yield (% conversion)b

1 CuSO4 L1 79 (99)
2 CuSO4 L2 81 (99)
3 CuSO4 L3 66 (99)
4 CuSO4 L4 17 (91)
5 CuSO4 − 5 (30)
6 CuCl2·2H2O L2 78 (99)
7 CuBr2 L2 79 (99)
8 Cu(OAc)2 L2 78 (99)
9 − L2 0 (22)c

10d CuSO4 L2 44 (72)
11e CuSO4 L2 7 (30)
12f CuSO4 L2 NR
13g CuSO4 L2 5 (99)
14h CuSO4 L2 4 (99)
15i CuSO4 L2 NR

aSee the Supporting Information for details. Amino acids are shown
in a one-letter code. NR = no reaction. bYields were determined by
integration of the total ion currents (TICs) from LC−MS analyses of
the unpurified reaction mixtures. cElimination and diselenide were the
only observable products. d0.5 mM CuSO4, 0.5 mM L2, and 0.5 mM
boronic acid were used. e0.25 mM CuSO4, 0.25 mM L2, and 0.25 mM
boronic acid were used. fThe Sec-TNP residue replaced with Ser. gThe
Sec-TNP residue was replaced with Cys. hThe Sec-TNP residue was
replaced with Cys-TNP. iThe Sec-TNP residue was replaced with Met.

Figure 2. Stability study of functionalized selenocysteine in peptides.
Yields were determined by integration of total ion currents from LC−
MS analyses of the unpurified reaction mixtures.
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The stability of these aryl conjugates relative to the
corresponding benzylated variants under basic conditions was
investigated. In a solution buffered at pH 8.0 at room
temperature or 37 °C, neither the arylated nor alkylated
selenocysteine peptide underwent elimination to give dehy-
droalanine (Dha)-containing peptide 1a even after 11 h.18

However, in a solution buffered at pH 10.0, appreciable amounts
of elimination were observed for both the alkylated and arylated
derivatives depending on the substituent on the selenium.18

We next focused on the stability of these functionalized
selenocysteine peptides under oxidative conditions. Exposure of
these peptide derivatives to a large excess of H2O2 (10 mM) at
room temperature led to the formation of varying amounts of 1a

depending on the R group on the selenocysteine (Figure 2). In
general, the arylated selenocysteine derivatives were less prone to
oxidation/elimination than the benzylated selenocysteine (4n).
This result is in agreement with previous reports that alkylated or
arylated selenocysteine can be readily converted to Dha even
under mildly oxidative conditions.5,11e,12a,c−f With regard to the
different arenes, the more electron-deficient the aryl ring on the
selenium, the slower was the formation of 1a. This observation
points to our ability to stabilize the arylated selenocysteine by
modulating the electronic nature of the arene substituent.
In summary, we have developed a chemoselective and general

strategy for the synthesis of arylated selenocysteine in
unprotected peptides. Exploitation of this umpolung approach

Table 2. Substrate Scope of Arylated Selenocysteinea

aSee the Supporting Information for details. Amino acids are shown in a one-letter code. Yields were determined by integration of TICs from LC−
MS analyses of the unpurified reaction mixtures (averages of two runs). bThe reaction time was 2 h. cThe reaction time was 1.5 h. d2 mM CuSO4, 2
mM L2, and 2 mM boronic acid were used. e2 mM CuSO4, 2 mM L2, 2 mM boronic acid, and 90:10 H2O/DMF for 3 h.
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avoids the need for oxygen-free conditions and the use of a
reducing agent to generate the selenol in situ. Instead, it relies on
the electrophilic character of the Se−S bond to provide the
respective conjugate. This versatile protocol tolerates a wide
range of boronic acids, is compatible with most of the amino
acids, is run under buffered aqueous conditions, and is unique to
selenocysteine. Lastly, we have demonstrated that varying the
substitution on the aryl ring can control the stability of the
conjugate toward oxidation/elimination. Although this strategy
is effective in peptide-based conjugation, the technology needed
to apply this to proteins requires further exploration. Further
work to investigate and utilize this umpolung strategy for the
selective functionalization of unprotected peptides is ongoing
and will be reported in due course.
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