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Solid phase peptide synthesis (SPPS) based on Fmoc chemistry has become a commonly used technique in peptide chemistry,
as it can be easily conducted using automated machine, and not requiring highly toxic HF in comparison to Boc-SPPS. With the
fast development in the emerging field of protein chemical synthesis, many efforts have been endeavored aiming to find more
efficient methods for preparing peptide fragments required in ligation reactions. This review briefly summarizes recent advances
in the engineering and modification of Fmoc-SPPS-derived peptides, which can be used as the N-terminal fragments in a native
chemical ligation (NCL) or NCL-type ligation reactions.
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1    Introduction
As a milestone discovery in the field of peptide/protein
chemical synthesis, native chemical ligation (NCL, Figure 1)
introduced by Kent and coworkers [1] has become one of
the most frequently used techniques nowadays. As a result,
the preparation of the required thioesters (or equivalents)
in a racemization-free manner has been a routinely pursued
task for researchers who use NCL in their studies. While
solid phase peptide synthesis (SPPS) ensures the integrity
of stereochemistry in the synthesized peptide chain [2],
the use of thioesters as linkers on resin has been limited in
Fmoc-based synthesis, due to the lability of such structures
toward piperidine required for Fmoc-removal. Although
several solutions have been attempted to keep the thioester

*Corresponding author (email: dongs@hsc.pku.edu.cn)

linker intact, such as changing cocktails for Fmoc-deprotec-
tion [3] or using piperidine-resistant tert-butyl thiol linkers
[4], most studies have been focusing on developing protocols
that would generate the requisite peptide fragments in a more
practical manner. Moreover, proper ligation handles would
be favorably installed based on the materials generated from
automated Fmoc-SPPS, which is believed to be more con-
venient and safer than using Boc-chemistry. Many creative
strategies and methods have thus been developed, including
the well-studied “safety-catch” sulfonamide linker (Figure 2)
[5], and some of the literatures related to this topic have been
very nicely reviewed in a number of account articles [6].
In this review, we intended to briefly summarize a number
of recent advances regarding the preparation of peptidyl
thioesters and the “masked” version, hoping to display a
general view of some innovative strategies or ideas in this
field.
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Figure 1         Native chemical ligation (NCL) developed by Kent and cowork-
ers [1] (color online).

Figure 2         “Safety-catch” sulfonamide linker system (color online).

2    Direct thioesterification on side-chain pro-
tected peptidyl carboxylic acids

2.1    Condensation under fine-tuned conditions

Despite the tendency of racemization at the peptide C-termini
while conducting activation under typical coupling condi-
tions [7], efforts have been made to tune the conditions for
jointing side-chain protected peptidyl carboxylic acids and
mercaptans or thiol derivatives (Figure 3). One of the earliest
examples is from the Sakakibara group [8], where they
described an epimerization-free amide condensation method
using EDCI/HOOBt as the coupling reagents. Accordingly,
peptidyl thioesters were prepared from side-chain pro-
tected peptidyl carboxylate and an HCl salt of Xaa-thioester
(Figure 3(b)). The use of free base form of EDCI was
demonstrated to be essential in this protocol. Other coupling
reagents,  including  DIC0  (diisopropylcarbodiimide)  and
PyBOP  (benzotriazol-1-yl-N-oxytris-(pyrrolidino)phospho-

Figure 3         Direct condensation method for the preparation of peptide
thioester derivatives. (a) Thioesterification between side-chain protected
peptides and mercaptans; (b) amide-bond condensation using side-chain
protected peptide and amino acid thioesters (color online).

nium hexafluorophosphate), have also been utilized in prepar-
ing peptidyl p-acetamidothiophenol esters with significantly
minimized epimerization [9].
Due to the diverse sequences of peptides, poor solubil-

ity may be observed in commonly used solvent such as
dichloromethane (DCM). As an alternative, Flemer [10] re-
ported an in situ procedure where the coupling reaction
was conducted in the cocktail (1% trifluoroacetic acid
(TFA)/DCM) that cleaves side chain-protected peptide from
resin (Figure 4). The condensation reaction succeeded when
excess amount of base (1.1 eq. of DIEA) was used to neu-
tralize the acid, where improved solubility of peptides was
observed.
In the case of more hydrophilic glycopeptides, particularly

for ones with complex-type oligosaccharide attached, poor
solubility of peptides in DCM and tetrahydrofuran (THF)
[11] becomes an issue. To solve this problem, Kajihara’s
group [12] chose dimethylformamide (DMF) as solvent
to explore the optimal condensation conditions for prepar-
ing glycopeptidyl thioesters from the corresponding side
chain-protected glycopeptide carboxylic acid. After exten-
sive experimentation, using PyBOP/DIEA and large excess
of thiol (30 eq.) in DMF at –20 °C provided the best result.
This optimal combination of coupling reagent and solvent
was further confirmed later in Warriner’s synthesis of an
epimerization-prone peptide thioester [13].
In general, the direct condensation approaches have the ad-

vantage of easy operation and requiring the least amount of
derivatization on amino acids, resins, and peptide fragments.
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Figure 4         In situ condensation approach after peptide cleavage from resin
[10] (color online).

However, the potential difficulties in determining epimeriza-
tion within peptides, in particular large peptides, creates un-
certainty when using these methods.

2.2    Glycinyl/prolyl thioesters or surrogates in NCL

To circumvent possible epimerization in thioesterification,
two amino acids are considered ideal sites for direct thioes-
terification on the side chain-protected peptide carboxylate:
One is glycine, which contains no stereogenic center, and
the other one is proline, which is not prone to epimerize due
to the disfavored rigid structure of the forming intermediate
(Figure 5) [14]. Many efforts have been attempted to take
advantages of these two unique amino acids and use them
as the connection sites in peptide synthesis. For instance,
peptides with C-terminal Pro or Gly residues can be activated
directly and used in fragment condensations [15]. Along
the same line, peptides with C-terminal pseudoprolines
were successfully utilized in the condensation reactions to
generate a 32-mer glycopeptide, which is a required frag-
ment in Unverzagt’s synthetic attempt toward glycosylated
ribonuclease C [16].
Apparently, peptide glycinyl/prolyl thioesters would be

ideal building blocks for NCL reactions, as the preparation of
the corresponding fragments should have the convenience of
easy preparation under typical coupling conditions without
any concerns of epimerization. However, while peptide
glycinyl thioesters have been utilized in chemical synthesis
of several proteins [17], prolyl thioesters were suggested to
be extremely unreactive under typical NCL conditions [18].
To expand the utility of prolyl thioester or its surrogates in
NCL, a number of research groups have explored possible
solutions. In 2008, taking notes from the work by Bodanszky

Figure 5         Epimerization-free properties of peptides with C-terminal proline
(color online).

[19] applying p-nitrophenyl esters to the synthesis of small
peptides in a direct aminolysis manner, the Danishefsky
group [20] utilized the p-nitrophenyl ester in an NCL-like
process to connect two peptides (Figure 6(a)), where the
prolyl p-nitrophenyl ester was found to be sufficiently acti-
vated and react with the cysteinyl peptide to generate ligated
product in 50% yield, albeit in relatively long reaction time
(15 h).
Later in 2011, Durek et al. [21] applied the α-selenoester

as a more effective acyl donor to realize Pro-Cys ligation un-
der aqueous buffer conditions. Large excess of cysteinyl pep-
tide (5 eq.) was used in the reaction leading to nearly full
conversion within only 2 h. However, the “branched” side
products could not be eliminated due to the much higher re-
activity of selenoester in comparison to the starting thioesters
(Figure 6(b)). As the catalyst diphenyldiselenide (DPDS) in
buffer could not reverse the unproductive side product, the
applicability of prolyl selenoester in protein chemical synthe-
sis has been limited.
In Melnyk’s studies of bis(2-sulfanylethyl)amino (SEA)

amide in ligation reactions (cf. Section 4), they noticed
that the prolyl SEA amide was more reactive and more
resistant to Xaa-Pro deletion side reactions in comparison
to the corresponding 3-mercaptopropionic acid (MPA) and
thiazolidine thioester (TT) (Figure 6(c)) [22]. Although the
reaction requires only 100 mM of thiol additive mercap-
tophenylacetic acid (MPAA), the relatively harsh reaction
condition and inevitable Xaa-Pro byproducts call for further
improvement to make this protocol more suitable for large
protein synthesis.
Besides these prolyl thioester surrogates, strategies to ac-

tivate alkyl thioesters were also investigated. A recent ex-
ample is from Otaka’s group [23] in 2014, where they care-
fully adjusted the recipe of NCL buffer and successfully real-
ized ligation affording product with native Pro-Cys residues
in the presence of MPAA (250 mM) at 50 °C. However, side
products with Xaa-Pro deletion were also observed, presum-
ably due to the formation of an arginyl diketopiperazine in-
termediate (Figure 7). Nevertheless, this protocol has been
successfully applied in the synthesis of a 37-mer peptide,
kaliotoxin, and more recently a 162-residue S-monoglycosy-
lated GM2-activator protein (GM2AP) [24].
Based on these previous studies, it is obvious that tuning

the reactivity of prolyl thioester intermediate is crucial for
the ligation rate. On the basis of the rational that the poor
electrophilicity of prolyl thioester may be  resulted  from  the

 http://engine.scichina.com/doi/10.1007/s11426-016-0381-1
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Figure 6         Ligations using thioester surrogates at the Pro-Cys site (color on-
line).

n→π* orbital interaction [25] and steric hindrance of the
N-carbonyl of proline [18b], a heterobicyclo[2.2.1]septane
structure was designed to improve the reactivity [26]. It was
proposed that by precluding the N-carbonyl oxygen/thioester
carbonyl n→π* interaction, and possessing a ring strain
releasing tendency (Figure 8), the thioester carbonyl within
such structure should exhibit increased electrophilicity. Ac-
cordingly, ligation reactions were conducted in NCL buffer
without thiol additives (e.g. MPAA) and desired ligation
of two peptides was observed, providing good to excellent
yields within 8 h. It is noteworthy that using thiol addi-
tive-free condition, such “internal-activation” strategy allows
for “one-pot” sequential ligation-desulfurization at the native
Pro-Ala sites. The utility of this protocol was demonstrated
by synthesizing a proline-rich region of Wilms tumor protein
1 (WT1) by merging two  segments  using  Pro-Cys  ligation

Figure 7         Ligation at Pro-Cys sites using alkyl prolyl thioester [23] (color
online).

Figure 8         Internal activation strategy to realize Pro-Cys ligation [26] (color
online).

site followed by metal-free desulfurization [27].
Regarding the mechanism of this thioprolyl thioester-medi-

ated ligation, besides the investigations conducted by Dong et
al. [26], a recent computational study provides further sup-
ports to clarify the origin of increased reactivity of the bi-
cyclic thiolactone structure [28]. It was suggested that en-
tropy effect facilitates the formation of thiolactone interme-
diate, and among all factors, the release of ring strain is the
main reason to effect the observed high reactivity.

 http://engine.scichina.com/doi/10.1007/s11426-016-0381-1
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3    Peptide α-thioester formation based onO→S
acyl transfer

Since the intrinsic lability of thioester makes the develop-
ment of Fmoc-SPPS-compatible protocols a tough problem,
researchers turned to other more stable structure, e.g. oxo-es-
ters, and made proper modification to effect a post-generation
of thioester after SPPS. One major type of such “masked
thioesters” is based on the O→S acyl transfer process [6b].
In these studies on using thiol-containing alkyl esters as pre-
cursors to thioesters, 2-hydroxy-3-mercapto-propionic acid
(HMP) is a commonly used motif, which is first introduced
to peptide synthesis by Botti et al. [29] in 2004 (Figure 9(a)).
This strategy possesses advantages including mild reaction
conditions and faster rate of in situ thioester generation, but
the incorporation of HMP on resins was still suffering from
either low efficiency of the diazotization/hydrolysis steps
[29], or complicated synthetic operations [30]. In 2013, this
approach was further optimized by a Lilly research team,
where they derivatized the HMP as S-trityl protection species
in one step (Figure 9(b)), followed by the installation on resin
and elongation of peptide chain using Fmoc chemistry [31].
As the linkage between peptide and HMP is an ester bond,
using 2-methylpiperidine (2-MP) for Fmoc removal, instead
of commonly used piperidine, is essential for obtaining
optimal yield in some cases. Finally upon TFA deprotection,
HMP peptides could be obtained in decent yields, which
were further transformed to the corresponding thioester in a
guanidine buffer containing 10% of MPA.
Besides the derivatization of HMP, others have also utilized

thiophenol ester [32], or other mercapto alkylesters [33] as
thioester precursors. However, in all cases, the hydrolyzed
byproducts were observed representing the major limitation
of this strategy. Moreover, as the ester C–O bond is still sus-
ceptible under nucleophilic attack during Fmoc-SPPS, more
attentions have thus been turning to more stable amide link-
ages.

4    Peptide α-thioester formation based on
N→S/Se acyl transfer

In comparison to the use of O→S acyl migration strategy,
selective activation of the desired amide motif at the C-ter-
mini becomes a challenge, considering the presence of other
amides all over the peptide chain. In contrast to the relatively
stable secondary amide, it was noticed that certain tertiary
amide, e.g. N-alkylcystiene, could undergo anN→S acyl shift
under suitable reaction conditions. Such motif provides vast
opportunities for developing peptidyl amide-based thioester
precursors [6b,6d,6e].
A representative example is the N-alkyl cysteine (NAC)

system developed by Hojo et al. [34] in 2007, which is fully
compatible with Fmoc-based SPPS, and can be  readily  con-

Figure 9         Strategies using Fmoc-SPPS compatible Hmp-based oxo-esters
as peptide thioester precursors (color online).

verted to thioesters in situ after proper modifications. For
instance, in 2015, Hojo et al. [35] utilized a C-terminal
carboxyl group to help facilitate fast N→S acyl transfer
(Figure 10), thus allowing for the direct application of the
tertiary amide precursor to NCL reactions.
Similarly in 2016, Aucagne et al. [36] designed an NAC

derivative to incorporate a phenol moiety on the N-alkyl
chain as a proton donor (Figure 11), mimicking the func-
tion of N-protonated histidine residue within class 1 inteins
during the process of in vivo protein splicing [37]. After
SPPS, the resulting peptidyl N-(2-hydroxybenzyl)cysteine
(N-Hnb-Cys) derivative could be utilized directly in an
NCL reaction, where the fast N→S acyl transfer facili-
tated peptidyl thioesters in situ after disulfide cleavage by
Tris(2-carboxyethyl)phosphine (TCEP). It is noteworthy that
the N-Hnb-Cys(StBu)-containing peptides could be obtained
directly using Fmoc-SPPS without any other post-syn-
thetic steps. The synthesis of two cysteine-rich peptides,
muscarinic toxin 7 (MT7, 65 residues) and big defensin 1
(Cg-BigDef1, 93 residues), demonstrated the applicability of
such crypto-thioester protocol in protein chemical synthesis.
Besides  NAC  derivatives,   other  α-thioester  precursors,

 http://engine.scichina.com/doi/10.1007/s11426-016-0381-1
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Figure 10         Cysteinyl carboxylic acid promoted N→S acyl transfer
[35] (color online).

Figure 11         Self-catalyzed N-(2-hydroxybenzyl)cysteine device as crypto-
thioester in NCL reactions [36] (color online).

such as the SEA system [38], have also been evaluated. The
incorporation of SEA motif to the C-termini of peptides as
thioester precursors in NCL, also known as “SEA ligation”,
was introduced by the Melnyk group [38a] and the Liu
group [38b]independently around the same time in 2011
(Figure 12(a), X=S). Later on, Melnyk et al. [39] further
utilized the cyclic disulfide form of SEA (SEAoff) as a la-
tent thioester in one-pot, three-segments, sequential N-to-C
peptide ligations, during which the peptidyl SEAoff is re-
duced/activated upon TCEP treatment after completion of
the first ligation with peptidyl alkyl thioester (Figure 12(b)).
In a similar manner, the selenium analogue of SEA, SeEA,
has also been proven to be compatible, with even more potent
reactivity [40]. Peptidyl SeEAoff is the first reported latent
thioester surrogate in N→Se acyl transfer system, and the
differentiation of reactivities in SEA/SeEA systems is con-
trolled by reductants, providing an alternative to kinetically
controlled ligation (KCL) in protein chemical synthesis.
In 2011, one convenient protocol was developed by Liu’s

research group [41], where a premade enamide-containing
N,N-dialkylamide derivative was incorporated to the peptide
C-termini (Figure 13(a)). Upon TFA treatment, the corre-
sponding peptide thioester was produced through N→S acyl
shift followed by irreversible hydrolysis of the enamine in-
termediate. More recently, Zheng et al. [42] reported an im-
proved method  to  solve  the  previously  existed  problems,

Figure 12         Utilization of SEA/SeEA and SEAoff/SeEAoff in sequential NCL
reactions (color online).

such as the laborious synthesis of enamide-containing amino
acid derivatives, and relatively low efficiency of thioester for-
mation. Structurally, by moving the solid phase linker away
from the thiol-containing N-alkyl chain (Figure 13(b)), the
newly developed enamine linker can be prepared in gram-
scale, possessing better reactivity that effects faster rate of
N→S acyl migration.
Besides the above examples based on N,N-dialkylamide

structures, investigations on thiol-containing N-aryl-N-alkyl
amide system have also been conducted, mainly from
the Otaka group [43]. For instance, they utilized a
crypto-thioester, peptidyl N-sulfanylethylanilide (SEAlide),
to generate thioester under acidic incubation or in the pres-
ence of phosphate salts (Figure 14(a, b)) [44]. Recently
in 2016 [45], based on the previous studies, they devel-
oped peptidyl N-sulfanylethylcoumarinyl amide (SECmide)
(Figure 14(c)), which was found to perform better under
mild acidic condition to form the corresponding thioester in
an epimerization-free manner. 4-Mercaptobenzylphosphonic
acid (MBPA), possessing both phosphate and thiol moieties
within the structure, was proven to be a useful dual catalyst
for both peptidyl SEAlide and SECmide. However, these
crypto-thioesters exhibited decreased efficiency in the cases
of hindered C-terminal amino acid residues, where elevated
temperature (e.g. 50 °C for phenylalanine)  was  required  to

 http://engine.scichina.com/doi/10.1007/s11426-016-0381-1
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Figure 13         C-terminal amino acid enamide linker in Fmoc-SPPS and the
thioester formation based on N→S acyl shift (color online).

Figure 14         Peptidyl SEAlide developed by Otaka’s group. (a) SEAlide un-
dergoes N→S acyl transfer in acidic conditions or neutral buffer containing
phosphate salts [44]; (b) proposed mechanism for the phosphate catalysis in
buffer [44]; (c) peptidyl SECmide and dually functional promotor MBPA
[45] (color online).

ensure successful NCL reactions.
A more recent development based on SEAlide peptide was

the incorporation of a photo-cleavable 6-nitroveratryl (NV)
group on the thiol moiety (Figure 15) [46]. This latent ac-
tivation strategy facilitates efficient sequential ligations of
multi-fragments in one-pot, and its applicability was demon-
strated by a 41-mer peptide, SNX-482, which is a potent
R-type Ca2+ channels inhibitor.

5    Recent advances of peptide Nbz in ligation
reactions

In 2008, inspired by the reported conversion of
o-aminoanilides to the corresponding aromatic N-acyl urea
derivatives as an activated acyl donor in organic synthesis
[47], Dawson and co-worker [48] extended this N-acylurea
activation strategy to peptide synthesis (Figure 16(a)). In
a typical procedure, peptidyl diaminobenzoyl carboxylate
(Dbz) on resin is acylated and converted into N-acyl-benzim-
idazolinone (Nbz) on solid phase, and subsequent cleavage
from resin using TFA cocktail yields the free peptide-Nbz
derivative. The preparation of peptide-Nbz on solid phase
significantly reduces racemization at the peptidyl C-terminal
amino acids, and affords the desired peptide segments in
good to excellent yield. Furthermore, peptidyl Nbz can be
converted to the corresponding peptide thioesters through
rapid thiolysis in buffer solutions, which ensures either direct
usage in NCL reactions or storage for a long period of time.
Utilization of this thioester surrogate in protein chemical
synthesis has been demonstrated  in  the  synthesis  of  a  59

Figure 15         Photo-caged latent peptidyl SEAlide in sequential multi-frag-
ment ligations in one-pot (color online).
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Figure 16         Peptidyl Nbz as thioester surrogate developed by Dawson and co-workers [48] (color online).

amino acid polypeptide, Rvg(1-29)-Tsr (Figure 16(b)), as
well as a number of proteins and glycoproteins [49].
One major advantage of using Nbz as thioester surrogate

is the good compatibility in Fmoc-SPPS. However, it was
noticed that uncontrollable over-acylation of Dbz species
may occur as a side reaction that diminishes the formation
of the desired peptide-Nbz species, particularly for some
glycine-rich sequences (Figure 17(a)) [50,51]. Accordingly,
more carefully controlled Fmoc-SPPS conditions are re-
quired [49a], and several optimization strategies have thus
been investigated. For instance, Ottesen et al. [51] utilized
orthogonal allyloxycarbonyl (Alloc) group to protect Dbz,
which can be deprotected under palladium (0)-catalyzed
conditions after SPPS and subsequently converted to Nbz
smoothly (Figure 17(b)). This protocol was successfully
applied to the preparation of a 44-mer peptide H3M as Nbz
derivative, which was further utilized in the total chemical
synthesis of modified histone H3 [52].
In 2015, Dawson and co-workers [53] utilized an

o-amino(methyl)aniline (MeDbz) moiety as the second-gen-
eration N-acylurea linker (Figure 17(c)). Compared to the
first-generation Dbz linker, the methylated para-amine is
more resistant toward acylation during SPPS even under
microwave irradiation at 90 °C, yet maintaining sufficient
reactivity toward p-nitrochloroformate to be activated after-
wards. Such modification renders the N-acylurea activation
strategy more robust and useful in peptide synthesis, e.g. two
difficult cysteine-rich cyclotides, Kalata B1 and MCoTI-II.
Instead of transforming the peptidyl Dbz to the correspond-

ing Nbz moiety, an alternative activation method is using
NaNO2-mediated oxidation developed by Liu et al. [54]. In
such a protocol, peptide o-aminoanilide was cleaved from
resin using TFA (Figure 18), followed by the treatment of

NaNO2 in buffered conditions to form peptide benzotriazole,
which could further exchange with excess thiols to gener-
ate more reactive thioesters. Based on this new activation
strategy, using benzotriazole-type crypto thioester, they suc-
cessfully synthesized Histone H2B (type 1-M) from five frag-
ments following N-to-C direction [54].
Besides the racemization-free feature and compatibility to-

wards SPPS, another important advantage of using peptide
o-aminoanilide lies in the carboxyl group on Dbz, where the
incorporation of useful auxiliaries becomes possible. For in-
stance, the attachment of an Arg6-tag facilitated the synthesis
of several hydrophobic protein regions [54,55], and use of
His6-tag simplified purification during multiple ligation steps
[56]. In all these cases the efficiency of Fmoc-SPPS and NCL
was greatly improved.

6    Peptide hydrazide in ligation reactions
While acyl azide has been utilized in amide bond formation
to prepare peptide since 1904 [57], the idea of using peptidyl
azide in peptide ligation has not been revealed until 2011,
where the Liu group [58] took advantage of easily prepared
peptide hydrazide and turned it into peptide-azide under oxi-
dation-activation in mild ligation buffer. This versatile strat-
egy has been proven to have multiple advantages, including
easy and efficient preparation of peptide hydrazide via SPPS
(Figure 19(a)), free of racemization during the activation and
ligation in buffer (Figure 19(b)), compatibility to the bio-ex-
pression system, etc. Moreover, as peptide hydrazide remains
inert in NCL, it becomes orthogonal to peptidyl thioesters,
thus allowing for ligations performed in an N-to-C direction.
To date, several glycoproteins have been successfully pre-
pared using this  peptide  hydrazide  strategy  [59],  and  the
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Figure 17         Uncontrollable over-acylation on Dbz and modified protocols (color online).

Figure 18         NaNO2-mediated activation of peptide-Dbz [54] (color online).

Figure 19         Peptide hydrazide as a “masked” thioester developed by Liu et
al. [58]. (a) Preparation of peptide-hydrazide using hydrazine-functional-
ized resin; (b) use of peptide-hydrazide in NCL (color online).
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hydrazinolysis process has been utilized to facilitate the
development of several other strategies to prepare peptide
thioesters [60]. This powerful strategy has been nicely
summarized and reviewed in several review articles [6b,6f],
thus the detail is not discussed further here.

7    Other approaches to thioesters or thioester
surrogates

Besides the previous strategies, several other Fmoc-SPPS-
compatible approaches leading to thioesters are also worth
mentioning. In the studies toward synthesis of thioesters
through direct Fmoc-SPPS, Crich et al. [61] utilized a
thioglycinamide linker to connect peptide chain and resin
(Figure 20). After S-alkylation of the thioamide, the resulting
thioimide can be subsequently cleaved from resin under the
treatment of TFA cocktail, which generates peptidyl thioester
simultaneously. Unfortunately during the S-alkylation step
the use of diazabicyclo[5.4.0]undec-7-ene (DBU) lead to
epimerization of C-terminal phenylalanine residue, thus this
strategy is still limited to the preparation of peptidyl glycinyl
thioesters.
Another interesting approach is from the Michael group,

where a photo-activated N-acyl-7-nitroindoline moiety was
used as the thioester precursor (Figure 21) [62]. In their opti-
mized protocols [63], after cleavage from resin, the peptidyl
acyl-7-nitroindoline was exposed under UV irradiation in the
presence of HOBt/HOSu, producing the corresponding acti-
vated peptide ester. Upon treatment with excess PhSH and
TFA cocktail, the desired peptide phenylthioester was ob-
tained in good efficiency even in the case of a 21-amino acid
sequence. Although the application of this method in prepar-
ing longer peptide fragment has yet to be investigated, the
idea of  combining  photo-activation  and  peptide  thioester

Figure 20         Direct production of thioester from solid phase synthesis by
Crich et al. in 2011 [61] (color online).

Figure 21         Photochemical synthesis of thioesters via a photo-labile moiety
developed by Michael et al. [63] (color online).

formation may promote more innovative strategies in peptide
synthesis.
Taking notes from the manipulation of peptidyl thioester

through expression method using intein system [64], Kaji-
hara, Okamoto and co-corkers [65] developed a new type of
thioester surrogate, peptide-N-acetylguanidine, which can be
prepared from a Cys-containing peptide through S-thiocar-
bonylation and followed by the replacement with N-acetyl-
guanidine (Figure 22(a)). The required free peptide sequence
with one additional C-terminal Cys incorporated could be
obtained from either biological expression or chemical syn-
thesis. The generated peptidyl N-acetylguanidine has been
demonstrated to be less reactive than alkyl thioesters in lig-
ation reactions, even in the presence of thiol additives (e.g.
MPAA), which provides the possibility of using such peptide
derivatives in KCL.
Due to the lack of chemoselectivity in the S-thiocarbonyla-

tion reaction, the first generation of N-acetylguanidine-based
strategy could not be applied to free Cys-containing se-
quences until a solid phase derivatization strategy was
developed in 2016 [66]. In this second-generation protocol,
the thiol group of C-terminal Cys was orthogonally protected
as disulfide form before the completion of peptide exten-
sion (Figure 22(b)), which can be further manipulated on
resin and cleaved directly using TFA cocktail. With such a
site-selective modification, a semi-synthesis of glycosylated
interleukin-13 was accomplished [67].
Other than the cysteine residue, serine has also been iden-

tified as a suitable site for activation. In 2016, inspired by
the Pessi method [5a] based on Kenner linker [68], a con-
cise and straightforward method was developed by the Raj
group [69] to form an activated cyclic urethane structure from
an orthogonally protected serine residue (Figure 23), which
can be easily transformed into thioester through thiolysis and
cleaved from resin  simultaneously.  Additionally,  threonine
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Figure 22         Peptidyl N-acetylguanidine as thioester precursor (color online).

Figure 23         Cyclic urethane activation strategy developed by Raj et al. in
2016 [69] (color online).

and cysteine were also proved to be applicable activation sites
under their optimized conditions. However, the requirement
of TFA treatment after the thiolysis step adds an extra step to
the whole process, which is the major disadvantage of related
strategies. Nevertheless, the synthesis of a 29-mer fragment
of rabies virus glycoprotein (Rvg) demonstrated the utility of
this promising protocol in peptide synthesis.

8    Conclusions

Research on protein chemical synthesis has been an emerg-
ing and essential area in the field of chemical biology, which

brings new vitality to the traditional peptide science. Re-
searchers have made tremendous efforts, and successfully de-
veloped innovative methodologies, not only NCL, but also
Staudinger ligation [70], serine/threonine ligation (STL) [71],
α-ketoacid-hydroxylamine (KAHA) ligation [72], etc. There
have been a number of new developments of these strategies
[73], which could not be reviewed in details in this account
due to the limited space. Nevertheless, these protocols, and
many more advancements in the field in the foreseeable fu-
ture, will continue bringing us inspirations on finding better
ways to synthesize large biological molecules in a more effi-
cient, precise, and controllable manner, helping us solve dif-
ficult problems in the fields of biology and medicine using the
irreplaceable chemical tools.
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