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ABSTRACT 
Ester linkage(s) is a key chemical connector in organic chemistry, including 
natural products, peptides, and synthetic polymers. We herein describe a 
straightforward method for the efficient formation of ester linkage(s) on solid-
phase. This method simply involves the use of amide coupling reagents under 
microwave irradiation. The robustness of this method relies on the use of 
classical solid-phase coupling reagents, heating by microwave irradiation, and a 
short time period, which results in high yields and the minimization of 
racemization.  
 
 
INTRODUCTION 
At glance, peptide synthesis may be described as an acylation step that is 
performed by coupling reagents and is followed by the removal of a protecting 
group. Both steps are repeated as many times as necessary until the completion 
of the target sequence. Finally, a global deprotection step is conducted in order 
to remove side-chain protecting groups together with a cleavage step of the 
peptide from the resin in the case of a solid-phase strategy.[1] In this context, the 
development of a large number of new efficient coupling reagents has been 
witnessed in recent years. Especially in the solid-phase synthesis, advances 
have been achieved in obtaining novel and more efficient reagents for amide 
coupling.[2-5] However, also ester bond is an important structural unit that serves 
as key component in a variety of applications and roles.[6] Ester bonds  can be 
present in the middle of the peptide backbone, in so-called depsipeptides. This 
type of fascinating peptides has ester(s) incorporated either forming lactones or 
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within a linear sequence. A large number of microbial non-ribosomal peptides 
that have been attracting increasing interest as therapeutic agents are 
depsipeptides.[7,8] A recent example is Teixobactin, a new class of antibiotic that 
has been the focus of research due to its high potency against Gram-positive 
bacteria in vitro.[9,10]  
Depsipeptide chemical synthesis is not only attracting attention for producing 
naturally ester occurring peptides, but also as an approach for the synthesis of 
challenging peptides, namely, the O-acyl isopeptide method developed by 
Professor Kiso et al. This methodology takes advantage of the presence of an 
ester bond in the sequence that breaks inter- and intrachain associations, which 
are the main source of synthetic difficulties, and, thus, facilitates stepwise 
elongation. It consists of the addition of ester linkage(s) to the sequence through 
the side chain of Ser or Thr and continued elongation of the peptide through β-
hydroxy function (O-acyl isopeptides). Once the full sequence is achieved and 
the depsipeptide is purified, a simple mild basic treatment favors the O to N-acyl 
rearrangement, thereby rendering the desired full amide peptide.[11-14] 
The safe formation of an ester bond is also key for ensuring the quality of C-
terminal acid peptides when a hydroxyl base resin is used. The ester bond is 
regularly formed as the first linkage between an N-protected amino acid and 
hydroxymethyl polymers, as when employing the widely used Wang linker 
resin.[15] 
 
At present, the synthesis of depsipeptides or ester-containing peptides is 
currently not straightforward mainly due to the lower reactivity of the alcohol than 
that of the amine group. Several strategies have been conducted for the addition 
of ester linkage(s) to solid supports. One of the most common strategies to 
activate carboxylic acid is through a symmetrical anhydride, prepared with 
carbodiimide reagents and catalyzed by dimethylaminopyridine (DMAP).[16-20] 
This method works well for regular amino acids, but is not the most appropriate 
when attaching racemization-prone amino acid derivatives.[21,22] Under more 
challenging conditions, MSNT (1-(Mesitylene-2-sulfonyl)-3-nitro-1,2,4-triazole) is 
the reagent of choice to reduce enantiomerization.[21,23] The main limitation of 
effective MSNT is its cost and tedious protocol, which includes the use of 
hazardous CH2Cl2 as a solvent. It is important to note that commonly used 
methods, such as carbodiimides in the presence of hydroxybenzotriazole, 
OxymaPure, or uronium salts including HBTU (N-[(1H-benzotriazol-1-yl)- 
(dimethylamino)methylene]-N-methylmethanaminium hexafluorophosphate 
N-oxide) and COMU (1-[(1-(cyano-2-ethoxy-2-oxoethylideneaminooxy)- 
dimethylamino-morpholinomethylene)] methanaminium hexafluorophosphate) 
[24-26] has not found applicability to ester formation by solid-phase synthesis.  
One of the latest revolutions in this field is the automatic synthesizer and the use 
of microwave to accelerate synthesis and obtain higher quality products.[27-32] 
Classical and novel amide coupling reagents have been employed under 
microwave conditions with favorable outcomes.[33-35] In spite of the extensive 
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efforts used to adjust non-heating methods in the microwave system, amide 
coupling has been the only focus of research, while other linkages on peptides 
have not been investigated. Common ester bonding on solid-phase synthesis is 
generally performed without microwave assistance and includes reagents other 
than the amide coupling option. [16,18,21-23,36]  
 
As described above, a method to construct peptides including esters is a major 
chemical issue of interest. A novel strategy needs to include an efficient, fast, 
straightforward protocol that uses common reagents with the possibility of 
adaptation to automatic systems. To date, the microwave-assisted reaction used 
for solid-phase peptide synthesis has not yet been adapted to ester linkage, 
which may contribute to advances in the field.  
 
RESULTS & METHODS 
An ester bond is an important structural unit that serves as key component in a 
number of applications.[6] Novel fast peptide synthesis using microwave 
irradiation also requires a direct protocol to achieve on-resin esterification in a 
robust and straightforward manner. As an alternative, we propose the use of 
conventional amide coupling reagents, such as HBTU or COMU, with the 
assistance of microwave irradiation as a direct route to obtain ester linkage(s) on 
a solid support for the first residue or esterification peptide backbone elongation 
as an intra-linkage.  
 
A number of issues need to be addressed when investigating the efficiency of 
employing common amide coupling reagents for on-resin esterification: obtaining 
a high conversion rate of the reaction; investigation of the enantiomerization of 
the C-terminal ester under this protocol; confirmation of the universal use of this 
protocol by incorporating an intramolecular ester bond with a novel adapted 
protocol. 
 
In order to verify the use of amide coupling reagents as esterification agents, Phe 
and His residues were initially incorporated onto Wang linker resin under a 
number of different conditions. Table 1 summarizes the loading obtained after 
attachment of the first amino acid.  
 
When incorporating Fmoc-Phe-OH and Fmoc-His(Trt)-OH onto Wang linker 
resin, the highest rates were achieved using the symmetrical anhydride approach 
(#3 and #4) and similar results were obtained for MSNT (#1 and #2). Surprisingly, 
the loading obtained with MSNT coupling reagent was satisfactory but lower than 
expected. In order to confirm the superior performance of the DIC protocol, we 
also tested the Ala residue. The results obtained showed that the coupling of 
Fmoc-Ala-OH was lower with the MSNT approach than with the DIC/DMAP 
method (0.74 mmol/gr resin vs 0.98 mmol/gr resin) and the longer coupling time 
for MSNT did not improve the yield.  
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The classical HBTU method adapted for esterification under MW conditions was 
performed using single or double coupling and different times. As shown in Table 
1, coupling for 10 min (#5) and double coupling for 10 min (#6) provided ester 
linkages. An adequate higher yield was obtained by double coupling for 20 min 
under microwave irradiation (#7 and #8). Double coupling assisted by microwave 
irradiation was also attempted for the novel coupling cocktail based on 
COMU/Oxyma. The first amino acid for Phe and His (#9 and #10) was 
incorporated with a high yield that was similar to established esterification 
methods.   
 
According to the above results, amide coupling reagents by heating under 
microwave irradiation are also suitable for incorporating the first amino acid as an 
ester. It currently remains unclear whether this method is suitable for amino acids 
that are prone to racemization as His or Cys residues.[37-39] Therefore, we 
investigated the enantiomerisation ratio[40] using classical on-resin esterification 
reagents and the novel adapted method based on HBTU. We selected the His 
residue in the present study because π-nitrogen at the imidazole ring may 
abstract hydrogen at Cα under basic conditions, thereby promoting racemization. 
We had concern about HBTU/HOBt and COMU/Oxyma microwave-assisted 
methods because the ratio of racemization may increase at higher temperatures 
and also in the presence of a base. [39,41,42]. Therefore, we employed the 
linkage of His as the first amino acid, and measured racemization based on the 
RP-UPLC area of the model peptide Fmoc-Gly-Phe-D/L-His-OH. The results 
obtained are summarized in Table 2. The highest racemization ratio was 
obtained using COMU reagent (#14) followed by carbodiimide catalyzed with 
DMAP (#12). [21,43] In case of HBTU (#13) and MSNT (#11) methods, the 
racemisation is reduced to 16% and 11%, respectively. Even if racemization was 
not completely suppressed by the HBTU conditions for the His residue, the 
results obtained showed the facile incorporation of the first residue in a high yield 
and the racemization ratio was similar to those with expensive MSNT reagent. 
The HBTU/HOBt method represents a good compromise between a high yield 
and low racemization.  
 
After concluding that the amide classical method under microwave irradiation is 
suitable for esterification of the first linkage on a solid support, we investigated 
whether to extend the application to all types of ester-based peptides. Ester 
intramolecular linkage in peptides is a common connection on natural peptides as 
well as an artificial approach to obtaining difficult peptides through “O–N 
intramolecular acyl migration”. The latter strategy was developed as a novel 
method [11,14,44] to obtain previously inaccessible peptides due to the 
incomplete solvation of the peptidyl-resin complex during elongation.[45] 
 
A general strategy to synthesize depsipeptides includes the synthesis of a unique 
building block of two amino acids including the intermediate ester, followed by its 
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incorporation under traditional methods.[46] Another general approach is the 
direct formation of an ester linkage by adding an alternative reagent cocktail to 
that for amide formation, which generally needs a longer reaction time.[6,47-49] 
In order to test the scope of the present method, we attempted to synthesize a 
depsipeptide using the HBTU/HOBt protocol for amide and ester linkages. We 
selected HBTU because it is a good alternative for high loading with low 
racemization.  
 
In order to investigate the suitability of the new method for other ester linkages, 
we attempted to synthesize the depsipeptide H-Ser(Ac-Val-Val-)-Val-Val-NH2 (1) 
as a model compound with an ester linkage between hydroxyl side chain of Ser3 
and consecutive Val. In a previous study by Sohma et al. [50], synthesis of the 
parental peptide –all amide bonds- by the standard SPPS method afforded a high 
rate of undesired Fmoc unprotected peptide fragments. Only the O-acyl 
isopeptide method successfully achieved the desired peptide; however, they 
observed a racemization of 0.8% under DIC/DMAP conditions.[50]  
In the present study, we focused on the synthesis of the depsipeptide 1 (Schema 
1) based on HBTU/HOBt under microwave irradiation for the amide and ester 
reactions.  

 
 
Schema 1. Synthesis of depsipeptide 1. 

H2N (Tentagel S RAM resin)

1) Fmoc-Val-OH couplig
2) Fmoc removal
3) Fmoc-Val-OH couplig
4) Fmoc removal
5) Boc-Ser(Trt)-OH
6) Trt removal

Boc-Ser-Val-Val-NH

HO

7) Fmoc-Val-OH couplig
8) Fmoc removal
9) Fmoc-Val-OH couplig
10) Fmoc removal
11) Acetylation

Boc-Ser-Val-Val-NH

OAc-Val-Val

OAc-Val-Val

12) Cleavage and total deprotection

H-Ser-Val-Val-NH2
1
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After synthesis, the depsipeptide was cleaved and analyzed. We obtained a final 
compound characterized by RP-HPLC and MALDI-TOF (Figure S5). The HPLC 
chromatogram and mass spectrum confirmed that the main peak corresponded 
to the desired depsipeptide without racemization. The lyophilized sample 
afforded a 50.5% yield (over 7 steps from the original resin, with an average of 
90% per step). Thus, this method may be appropriate for depsipeptide synthesis 
in a direct, fast, and uncomplicated manner.  
 
CONCLUSION 
We herein established a novel protocol for esterification based on classical amide 
coupling reagents assisted by microwave irradiation without the need for 
additional coupling reagents and/or changing the peptide synthesis instrument 
system. We employed the most demanding Wang resin as a model, and 
acylation by HBTU/HOBt exhibited an excellent compromise between a good 
yield and acceptable racemization.  
For automatic synthesis, the benefit of this protocol is envisioned as it may avoid 
any manual synthesis from the first residue without the need to pause the 
synthetic process in order to incorporate intrapeptide ester linkages. This 
methodology provides access to more peptides and depsipeptides in an efficient, 
cheaper, and fast manner.  
 
SUPPORTING INFORMATION 
Supporting information may be found in the online version of this article. 
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Table 1. Conversion rate of Wang linker resin (initial loading, 1.2 mmol/gr resin) under 
different esterification conditions when attaching Fmoc-Phe-OH and Fmoc-His(Trt)-OH 
 
Reagenta Solvent  Time Temp. # Fmoc-AA-OH Loadingd 

1 Phe 1.08 MSNT (4.0 eq.), NMI (8.0 eq.)b CH2Cl2 30 min r.t. 
2 His 0.96 
3 Phe 1.14 

DIC (3.5 eq.), DMAP (0.1 eq.)b CH2Cl2/ 
DMF (9:1) Overnight r.t. 

4 His 1.08 
HBTU (6.0 eq.), HOBt (6.0 
eq.) DIEA (8.0 eq.)b DMF 10 minc 50 °C 5 His 0.69 

HBTU (6.0 eq.), HOBt (6.0 
eq.) DIEA (8.0 eq.) DMF 10 min × 2c 50 °C 6 His 0.76 

7 Phe 0.88 HBTU (6.0 eq.), HOBt (6.0 
eq.) DIEA (8.0 eq.)b DMF 20 min × 2c 50 °C 

8 His 0.91 
9 Phe 1.02 COMU (6.0 eq.), Oxyma (6.0 

eq.) DIEA (8.0 eq.)b DMF 20 min × 2c 50 °C 
10 His 1.06 

 
a) Use of 30 mg of solid support for each assay. Details of reaction conditions are in the 

Experimental Section in Supporting Information (S.I.)  
b) Each reaction was performed in duplicate. Results were averaged.  
c) The coupling reaction was assisted by MW energy (0–50 W; 50 °C). 
d) Loading (substituted mmol/gr resin) was calculated by the Fmoc photometric test (fluorene 

group UV at 290 nm). Each UV measurement was performed in triplicate, and results were 
averaged.  

 
 
Table 2. Conversion and racemization ratio of His residue incorporated onto Wang linker 
resin under different esterification conditions.  
  

# Reagenta Solvent  Time D-His ratio d 

11 
MSNT (4.0 eq.), 
NMI (8.0 eq.) b CH2Cl2 1 h 10.74% 

12 
DIC (3.5 eq.), 
DMAP (0.1 eq.) b CH2Cl2/DMF (9:1) Overnight 28.62% 

13 
HBTU (6.0 eq.), 
HOBt (6.0 eq.) 
DIEA (8.0 eq.) b 

DMF 20 min × 2c 15.99% 

14 
COMU (6.0 eq.), 
Oxyma (6.0 eq.) 
DIEA (8.0 eq.) b 

DMF 20 min × 2c 26.45% 

 
a) Reaction conditions details are in the Experimental Section in Supporting Information (S.I.) 
b) Use of 30 mg of solid support.  
c) The reaction time was 20 min assisted by MW energy (0–50 W; 50 °C).  
d) Racemization ratio calculated by RP-UPLC area of Fmoc-Gly-Phe-His-OH and Fmoc-Gly-

Phe-his-OH.  
 


