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od for the synthesis of small
peptides using DCC and HOBt as activators in H2O–
THF while avoiding the use of protecting groups†

Karina Herrera-Guzmán,a Miguel Ángel Jaime-Vasconcelos,a Eréndira Torales,a

Itzel Chacón,a Rubén Gaviño,a Eréndira Garćıa-Rı́os,a Jorge Cárdenas *a

and José A. Morales-Serna *b

The synthesis of peptides in solution proceeds through successive steps involving the removal of

a protecting group and the formation of the peptide bond. While most methodological efforts have

focused on the development of new protecting groups and coupling agents, methodologies based on

minimal protecting groups have been less explored. In this research, a peptide synthesis methodology

was developed using DCC and HOBt in THF–H2O, avoiding the use of protecting groups, reducing

reaction times, and reusing HOBt during successive couplings. The reaction conditions allow the

production of peptides that can directly serve as the starting material for the next coupling, leading to

the creation of small peptide sequences, which in turn are precursors to biologically important

molecules. Here we explore the example of Sansalvamide as a template for other active peptides.

Unlike SPPS, our methodology constructs the sequence from the N-terminus to C-terminus. This

unique approach could streamline peptide synthesis and facilitate the development of complex

peptides efficiently.
Introduction

Peptide synthesis is at the cutting edge of contemporary
research, as peptides play an important role in many elds.
Peptide-based materials with diverse functionalities address
biomaterials with signicant interest because they complement
small molecule therapeutics.1 However, peptide synthesis
remains a challenging task due to the inherent thermodynamic
limitations of amide bond formation. From an energetic
standpoint, the formation of an amide from a carboxylic acid
and an amine is thermodynamically unfavourable.2 To facilitate
this process, it is essential to exploit carboxylic acid derivatives,
such as acyl halides, anhydrides, and esters.3–5 For peptide bond
formation, the most common approach involves activating the
carboxylic acid using coupling agents, which enables bond
formation under mild reaction conditions.6–9

The synthesis of peptides with a dened sequence of amino
acids is a demanding task, despite it only involves forming
a series of amide bonds to build the desired peptide sequence.10,11
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This complexity arises from the need to protect functional groups
not involved in the amide bond formation12,13 and in order to
prevent undesired side reactions, such as the formation of N-acyl
ureas, oxazolones,14 and peptide epimers.15–17 Peptide bond
formation typically proceeds through successive coupling and
deprotection steps,18–21 requiring two reactions for each new C–N
bond (Scheme 1a). While the correct choice of protecting groups
ensures the desired sequence, the appropriate selection of
coupling agents and reaction conditions is crucial to avoid rac-
emisation or epimerisation of the nal product.12–17
Scheme 1 Synthetic strategy.
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Although established methodologies exist,11,21 recent efforts
have focused on developing new coupling strategies,22–30

coupling agents,31–41 and protecting groups,42–44 as well as on
establishing synthetic protocols where amino acids are mostly
free of protecting groups45–49 and employing environmentally
friendly solvents.50–56 Here, we propose a strategy for synthe-
sising small peptides to contribute to this kind of methodolo-
gies. Our approach is based on the use of N,N0-
dicyclohexylcarbodiimide (DCC) and 1-hydroxybenzotriazole
(HOBt) in a THF–H2O mixture. This approach eliminates the
need for protecting groups and, consequently, extra depro-
tection steps (Scheme 1b). Furthermore, the peptide obtained
from the reaction can be transferred directly to the next
coupling without purication. This straightforward approach
resembles solid-phase peptide synthesis (SPPS) since interme-
diates are not isolated.57–60 Nonetheless, it is important to
highlight the absence of intermediate deprotection steps.61–65

Another signicant contribution from our strategy is the use
of DCC as a coupling agent. Despite being cost-effective
compared to other water-soluble carbodiimides, DCC is oen
avoided due to the challenges associated with removing its
byproduct, 1,3-dicyclohexyl urea (DCU).66 To facilitate the
removal, we took advantage of the environmentally friendly
solvent mixture THF : H2O as precipitation and elimination of
DCU is very easy by ltration, avoiding the need for chromato-
graphic techniques. Additionally, our approach allows for the
reuse of HOBt during peptide chain growth, as previously
reported.67

Given the current interest in developing efficient protocols
for synthesising cyclic peptides68,69 and the need for synthetic
samples in biological assays,70–74 we aim to apply our method-
ology to the synthesis of different depsipeptides, focusing rst
on Sansalvamide A as target.75 This application will help to
demonstrate the potential scope and impact of our work.
Results and discussion

To establish optimal reaction conditions, we rst evaluated
various conditions for synthesising the dipeptide N-Boc-Pro-
Phe-OH 6 from N-Boc-Pro 1 and the zwitterion of L-phenylala-
nine 4. The process begins with the formation of benzotriazole
Scheme 2 Synthesis of dipeptide 6.

© 2024 The Author(s). Published by the Royal Society of Chemistry
esters 2 and 3 through the reaction of DCC and HOBt in CH2Cl2
(Scheme 2). Aer 30 minutes, thin-layer chromatography (TLC)
conrmed that the conversion to activated esters was complete.
Dichloromethane was chosen for this step due to its effective-
ness in quantitatively forming these intermediates.76–79

Following solvent removal, the mixture of esters 2 and 3 was
redissolved in THF exploring its water miscibility, a key feature
in peptide bond formation under our reaction conditions.

Meanwhile, the zwitterion of L-phenylalanine 4was dissolved
in THF. To obtain the predominant carboxylate form 5, an
equimolar amount of a 1 N aqueous solution of NaOH was
added. Consequently, the amino group acts as the most
nucleophilic species for peptide bond formation. To form
dipeptide 6, the solution containing 5 was slowly added to the
mixture of benzotriazol esters 2 and 3, with constant stirring for
5 minutes. Aer stirring for an additional 55 minutes, the
reaction mixture was ltered to remove DCU, yielding a product
consisting of dipeptide 6 and HOBt (Scheme 2).

Next, we established a kinetic prole varying the equivalents
of 4, which helped determine the highest yield of reaction when
an excess of 4 equivalents of zwitterion were added (Fig. 1a).
Additionally, the reaction yield for 6 reached a maximum of
80% with no further increase despite extended reaction time
(Fig. 1b). Yields were quantied by 1H NMR of the crude reac-
tion mixture.
Fig. 1 Reaction kinetic to obtain 6: (a) varying equivalents of L-
phenylalanine 4 and (b) varying the reaction time.

RSC Adv., 2024, 14, 39968–39976 | 39969
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Table 1 Scope of the method for synthesising different peptides
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The mixture of HOBt and dipeptide 6 underwent a methyla-
tion reaction with diazomethane, resulting in the quantitative
formation of the methylated derivatives of benzotriazole 7 and
dipeptide 8 (Scheme 3). The reaction products were separated
by column chromatography, and 8 was characterised by NMR,
with no epimer formation observed. The optical rotation re-
ported for compound 8 in methanol was −53.4° (l = 589 nm),80

while our value at 25 °C was −53.8° (l = 589 nm), establishing
that no epimerisation occurred during peptide bond formation.

To further explore our methodology, we synthesised peptides
9–15 from Boc-L-Pro 1, with yields determined by 1H NMR
(Table 1). The lowest yield (50%) was observed with non-chiral
glycine, while the highest (80%) was seen with leucine.

Next, we focused on synthesising Sansalvamide A 23 to
demonstrate the applicability of our peptide chain elongation
strategy to biologically relevant molecules. Sansalvamide A is
a cyclopenta depsipeptide isolated from the fungus Fusarium
sp.,75 noted for its inhibitory activity against the topoisomerase
of the Molluscum contagiosum81 virus and its cytotoxicity against
various colon cancer cell lines (COLO 205, SKMEL-2, and HCT
116, HT-29).82–84

The initial step in synthesising Sansalvamide A involved
coupling a-hydroxy acid 16 with the zwitterion of L-valine 17
(Scheme 4). The corresponding benzotriazole esters of 16 were
rst formed in the presence of DCC and HOBt in CH2Cl2. The
formation of activated esters was veried by TLC, and aer 30
minutes of reaction, the conversion was found to be quantita-
tive. Aer solvent removal, the mixture of benzotriazole esters
was dissolved in THF. As established with 4, L-valine 17 was
meanwhile being dissolved in a THF/aqueous NaOH solution.
Following the addition of 16 to 17, dipeptide 18 in a mixture
with HOBt was used without further purication for the next
step. Subsequent coupling steps lead to completion of the
primary structure of Sansalvamide A until peptide 22 without
intermediate purication. Peptide 22 is the direct precursor of
the cyclodepsipeptide Sansalvamide A (Scheme 4). The forma-
tion of each peptide bond was monitored via 1H NMR analysis
of the crude reaction mixture.

The macrolactonization as the nal step took place under
high-dilution conditions in the presence of DCC and hydro-
talcite, a solid catalytic material serving as a solid base.85 The
resulting mixture was puried by column chromatography,
yielding cyclodepsipeptide 23 as a white solid, which was
characterised by NMR and electrospray ionisation ion trap (ESI-
IT) mass spectrometry (see ESI†). The NMR data matched those
reported for the natural product (Table 2), and the purity of 23
was conrmed by HPLC, with no epimers detected.
Scheme 3 Methylation reaction with diazomethane.
Scheme 4 Synthesis of Sansalvamide A.
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Table 2 Comparison of 1H and 13C NMR data from this study with literature values for Sansalvamide A

1H NMR (CD3OD)
13C NMR (CD3OD)

Ref. 74 This work Ref. 74 This work

OLeu
C]O 172.9 172.8
a-CH 5.06 (dd, J = 8.8, 4.9 Hz) 5.06 (dd, J = 9, 4.8 Hz) 76.2 76.3
b-CH2 1.76–1.88 (m) 1.62–1.88 (m) 42.1 41.8

1.58–1.64 (m)
g-CH 1.66–1.78 (m) 1.62–1.67 (m) 26.1 26.1
d-CH3 0.99 (d, J = 6.4 Hz) 0.99 (d, J = 6.4 Hz) 23.4 23.3

0.96 (d, J = 6.4 Hz) 0.96 (d, J = 6.4 Hz) 22.2 22.1

Val
C]O 173.8 174.0
a-CH 4.09 (d, J = 8.8 Hz) 4.09 (d, J = 8.5 Hz) 60.9 60.7
b-CH 2.10 (m) 2.07 (m) 32.2 32.1
g-CH3 0.96 (d, J = 6.4 Hz) 0.92 (d, J = 6.6 Hz) 20.0 19.9

0.92 (d, J = 6.8 Hz) 0.86 (d, J = 6.6 Hz) 19.0 18.8

Leu-1
C]O 174.1 174.09
a-CH 3.83 (br dd, J = 8.8, 5.4 Hz) 3.74 (dd, J = 9, 5.2 Hz) 56.2 56.4
b-CH2 1.72 (m) 1.72 (m) 40.1 39.7

1.38 (m) 1.38 (m)
g-CH 1.41 (m) 1.41 (m) 26.2 26.2
d-CH3 0.85 (d, J = 6.4 Hz) 0.85 (d, J = 6.5 Hz) 23.2 23.1

0.81 (d, J = 5.9 Hz) 0.81 (d, J = 6.2 Hz) 22.2 22.1

Phe
C]O 173.7 173.6
a-CH 4.60 (dd, J = 10.8, 4.4 Hz) 4.57 (dd, J = 10.8, 4.8 Hz) 58.1 58.1
b-CH2 3.23 (dd, J = 13.9, 4.6 Hz) 3.23 (dd, J = 13.9, 4.8 Hz) 38.4 38.1

3.06 (dd, J = 13.7, 10.7 Hz) 3.07 (dd, J = 13.9, 10.8 Hz)
1 Ar 138.8 138.7
2 and 6 Ar 7.25–7.32 (m) 7.22–7.29 (m) 130.4 130.2
3 and 5 Ar 7.25–7.32 (m) 7.22–7.29 (m) 129.7 129.7
4 Ar 7.22 (m) 7.22–7.29 (m) 128.0 128.0

Leu-2
C]O 171.3 171.4
a-CH 4.73 (dd, J = 9.8, 5.9 Hz) 4.72 (dd, J = 9.7, 5.8 Hz) 52.6 52.5
b-CH2 1.64–1.86 (m) 1.64–1.86 (m) 41.6 41.4
g-CH 1.62 (m) 1.62 (m) 26.0 25.9
d-CH3 0.99 (d, J = 6.4 Hz) 0.99 (d, J = 6.4 Hz) 23.5 23.5

0.96 (d, J = 6.4 Hz) 0.96 (d, J = 6.4 Hz) 22.4 22.4

Table 3 Comparison of the efficiency of various routes for synthe-
sising Sansalvamide A

Strategy

LPPSa LPPSa SPPSb SPPSb

Coupling reagent DCC/HOBt EDC/HOBt HBTU PyBOP
Reuse of coupling reagent No/Yes No/No No No
Solvent THF/H2O CH2Cl2 NMP CH3CN
Time for coupling (h) 1.5 16 6 18
Steps 5 9 13 12
Overall yield (%) 35 45 40 13
Reference This work 86 87 88

a LPPS: Liquid Phase Peptide Synthesis. b SPPS: Solid Phase Peptide
Synthesis.
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Aer purifying the nal product, the overall yield of the
process was 35%. To enhance this yield, we tested THF instead
of CH2Cl2 for benzotriazole ester formation, but the overall yield
dropped to 20%. A comparison of our methodology with those
previously reported for Sansalvamide A showed our yield is not
different from those works using LPPS86 or SPPS.87,88 Moreover,
the time required for peptide bond formation is strikingly
reduced, as detailed in Table 3.

Importantly, while DCC is typically avoided due to challenges
in removing its byproduct, DCU, our use of a THF–H2O solvent
system facilitates its precipitation and removal by ltration.
Furthermore, our methodology minimises waste generation, as
HOBt is reused throughout the process. These achievements of
our approach undoubtedly represent signicant environmental
and economic benets.89–93
© 2024 The Author(s). Published by the Royal Society of Chemistry RSC Adv., 2024, 14, 39968–39976 | 39971
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Conclusions

This work focused on the development of an efficient method-
ology for the coupling of peptides without protective groups in
a THF–H2O system. Our approach not only allows the coupling
of amino acids in a shorter time than other methodologies, but
it is also cost-effective due to the use of DCC and recycling of
HOBt. This results in a signicant reduction in the waste
produced during the reaction.

Finally, we tested this methodology with the total synthesis
of Sansalvamide A, a cyclodepsipeptide with anticancer activity.
We strongly believe this approach will facilitate the develop-
ment of libraries for the study of cyclopeptides, thus contrib-
uting to the advancement of research on biologically active
compounds.
Experimental
General information

All the chemicals were purchased from Sigma-Aldrich and used
without further purication. Yields refer to materials that are
chromatographically and spectroscopically homogeneous (1H
and 13C) unless otherwise stated. Reactions were monitored by
TLC on 0.25 mmMacherey Nagel silica gel plates. Developed TLC
plates were visualised under a short-wave UV lamp and by heating
plates dipped in Ce(SO4)2 or ninhydrin reagent 2% ethanol
solution. Flash column chromatography (FCC) was performed
using ash silica gel (230–400) with solvent polarity correlated to
TLC mobility. Optical rotations were measured at 598 nm on
a Jasco DIP-370 digital polarimeter using a 100 mm cell. NMR
experiments were conducted on aVarian-Gemini 200MHz, Varian
Unity 300 MHz and, Bruker-Avance 300 MHz instruments, using
CDCl3 (99.9% D) as the solvent. Chemical shis (d) were refer-
enced to internal standards CDCl3 (7.26 ppm

1H, 77.0 ppm 13C) or
Me4Si as an internal reference (0.00 ppm). Chemical shis are
reported in parts per million (ppm). HPLC/MS were collected
using a Waters 1525 chromatograph coupled with a Bruker
Esquire 600 ESI-IT using a ZORBAX Eclipse Plus C18 3.5 mm2.1×
100 mm (Agilent), the mobile phase ow-rate was 0.2 mL min−1

and the detection range was 200–600 nm. Elution solvents were A
(water/formic acid 99.9/0.1, v/v) and B (methanol) and the elution
program was from 40 to 100% of B during 15 min followed by
isocratic elution with 100% of B during 7 min.
General procedure for peptide bond formation

Synthesis of peptide Boc-Pro-Phe-OH 6. Flask A: a solution of
N-Boc-L-Pro 1 (1 g, 4.651 mmol), DCC (1.149 g, 5.581 mmol) and
HOBt (0.785 g, 5.581 mmol) in CH2Cl2 (30 mL) was stirred at
room temperature for 30 minutes. CH2Cl2 was then evaporated,
and the residue was dissolved in THF (50 mL). Flask B: to
a solution of zwitterion of L-phenylalanine 4 (3.069 g, 18.604
mmol) in THF (30 mL), 18.6 mL of 1 N NaOH(aq.) was added,
and the mixture was stirred for 5 minutes at room temperature.
The solution from ask B was added to ask A over 5 minutes
while stirring at room temperature. Aer 55 minutes, the reac-
tion mixture was ltered to eliminate DCU. The ltrate was
39972 | RSC Adv., 2024, 14, 39968–39976
placed in a separatory funnel and extracted with EtOAc (2 × 50
mL). The aqueous phase was adjusted to pH 3 and extracted
with EtOAc (3× 50 mL). The organic phases were combined and
washed with brine (3 × 50 mL), dried over anhydrous Na2SO4,
ltered and, concentrated under reduced pressure. The crude
product contains peptide 6 (85% yield) and HOBt. This proce-
dure was also followed to obtain peptides 9–13.

Synthesis of peptide Boc-Pro-Phe-Gly-OH 14. Flask A: a solu-
tion containing peptide Boc-Pro-Phe-OH 6 (1.431 g, 3.953
mmol) and HOBt in CH2Cl2 (30 mL) was stirred, and DCC
(0.977 g, 4.743 mmol) was added under constant stirring at
room temperature for 30 minutes. CH2Cl2 was then evaporated,
and the residue was dissolved in THF (50 mL). Flask B: to
a solution of zwitterion of glycine (1.185 g, 15.812 mmol) in THF
(30 mL), 15.8 mL of 1 N NaOH(aq.) was added, and the mixture
was stirred for 5 minutes at room temperature. The solution
from ask B was then added to ask A over a period of 5
minutes at room temperature. Aer 55 minutes, the mixture
was ltered to eliminate DCU. The ltrate was placed in a sep-
aratory funnel and extracted with EtOAc (2 × 50 mL). The
aqueous phase was adjusted to pH 3 and subsequently extracted
with EtOAc (3× 50 mL). The organic phases were combined and
washed with brine (3 × 50 mL), dried over anhydrous Na2SO4,
and concentrated under reduced pressure. The crude product
contains the Boc-Pro-Phe-Gly-OH 14 and HOBt. The yield was
determined by 1H NMR (45% two steps).

Synthesis of peptide Boc-Pro-Phe-Gly-Pro-OH 15. Flask A:
a solution contained themixture of peptide Boc-Pro-Phe-Gly-OH
14 (0.744 g, 1.775 mmol) and HOBt in CH2Cl2 (30 mL) was
stirred, and DCC (0.437 g, 2.124 mmol) was added under
constant stirring at room temperature. Aer 30minutes, CH2Cl2
was evaporated under vacuum, and the residue was dissolved in
THF (50 mL). Flask B: to a solution of zwitterion of proline
(0.816 g, 7.100 mmol) in THF (15 mL), 7.1 mL of 1 N NaOH(aq.)
was added, and the mixture was stirred for 5 minutes at room
temperature. The solution from ask B was added to ask A.
The reaction was le for 55 minutes under constant stirring.
DCU was then eliminated by ltration of the reaction mixture.
The ltrate was placed in a separatory funnel and extracted with
EtOAc (2 × 50 mL). The aqueous phase was adjusted to pH 3
and subsequently extracted with EtOAc (3 × 50 mL). The
organic phases were combined and washed with brine (3 × 50
mL), dried over anhydrous Na2SO4, and concentrated under
reduced pressure. The crude product contains the Boc-Pro-Phe-
Gly-Pro-OH 15 and HOBt. The yield was determined by 1H NMR
(38% three steps).
Preparation of diazomethane

N-Nitroso-N-methylurea (250 mg) was added to ethyl ether (20
mL), and suspended over a 50% aqueous solution of KOH (6
mL) at 0 °C. The reaction mixture was stirred for 20 minutes,
then transferred to a separatory funnel where the phases were
separated. The ether phase was dried over KOH pellets.

Synthesis of methylated derivatives of 7 and 8. Themixture of
BOC-Pro-Phe-OH 6 (1.431 g, 3.953mmol) andHOBt was dissolved
in 50 mL of Et2O–CH2Cl2 (1 : 1), and the ethereal solution of
© 2024 The Author(s). Published by the Royal Society of Chemistry
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diazomethane was added at 0 °C. The reaction mixture was stir-
red for 15 minutes and then le at room temperature for 20
hours. The solvents were eliminated under reduced pressure, and
the crude reaction mixture crude was separated by column
chromatography. The dipeptide 8 was obtained from the elution
mixture of EtOAc–hexane (20 : 80). The product was recrystallised
from an Et2O–hexane mixture, yielding a white product (99%
yield) with a melting point of 67–69 °C.
Synthesis of Sansalvamide A 24

General procedure for peptide coupling
Synthesis of 18. Flask A: a solution of a-hydroxy acid 16 (1 g,

7.575 mmol), DCC (1.872 g, 9.090 mmol) and, HOBt (1.227 g,
9.090 mmol) in CH2Cl2 (30 mL) was stirred at room temperature
for 30 minutes. CH2Cl2 was evaporated under reduced pressure,
and the residue was dissolved in THF (50 mL). Flask B: to
a solution of zwitterion of L-valine 17 (3.545 g, 30.300 mmol) in
THF (60 mL), 30 mL of 1 N NaOH was added, and the mixture
was stirred for 5 minutes at room temperature. The solution
from ask B was added to ask A over 5 minutes at room
temperature. Aer 55 minutes, the reaction mixture was
ltered, and the ltrate was placed in a separatory funnel to be
extracted with EtOAc (2 × 50 mL). The aqueous phase was
adjusted to pH 3 and subsequently extracted with EtOAc (3 × 50
mL). The organic phases were combined and washed with brine
(3 × 50 mL), dried over anhydrous Na2SO4, and concentrated
under reduced pressure. The crude product contains peptide 18
and HOBt. The yield (90%) was quantied by 1H NMR of the
crude reaction mixture, and the mixture was used without
purication in the next step.

Synthesis of 20. Following the general procedure, the reaction
was carried out with zwitterion of L-leucine 19 (3.572 g, 27.268
mmol) and DCC (1.685 g, 8.180 mmol). Yield (85%) was deter-
mined by 1H NMR of the crude reaction mixture, and the
mixture was used without purication in the next step.

Synthesis of 21. Following the general procedure, the reaction
was carried out with zwitterion of L-phenylalanine 5 (3.824 g,
23.176 mmol) and DCC (1.432 g, 6.952 mmol). Yield (80%) was
quantied by 1H NMR of the crude reaction mixture, and
peptide 21 was used in the next step without purication.

Synthesis of 22. Following the general procedure, the reaction
was carried out with zwitterion of L-leucine 19 (2.428 g, 18.540
mmol) and DCC (1.145 g, 5.562 mmol). Peptide 22 (77%) and
HOBt as a white solid were obtained. Peptide 22 was quantied
by 1H NMR from the crude reaction mixture and used in the
next step without purication.

Synthesis of depsipeptide 24 via a macrolactonization reaction.
A solution of DCC (881 mg, 4.281 mmol) and hydrotalcite (200
mg) in ethanol-free chloroform (100 mL) was brought to reux. A
solution of peptide 22 and HOBt in 20 mL of THF was infused via
a syringe pump over 18 h, the reaction mixture was then ltered
and evaporated. It was then diluted with EtOAc (75 mL), washed
with 10% citric acid solution (2 × 50 mL), 10% NaHCO3 solution
(2 × 50 mL), brine (2 × 50 mL), dried over Na2SO4 and concen-
trated under vacuum. The crude product was puried through
a silica gel column chromatography, rst eluting with hexane and
© 2024 The Author(s). Published by the Royal Society of Chemistry
then with 70% EtOAc–hexane. Finally, Sansalvamide A 23 was
obtained as white solid (1.553 g, 75%, m.p. 144–146 °C).
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29 A. Wróblewska, I. I. Bak-Sypien, P. Paluch, E. Wielgus,
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A. Cruz, D. Angeles-Beltrán, L. Lomas-Romero, G. E. Negrón-
Silva and J. Cárdenas, Efficient activity of magnesium–

aluminium hydrotalcite in the synthesis of amides, RSC
Adv., 2013, 3, 23046–23050.

86 J. A. Morales-Serna, E. Sánchez, R. Velázquez, J. Bernal,
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