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Advances in solid-phase peptide synthesis in
aqueous media (ASPPS)

Da’san M. M. Jaradat, *a Othman Al Musaimi *b and Fernando Albericio *c,d,e

Peptides have been gaining ground in the pharmaceutical arena, with a total of 22 approvals over the last

six years. These molecules are also present in antibody–drug conjugate constructs as linkers or payloads,

or both. Solid-phase peptide synthesis (SPPS) is the method of choice for peptide synthesis. The introduc-

tion of an automatic synthesizer facilitated this methodology and helped in reducing the amounts of the

required solvents. However, there are still concerns regarding the amounts, as well as the safety profiles,

of the solvents involved in SPPS. Here, we discuss the work addressing the use of water as the greenest

alternative to the common non-green solvents employed in various steps of the SPPS methodology.

Various technologies were introduced which enabled the synthesis of di- and up to decapeptides in

aqueous media with satisfactory yields and purities.

1. Introduction

Peptides and proteins play key molecular roles in sustaining
life.1,2 They are the final products of the central dogma of
molecular genetics, which involves DNA transcription and
mRNA translation to afford proteins3 that can be modified
during or after the translation process, namely co- or post-
translational modifications, respectively.4 Proteins and pep-
tides are present in all living organisms and play major roles
in many biological processes, including protection by acting as
antibodies within the immune system, communication
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between cells, and the transport of a wide spectrum of sub-
stances through membranes. Therefore, countless studies have
been carried out to gain insights into the mechanisms and
principles underlying the structural and functional character-
istics of biologically active proteins and peptides, which can
ultimately be utilized for applications in the medicinal and
pharmaceutical industries.5,6 Such scientific studies require
the availability of pure peptides and proteins in reasonable
amounts with purity. In this regard, significant research
efforts have pursued such access. Generally, these molecules
can be achieved by isolating them from natural sources and by
using the recombinant techniques employed in biochemical
protein expression and chemical synthesis, including chemical
peptide synthesis and ligation, or a combination of all or some
of these approaches.7 Beyond human peptides, medicinal
chemistry has also played a key role in delivering peptides with
diverse structures and applications.8 Interestingly, therapeutic
peptides are considered a complement and, in several circum-
stances, more favorable alternatives to small molecules and
biologics, where they provide a tolerable safety profile and can
be used to address unmet medical challenges.9 More than 120
peptides have reached the market for the treatment of a wide
spectrum of diseases, including diabetes, cancer, and HIV,
among others.10 Of note, 22 peptides have been approved by
the FDA over the last six years, either as peptide-based drugs
or as payloads and/or linkers in antibody–drug conjugates
(ADCs).11

Given the above developments, there is now a strong
demand for peptides for both research and production pur-
poses. Thus, in 2018, peptides accounted for USD 25 billion in
the global therapeutic market and they are expected to reach
an estimated value of USD 27 billion by 2027.12,13 The main
focus of the industrial era was to cover the needs of the popu-

lation. In contrast, the focus of current times is moving
towards achieving sustainability, taking into account the 12
principles of Green Chemistry.14 The main goals of Green
Chemistry are to protect humans and the environment and to
comply with the legislation set out by regulatory agencies.15

Furthermore, if the circular economy (CE) is followed, Green
Chemistry will be considered a truly significant improvement
with respect to the cost of the overall manufacturing process
(Fig. 1).16,17

Solid-phase peptide synthesis (SPPS)18 is the most attractive
method for preparing peptides. The 9-fluorenylmethoxycarbo-
nyl solid-phase peptide synthesis (Fmoc-SPPS) approach19 is
currently the most commonly used method for this purpose.
Fmoc-SPPS is of friendlier nature in comparison with tert-
butoxycarbonyl (Boc)-SPPS, which requires much harsher
acidic treatments for the final global deprotection. For the
recent advances in the SPPS field, consult the excellent review
of Behrendt et al.20

Solvents are considered the major components across all
synthetic fields, but are more important in SPPS.21 In SPPS,
the intermediates are not isolated and the only purification
carried out through the elongation of the peptide chain is
done by extensive washing. In general, the solvents widely
used in SPPS are environmentally unfriendly.22–27 It involves
the use of N,N-dimethyl formamide (DMF) and/or N-methyl
pyrrolidone (NMP) as the main solvents for coupling and de-
protection steps. A trending study performed by Ashcroft et al.
concluded that the use of NMP increased three-fold between
1997 and 2002, while the use of DMF and DCM remained the
same.28

This excessive use of solvents in SPPS makes a significant
contribution to industrial waste. In this context, sustainable
green alternatives are highly desirable.13,29 Therefore, many
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Fig. 1 The “24 principles” of green chemistry and the circular economy.
Reproduced from ref. 17 with permission from the TKS publisher, copy-
right 2021.
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research groups have directed their attention to switching to
eco-friendly alternatives.30–39 Fully switching to water – the bio-
chemical solvent for the biosynthesis of biomolecules, includ-
ing peptides and proteins – is one of the most fascinating and
promising unsolved challenges in SPPS.40,41 Thus, the ultimate
goal in Green SPPS is the so-called Aqueous SPPS (ASPPS) to
achieve sustainable peptide synthesis.42–48

This review addresses several encouraging and important
aspects of ASPPS, starting with the early efforts made by
Kawasaki and co-workers49 and ending with recent advances
in this field. In the following sections, the key features of
ASPPS will be described, including resins, coupling reagents,
building blocks, and protecting groups, as well as other
aspects.

2. Resins used in ASPPS

Solid-phase synthesis, including SPPS and solid-phase organic
synthesis (SPOS), requires solid support, which is bound perma-
nently to a linker, which in turn facilitates permanent anchor-
ing of a target peptide to it. 1–2% divinylbenzene – cross-linked
polystyrene is one of the most common resins used in SPPS.50,51

Others include the following: polyethylene glycol (PEG), such as
ChemMatrix;52 polyethylene glycol-polystyrene graft solid sup-
ports, such as PEG-PS, Champion support and TentaGel;53–55

polyamide solid supports;56 beaded polyethylene glycol-acryl-
amide (PEGA) copolymers;57 and polyethylene-polystyrene
(PE-PS) films.58 For alternative polymeric solid supports, the
reader is encouraged to refer to the following review.59

ASPPS requires solid support that is compatible with water
and efficiently swollen in it. The common divinylbenzene –

cross-linked polystyrene polymeric solid support is not suitable
for this synthetic approach because it has poor swelling
capacity in water. Fortunately, several water-compatible solid
supports are available.

ChemMatrix52 belongs to the family of polyethene cross-
linked with PEG supports. It contains only PEG units with no
polyacrylamide or polystyrene backbones. The amphiphilic
nature of this solid support makes it an excellent resin for
ASPPS since it swells extensively in a wide range of solvents,
including water, tetrahydrofuran (THF), methanol, dichloro-
methane (DCM), and DMF.

Another family of excellent water-compatible supports is
PEGA.57 Unlike ChemMatrix, PEGA has a polyacrylamide back-
bone copolymerized with PEG units. PEGA solid support beads
have similar swelling properties to ChemMatrix beads.

Alternative polymeric solid supports for ASPPS are PEG
grafted on cross-linked polystyrene (PEG-PS)53,60 and
TentaGel.55,61 PEG-PS is prepared by adding PEG to amino-
methyl-PS resins, while TentalGel is made up of a composite
of polyethylene glycol and low cross-linked hydroxyethyl-
polystyrene, which can be terminally functionalized.

Different types of linkers can be attached to these solid sup-
ports. Linkers can be categorized into different types based on
peptide cleavage conditions (nucleophilic displacement, basic,

acidic, photolytic, etc.). Examples in the literature include the
use of ChemMatrix, TentaGel of the PEG-PS graft with Rink
amide, hydroxymethyl-3-methoxyphenoxy-butyric acid (HMPB)
and hydroxymethyl-benzoic acid (HMBA) linkers.62–65 In general,
there is no difference between the linkers used for ASPPS and
those used for conventional SPPS involving DMF or NMP as sol-
vents. Therefore, upon the completion of chain elongation, the
peptides are cleaved from the resin using common cleavage
cocktails used in conventional Fmoc- and Boc-SPPS.

3. Coupling reagents used in ASPPS
for stepwise peptide chain elongation

A wide range of coupling reagents are available for their use in
peptide synthesis. The conditions employed during a coupling
reaction (peptide bond formation) determine the rate of acyla-
tion and the extent of side reactions such as racemization.1

Conventional coupling reagents include carbodiimides66–68

in conjunction with substituted phenols or substituted
hydroxylamines, forming active esters,69–73 phosphonium
salts,74–79 uronium salts,80,81 and aminium/guanidinium
salts,82–88 all of which also render active esters.

To carry out ASPPS, the coupling reagent should be soluble or
at least compatible with water. To date, a few efficient coupling
reagents have been available for ASPPS, including N-ethyl-N’-(3-
dimethylaminopropyl)carbodiimidehydrochloride66 (EDC·HCl),
also known as water-soluble carbodiimide (WSCD) (Fig. 2A). For
efficient coupling rates, the EDC·HCl coupling reaction should
be carried out under basic conditions in the presence of addi-
tives, including N-hydroxy-5-norbornene-2,3-dicarboximide89

(HONB), ethyl-2-cyano-2-(hydroxyimino)acetate79 (OxymaPure),
3-sulfo-N-hydroxysuccinimide64 (sulfo-HOSu), (Fig. 2B) and
among others. Moreover, the following stand-alone coupling
reagents have also been used: 4-(4,6-dimethoxy-1,3,5-triazin-2-yl)-
4-methylmorpholinium chloride90 (DMT-MM); the aminium salt
2-(5-norbornene-2,3-dicarboximido)-1,1,3,3-tetramethyluronium
tetrafluoroborate91 (TNTU); and (1-cyano-2-ethoxy-2-oxoethyl-
idenaminooxy)dimethylamino-morpholino-carbenium hexa-
fluorophosphate46 (COMU) (Fig. 2A).

To date, WSCD (EDC·HCl) has been the coupling reagent of
choice for the synthesis of numerous peptides reported in the
literature using ASPPS.46,62,63,91–99 However, as mentioned
earlier, additives should be employed in order to improve the
coupling efficiency of WSCD.

Cortes-Clerget et al. showed that some well-established
coupling reagents used in peptide synthesis such as 1-((di-
methylamino)(dimethyliminio)methyl)-1H-[1,2,3]triazolo[4,5-b]
pyridine 3-oxide hexafluorophosphate (HATU) and benzotria-
zol-1-yloxytri(pyrrolidino) phosphonium hexafluorophosphate
(PyBOP) proved to be less efficient than COMU. However,
COMU paired with 2,6-lutidine led to highly efficient couplings
furnishing amides in high yields. 2,6-Lutidine, as a base, elim-
inates concerns about epimerization and decreases side reac-
tions since it allows the use of mild conditions (pH 6–7). This
coupling reagent enabled them to produce nonpolar peptides
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in excellent yields in the course of ASPPS using a nano-
micelles strategy.40,100 Recently, N,N,N′,N′-tetramethyl-
chloroformamidinium hexafluorophosphate (TCFH) paired
with collidine has been proven to be a more efficient coupling
agent than COMU for SPPS when aqueous 20% PolarClean was
used as a solvent and TentaGel S as a resin.41

DMT-MM and TNTU were examined for their ability as
coupling reagents for peptide synthesis in aqueous media. In a
comparison study with WSCD, TNTU was ineffective as a coup-
ling reagent when the reaction was attempted in water even
when HONB was employed as an additive, resulting in poor
coupling due to its degradation in water. On the other hand,
DMT-MM proved to be a satisfactory coupling reagent in
aqueous 50% EtOH. However, like TNTU, DMT-MM did not
work well when the reaction was attempted in water alone.91

4. Protecting groups used in ASPPS
4.1 New Nα-amino protecting groups to be used specifically
in ASPPS

Many research groups have synthesized short peptides using
solvents that are greener alternatives to those commonly used
in Fmoc-SPPS.27,31,33,36,39,41,48,101–103 However, current Fmoc-
protected amino acids show low to poor solubility in these
greener solvents, thus limiting their use of these solvents.104

Therefore, there is a need for greener solvents for current
Fmoc-protected amino acids. In this regard, water heads the
list of green solvents. Here, we discuss just the currently avail-
able Nα-amino protected amino acids that are described to be
compatible with water.

In a pioneering study in this field, Kawasaki and co-workers
introduced several Nα-amino protecting groups that could
facilitate and improve the solubility of amino acids in water.

They prepared Nα-protected amino acids with 2-[phenyl
(methyl)sulfonio]ethyloxycarbonyl tetrafluoroborate
(Pms),92,93,95 N-ethanesulfonylethoxycarbonyl (Esc) amino
acids,94 and 2-(4-sulfophenylsulfonyl)ethoxycarbonyl (Sps)
amino acids.105 Fig. 3 shows the chemical structures of these
Nα-amino protecting groups (Fig. 3A) and the approach used
for their removal under basic conditions through a
β-elimination is similar to that for Fmoc removal (Fig. 3B).

With these Nα-amino protecting groups, Kawasaki and co-
workers were able to prepare only short peptides, such as Met-
enkephalin and Leu-enkephalin. However, Tyr was incorpor-
ated without side-chain protection.106 These authors prepared
short peptides using a PEG-PS resin. The coupling reaction
was performed using WSCD, DMT-MM, or TNTU as a coupling
agent, 4-methylmorpholine (NMM) or N,N-diisopropyl-
ethylamine (DIEA) as a base, and HONB or sulfo-HOSu as an
additive.63,64,91,96,107

For amino acids protected with Pms, coupling was achieved
using WSCD in combination with HNOB. The addition of
DIEA was considered in the case of amino acids protected with
Esc and Sps.94,105,106 In all cases, water was considered as the
washing solvent, in addition to an aqueous 0.2% Triton X solu-
tion, which was used to enhance the swelling of the resin, as
well as the solubility of amino acids protected by the Sps and
Esc groups. The peptides were cleaved from the resin using
TFA, achieving overall yields of 61%, 32%, 71%, and 61% in
the case of Pms, Pms-ONp, Esc, and Sps, respectively.92–95,105

Although these groups were very well designed, they had
several drawbacks, mainly the lack of stability, as shown by
Pms, and insufficient removal with an aqueous solution, as in
the case of Esc.38

Recently, Kolmar and co-workers reported an interesting
and promising Nα-amino protecting group that can be
used efficiently in ASPPS.62 They introduced a water-soluble

Fig. 2 (A) Efficient coupling reagents for aqueous solid-phase peptide synthesis. (B) Common additives used in coupling reactions of aqueous
solid-phase peptide synthesis. ECD = N-ethyl-N’-(3-dimethylaminopropyl)carbodiimidehydrochloride; WSCD = water-soluble carbodiimide; COMU
= (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-carbenium hexafluorophosphate.
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2,7-disulfo-9-fluorenylmethoxycarbonyl (Smoc) Nα-amino pro-
tecting group, which is a derivative of the water-insoluble
Fmoc group. As shown in (Fig. 4A), 2,7-disulfo-9-fluorenyl-
methoxycarbonyl chloride (Smoc-Cl) was synthesized by react-
ing 9-fluorenylmethoxycarbonyl chloride (Fmoc-Cl) with
oleum (SO3/H2SO4), with an overall yield of about 75%. Next,
Nα-Smoc-protected amino acids were achieved by the reaction
between Nα-unprotected amino acids and Smoc-Cl (Fig. 4B).
This synthetic approach was successfully applied to all
common amino acids and also to a number of important
uncommon ones to obtain the desired Nα-Smoc protected
amino acids in yields exceeding 85% in most cases.

As Smoc is a derivative of the Fmoc group, it follows the
same base-mediated removal mechanism described for Fmoc.

The base-mediated removal of Smoc leads to the formation of
the desired free amino component and the formation of a 2,7-
disulfo-fulvene–base adduct as a result of the reaction between
2,7-disulfo-fulvene and the base used. Using these building
blocks, Kolmar and co-workers applied ASPPS to prepare
several short linear and cyclic peptides, such as acyl carrier
protein (ACP) 65–74 decapeptide (10 residues), oxytocin, and
vasopressin, in promising overall yields of up to ∼72%. The
authors91 used WSCD as a coupling reagent with different
additives but found that OxymaPure was the most efficient
additive, followed by HOPO. They used either the
HMPB-ChemMatrix resin or H-Rink amide-ChemMatrix resin.
All washing steps were performed with water and Smoc was
removed with aqueous 1 M NaOH when a Rink amide-

Fig. 3 (A) Nα-Amino protecting groups (Pms, Esc, and Sps) introduced by Kawasaki and co-workers. (B) Base-mediated removal of Nα-amino pro-
tecting groups. Pms = 2-[phenyl(methyl)sulfonio]ethyloxycarbonyl tetrafluoroborate; Esc = N-ethanesulfonylethoxycarbonyl; Sps = 2-(4-sulfophe-
nylsulfonyl)ethoxycarbonyl; aq. = aqueous.
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ChemMatrix resin was used and with 25% aqueous ethanol-
amine when the HMPB-ChemMatrix resin was used. 5–10%
aqueous piperazine was also used to remove the Smoc group
from both resins. Of note, NaOH should be avoided in ASPPS
if esters are applied as side-chain protecting groups or
linkers.62 It is interesting to highlight that these authors have
created a biotech company, Sulfotools GmbH, to develop its
chemistry for manufacturing purposes.

4.2 Use of conventional Nα-amino protecting groups (Fmoc,
Boc, Z, and N3) in ASPPS

A sustainable alternative to the conventional SPPS approach
requires the availability of water-compatible amino acid build-
ing blocks with Nα-amino protecting groups and side-chain
protecting groups that are relatively polar to facilitate solubility
in water.

Although commonly used Fmoc- and Boc-amino acids are
sparingly water-soluble, Hojo et al. described ASPPS using
water-dispersible Fmoc- and Boc-amino acid nanoparticles
obtained via their innovative technology.63–65,107 They prepared

these nanoparticles by pulverization using a ball mill equipped
with zirconium oxide beads in the presence of PEG as a dis-
persion agent. Fmoc-amino acid nanoparticles ranged from
250 to 500 nm while Boc-amino acid nanoparticles were
between 500 to 750 nm (Fig. 5).

Using this technology, Hojo et al. prepared short peptides
on the TentaGel resin, and the coupling was carried out using
WSCD, HONB, and DIEA. The washing step was performed
with water, and Fmoc was removed by treatment with 0.1 M
NaOH in 90% ethanol. Parallelly, two syntheses were per-
formed, one with nanodispersed Fmoc-amino acids and a
second one with the unprocessed ones. In this regard, a 67%
yield of the pentapeptide was achieved with the former, while
no peak was observed by HPLC while using the latter.
Furthermore, the technology was also investigated in Boc-SPPS
and an 89% yield of Leu-Enkephalin was achieved.107 In the
Boc mode, the coupling reaction was performed using
DMT-MM along with NMM. The Boc group was removed with
the aid of TFA and 4 M HCl in dioxane. As expected, these
results can be attributed to the less hydrophobicity of Boc vs.

Fig. 4 (A) Preparation of Smoc-Cl, 28. (B) Preparation of Smoc-protected amino acids 30, Smoc-AA.

Fig. 5 Water-based SPPS using water-dispersible Fmoc- and Boc-amino acid nanoparticles.
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Fmoc, hence better solubility and efficiency in aqueous set-
tings. These authors were also able to extend this technology
and synthesize more difficult longer peptides using a micro-
wave-assisted mode.98 However, in this case, and after testing
several coupling reagents, they found that a combination of
DMT-MM and NMM was the best choice.63,98 Furthermore, the
aqueous microwave-assisted paradigm renders lower epimeri-
zation in comparison to the common paradigm with organic
solvents. Provided that, in case of Cys(Acm), the epimerization
was as low as 0.50% vs. 10.5%108 and in the case of His(Trt);
3.3% vs. 13.8%.99 Although this technology is promising, these
authors reported the synthesis of only short peptides such as
Leu-enkephalin amide, and upscaling was also limited.

Cortes-Clerget et al. used the carbobenzoxy group (Z) as an
Nα-amino protecting group for the amino acids employed.40,100

They successfully prepared di- and tri-peptides in an aqueous
micellar medium. They used 2% (w/w) TPGS-750-M–H2O nano-
micelles, whose core is lipophilic and can therefore accommo-
date the peptide synthesis reaction, as shown in Fig. 6.

On the other hand, the surface of this micelle is polar, thus
enabling it to be solvated in water. This approach effectively
overcomes the insolubility challenge of protected amino acids
in water, hence it has been employed for synthesising deca-
peptide as well.40

Grøtli and co-workers reported the synthesis of Leu-enkeph-
alin using ASPPS on Tentagel and CM resins using Boc, Fmoc
and azido amino acids. After studying several coupling
reagents, WSCD in combination with HNOB was found to be
the best choice. Washing was performed with water and Boc
was removed with 1 M HCl. Subsequent neutralization was
achieved with 10% DIEA in water. Fmoc- or azido-rendered
lower yields than the Boc-amino acid paradigm. This obser-
vation can be attributed to the higher hydrophilic nature of
the Boc group in comparison with Fmoc or azido. Taking
advantage of the microwave, the authors attempted this ASPPS
with PS resins, obtaining low coupling efficiency, which was
attributed to the lack of the PS resin swelling in water.46

The superiority of microwave power was demonstrated by
the relatively poor purity obtained for the same peptide
using a normal heating protocol (hot plate) and the same
temperature that was selected in the microwave synthesis
(75 °C) was considered, in which, in case of normal heating,
a higher temperature was needed to achieve comparable
purity (83 °C).

The authors noticed the rapid formation of the active ester
in the presence of HNOB. Thus, a short reaction time and
short activation time (1 min) are recommended. HNOB
undergoes a Loosen rearrangement after the protected-
AA-ONB active ester is attacked by a nucleophile. A by-
product with a mass of the desired peptide + 135, which cor-
responded to a β-alanine derivative, was detected during Leu-
enkephalin synthesis in water using WSCD along with HNOB
as an additive.

Fig. 6 Peptide synthesis inside TPGS-750-M–H2O micelles. COMU = (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-
carbenium hexafluorophosphate; PG = protecting group.

Table 1 Recommended side-chain protecting groups for Fmoc- and
Smoc-SPPS

Amino acid Fmoc strategya Smoc strategya Protectionb

Asp (D) t-Bu t-Bu Mandatory
Glu (E) t-Bu t-Bu Mandatory
Trp (W) Boc Boc Optional
Ser (S) t-Bu t-Bu Optional
Thr (T) t-Bu t-Bu Optional
Tyr (Y) t-Bu t-Bu Optional
Cys (C) Trt, Acm Trt Mandatory
His (H) Trt Trt Optional
Lys (K) Boc Boc Mandatory
Arg (R) Mtr, Pmc, Pbf — Optional
Asn (N) Trt — Optional
Gln (Q) Trt — Optional

a t-Bu = tert-butyl; Boc = tert-butyloxycarbonyl; Trt = Trityl; Acm = aceta-
midomethyl; Mtr = 4-methoxy-2,3,6-trimethyl-benzenesulfonyl; Pmc =
2,2,5,7,8-pentamethylchroman-6-sulfonyl; Pbf = 2,2,4,6,7-pentamethyl-
dihydrobenzofuran-5-sulfonyl. b Side-chain protection is mandatory for
these amino acids.
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Recently, by applying SPPS, Pawlas and Rasmussen used a
binary mixture consisting of water–PolarClean (4 : 1) to prepare
Leu-enkephalin amides, achieving up to 86% purity and 85%
conversion.109

Interestingly, these values were obtained by considering as
low as 1.3 eq. of amino acids. They considered TentaGel S
resin, TCFH and 2,4,6-collidine as the model resin, coupling
reagent, and base, respectively. Moreover, they recycled the
waste with the aid of a mixed ion exchange resin. They were
able to reuse the recycled solvent in further syntheses, achiev-
ing purity and yields compared to those obtained from the
virgin solvent.

4.3 Side-chain protecting groups used in ASPPS

Among the common 20 α-amino acids, only 12 should be con-
sidered in terms of side-chain protection; His, Arg, Lys, Asp,
Glu, Trp, Cys, Ser, Thr, Tyr, Asn, and Gln. However, not all of
these 12 amino acids require a mandatory protecting group.
For instance, Trp, Asn, and Gln can be incorporated without
side-chain protection, and even Ser, Thr, and Tyr don’t require
protection in the so-called minimal protection scheme.110–112

To date, ASPPS approaches have used the conventional side-
chain protecting groups employed in Fmoc- and Boc-SPPS
strategies. Knauer et al.62 found that only the side chains of
four amino acids should be protected in the course of a water-
based Smoc-SPPS approach. Provided that Hojo and co-worker
have considered Pms-Tyr-OH and Esc-Tyr-OH with a free side
chain and successfully synthesised Met-Enkephalin and Leu-
Enkephalin, respectively.94,95

Indeed, Lys, Glu, Asp and Cys need side-chain protection
under aqueous conditions. However, such protection is rec-
ommended for other amino acids (His, Arg, Trp, Ser, Thr, Tyr,
Asn, and Gln) to overcome potential challenges associated
with unprotected side chains. Table 1 lists the recommended
side-chain protecting groups for Fmoc-SPPS, and Smoc-SPPS
and highlights the mandatory and optional protection possibi-
lities. As appreciated, Smoc employs side-chain protecting
groups similar to Fmoc-SPPS.

5. Examples of peptides synthesized
by following the ASPPS strategy

Table 2 summarizes various peptides synthesised by following
the ASPPS along with the resin used, washing solvent and the
cleavage protocol.

As it can be noticed from Table 2, ASPPS is able to deliver
various peptides from 2-mer to 10-mer in length. Provided that
some syntheses showed lower racemization than those carried
out in common organic solvents.99,108 Moreover, with the
minimal protection strategy, the amount of TFA could be
lowered as well leading to higher productivity and reducing
the unnecessary consumption of solvents and the generated
waste afterwards.94,95,112T

ab
le

2
(C
o
n
td
.)

E
n
tr
y

Pe
pt
id
e
se
qu

en
ce

Pe
pt
id
e

si
ze

Sy
n
th
es
is

st
ra
te
gy

R
es
in

So
lv
en

t
W
as
h
in
g

C
le
av
ag

e
R
ef
.

20
Va

so
pr
es
si
n

9
Sm

oc
-S
PP

S
R
in
k
am

id
e-

C
h
em

M
at
ri
x

M
eC

N
:H

2
O

(3
0%

:7
0%

)
W
at
er

90
%

T
FA

62

21
O
xy
to
ci
n

9
Sm

oc
-S
PP

S
R
in
k
am

id
e-

C
h
em

M
at
ri
x

M
eC

N
:H

2
O

(3
0%

:7
0%

)
W
at
er

90
%

T
FA

62

22
H
-V
Q
A
A
ID

Y
IN

G
-N
H

2
((
AC

P)
65

–7
4)

10
Sm

oc
-S
PP

S
R
in
k
am

id
e-

C
h
em

M
at
ri
x

M
eC

N
:H

2
O

(5
0%

:5
0%

)
W
at
er

95
%

T
FA

62

23
Z-
(D
-F
)P
V
-O
rn
(B
oc
)L
(D
-F
)

PV
O
rn
(B
oc
)L
-O
M
e

10
N
an

o-
m
ic
el
le
s

T
PG

S-
75

0-
M

(S
ur
fa
ct
an

t)
T
H
F
:W

at
er

(1
0%

:9
0%

)
-1

M
H
C
l

—
40 an

d
10

0
-a
q.
N
a 2
C
O
3

24
H
-V
Q
A
A
ID

Y
IN

G
-N
H

2
((
AC

P)
65

–7
4)

10
Fm

oc
-S
PP

S
(u
si
n
g
w
at
er
-

di
sp

er
si
bl
e
n
an

op
ar
ti
cu

la
te

Fm
oc
-

am
in
o
ac
id
s)

R
in
k
am

id
e
Te

n
ta
G
el

re
si
n

W
at
er

-W
at
er

92
%

T
FA

98
-E
tO

H
:H

2
O
(5
0%

:5
0%

)

a
C
le
av
ag

e
co
ck
ta
il
is

co
m
po

se
d
of

0.
5
eq

.
of

C
u(
O
A
c)

2
,
10

eq
.
of

py
ri
di
n
e
an

d
5
eq

.
of

H
2
O
.
C
LE

A
R
=
C
ro
ss
li
n
ke
d
et
h
ox
yl
at
e
ac
ry
la
te

re
si
n
;
M
eC

N
=
A
ce
to
n
it
ri
le
;
i-P

rO
H

=
Is
op

ro
py

la
lc
oh

ol
,

D
-A

=
D
-A
la
n
in
e;

Sm
oc

=
2,
7-
di
su

lf
o-
9-
fl
uo

re
n
yl
m
et
h
ox
yc
ar
bo

n
yl
;
E
sc

=
N
-e
th
an

es
ul
fo
n
yl
et
h
ox
yc
ar
bo

n
yl
;
H
ZB

-N
ov
aG

el
=
H
yd

ra
zi
n
ob

en
zo
yl

N
ov
aG

el
;
PE

G
=
Po

ly
(e
th
yl
en

e
gl
yc
ol
);
Pm

s
=
2-

[p
h
en

yl
(m

et
h
yl
)s
ul
fo
n
io
]e
th
yl
ox
yc
ar
bo

n
yl

te
tr
af
lu
or
ob

or
at
e;

Sp
s
=
2-
(4
-s
ul
fo
ph

en
yl
su

lf
on

yl
)e
th
ox
yc
ar
bo

n
yl
;
O
rn
(B
oc
)
=
B
oc
-p
ro
te
ct
ed

O
rn
it
h
in
e
am

in
o
ac
id
;
H
FI
P
=
H
ex
af
lu
or
oi
so
pr
op

an
ol
,

T
FA

=
Tr
if
lu
or
oa

ce
ti
c
ac
id
.

Critical Review Green Chemistry

6368 | Green Chem., 2022, 24, 6360–6372 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

go
st

i 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
8/

12
/2

02
5 

21
:5

2:
11

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02319a


6. Conclusion and outlook

In the context of making SPPS greener, various groups have
investigated the use of water as the principal solvent in the so-
called ASPPS. As a starting point, reagents and strategies
already available in the conventional SPPS toolbox have been
used with some adaption to the presence of water. Thus, from
the resin perspective, PEG-based resins such as ChemMatrix,
PEG-PS, TentaGel, and PEGA emerge as the most promising
options. However, the recently described Li-resin,113 which is a
fiber-based polyacrylamide resin with excellent swelling
capacity in water, could provide an optimal alternative to PEG-
based resins. All the above-mentioned resins are microporous
and show good swelling in solvents used in SPPS. However, it
would be interesting to address the use of solid supports that
do not swell in any solvent. Regarding the coupling cocktail
for ASPPS, while EDC·HCl emerges as the reagent of choice,
the search for a more water-friendly additive is recommend-
able. While Sulfo-HOSu is water-compatible, HOSu derivatives
are known to show poor reactivity compared with other addi-
tives.114 Thus, the use of glyceroacetonide-Oxyma, which is the
water-compatible version of OxymaPure, deserves further
attention. To date, up to decapeptides have been synthesized
using this reagent and Z-, Boc-, Fmoc-, and Ac-amino acids.115

Furthermore, the development of some stand-alone water-com-
patible coupling reagents should be pursued. In this regard, a
major transformation of the full protection scheme should be
attempted. The pioneering work of Kawasaki and co-workers,
followed by Hojo, and finally by Kolmar should materialize in
the development of water-compatible side-chain protecting
groups. Of course, the protection of the α-amino protecting
group should be further evaluated and an acid-labile group
may be relevant. This strategy would imply the development of
side-chain protecting groups and linkers that are labile
through another chemical mechanism. It is important to have
in consideration that some research groups have proved the
applicability of the so-called “minimal protection approach” in
ASPPS as well.94,95 It is also important to highlight that the
implementation of techniques and strategies from nano-
technology should continue.

In conclusion, although progress has been made in ASPPS,
there is still considerable scope for both the optimization of
current methodologies and the development of new
approaches.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

The work in the author’s laboratory is partially funded by the
National Research Foundation (Blue Skies) (South Africa) and
Al-Balqa Applied University, Jordan.

References

1 D. M. M. Jaradat, Amino Acids, 2018, 50, 39–68, DOI:
10.1007/s00726-017-2516-0.

2 D. M. M. Jaradat, N. Al-Karablieh, B. H. M. Zaarer, W. Li,
K. K. Y. Saleh, A. J. Rasras, S. Abu-Romman,
N. M. O’Brien-Simpson and J. D. Wade, Biol. Chem., 2021,
402, 513–524, DOI: 10.1515/hsz-2020-0351.

3 M. Cobb, PLoS Biol., 2017, 15, 1–8, DOI: 10.1371/journal.
pbio.2003243.

4 T. Shandala, E. J. Parkinson-Lawrence and D. A. Brooks,
Encycl. Life Sci., 2011, 1–9, DOI: 10.1002/9780470015902.
a0005716.pub2.

5 D. M. M. Jaradat, Methods Mol. Biol., 2022, 2371, 19–29,
DOI: 10.1007/978-1-0716-1689-5_2.

6 D. M. M. Jaradat, K. K. Y. Saleh, B. H. M. Za’arir, T. Arafat,
K. H. Alzoubi, S. A. Al-Taweel, E. Mallah, M. A. Haddad
and B. A. K. Haimur, Int. J. Pept. Res. Ther., 2019, 25,
1095–1102, DOI: 10.1007/s10989-018-9757-y.

7 T. Kimmerlin and D. Seebach, J. Pept. Res., 2005, 65, 229–
260, DOI: 10.1111/j.1399-3011.2005.00214.x.

8 J. L. Lau and M. K. Dunn, Bioorg. Med. Chem., 2018, 26,
2700–2707, DOI: 10.1016/j.bmc.2017.06.052.

9 A. Henninot, J. C. Collins and J. M. Nuss, J. Med. Chem.,
2018, 61, 1382–1414, DOI: 10.1021/acs.
jmedchem.7b00318.

10 M. Muttenthaler, G. F. King, D. J. Adams and
P. F. Alewood, Nat. Rev. Drug Discovery, 2021, 20, 309–325,
DOI: 10.1038/s41573-020-00135-8.

11 D. Al Shaer, O. Al Musaimi, F. Albericio and B. G. de la
Torre, Pharmaceuticals, 2022, 15, 222, DOI: 10.3390/
ph15020222.

12 Peptide Therapeutics Market, Global Industry Analysis,
Size, Share, Growth, Trends and Forecast 2019–2027,
Transparency Market Research, 2019.

13 L. Ferrazzano, M. Catani, A. Cavazzini, G. Martelli,
D. Corbisiero, P. Cantelmi, T. Fantoni, A. Mattellone,
C. De Luca, S. Felletti, W. Cabri and A. Tolomelli, Green
Chem., 2022, 24, 975–1020, DOI: 10.1039/D1GC04387K.

14 P. Anastas and N. Eghbali, Chem. Soc. Rev., 2010, 39, 301–
312, DOI: 10.1039/b918763b.

15 J. Sherwood, H. L. Parker, K. Moonen, T. J. Farmera and
A. J. Hunt, Green Chem., 2016, 18, 3990–3996, DOI:
10.1039/c6gc00932h.

16 J. Garcia-Martinez, Angew. Chem., Int. Ed., 2021, 60, 4956–
4960, DOI: 10.1002/anie.202014779.

17 O. Al Musaimi, D. Al Shaer, B. G. De la Torre and
F. Albericio, Chim. Oggi, 2021, 39, 42–45 https://www.
teknoscienze.com/tks_article/green-circular-economy-
applied-to-peptide-synthesis/.

18 R. B. Merrifield, J. Am. Chem. Soc., 1963, 85, 2149–2154,
DOI: 10.1021/ja00897a025.

19 L. A. Carpino and G. Y. Han, J. Am. Chem. Soc., 1970, 92,
5748–5749, DOI: 10.1021/ja00722a043.

20 R. Behrendt, P. White and J. Offer, J. Pept. Sci., 2016, 22,
4–27, DOI: 10.1002/psc.2836.

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 6360–6372 | 6369

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

go
st

i 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
8/

12
/2

02
5 

21
:5

2:
11

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1007/s00726-017-2516-0
https://doi.org/10.1515/hsz-2020-0351
https://doi.org/10.1371/journal.pbio.2003243
https://doi.org/10.1371/journal.pbio.2003243
https://doi.org/10.1002/9780470015902.a0005716.pub2
https://doi.org/10.1002/9780470015902.a0005716.pub2
https://doi.org/10.1007/978-1-0716-1689-5_2
https://doi.org/10.1007/s10989-018-9757-y
https://doi.org/10.1111/j.1399-3011.2005.00214.x
https://doi.org/10.1016/j.bmc.2017.06.052
https://doi.org/10.1021/acs.jmedchem.7b00318
https://doi.org/10.1021/acs.jmedchem.7b00318
https://doi.org/10.1038/s41573-020-00135-8
https://doi.org/10.3390/ph15020222
https://doi.org/10.3390/ph15020222
https://doi.org/10.1039/D1GC04387K
https://doi.org/10.1039/b918763b
https://doi.org/10.1039/c6gc00932h
https://doi.org/10.1002/anie.202014779
https://www.teknoscienze.com/tks_article/green-circular-economy-applied-to-peptide-synthesis/
https://www.teknoscienze.com/tks_article/green-circular-economy-applied-to-peptide-synthesis/
https://www.teknoscienze.com/tks_article/green-circular-economy-applied-to-peptide-synthesis/
https://www.teknoscienze.com/tks_article/green-circular-economy-applied-to-peptide-synthesis/
https://doi.org/10.1021/ja00897a025
https://doi.org/10.1021/ja00722a043
https://doi.org/10.1002/psc.2836
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02319a


21 D. J. C. Constable, C. Jimenez-Gonzalez and
R. K. Henderson, Org. Process Res. Dev., 2007, 11, 133–137,
DOI: 10.1021/op060170h.

22 J. Hachmann and M. Lebl, J. Comb. Chem., 2006, 8, 149,
DOI: 10.1021/cc050123l.

23 R. Wohlgemuth, Curr. Opin. Biotechnol., 2010, 21, 713–
724, DOI: 10.1016/j.copbio.2010.09.016.

24 A. Přibylka, V. Krchňák and E. Schütznerová, Green Chem.,
2019, 21, 775–779, DOI: 10.1039/c8gc03778g.

25 M. Alhassan, O. Al Musaimi, J. M. Collins, F. Albericio
and B. G. de la Torre, Green Chem., 2020, 22, 2840–2845,
DOI: 10.1039/D0GC00834F.

26 A. Kumar, Y. E. Jad, J. M. Collins, F. Albericio and B. G. de
la Torre, ACS Sustainable Chem. Eng., 2018, 6, 8034–8039,
DOI: 10.1021/acssuschemeng.8b01531.

27 S. B. Lawrenson, R. Arav and M. North, Green Chem., 2017,
19, 1685–1691, DOI: 10.1039/c7gc00247e.

28 C. P. Ashcroft, P. J. Dunn, J. D. Hayler and A. S. Wells, Org.
Process Res. Dev., 2015, 19, 740–747, DOI: 10.1021/op500276u.

29 O. Al Musaimi, B. G. de la Torre and F. Albericio, Green
Chem., 2020, 22, 996–1018, DOI: 10.1039/c9gc03982a.

30 Y. E. Jad, T. Govender, H. G. Kruger, A. El-Faham, B. G. de
la Torre and F. Albericio, Org. Process Res. Dev., 2017, 21,
365–369, DOI: 10.1021/acs.oprd.6b00439.

31 J. Pawlas and J. H. Rasmussen, Green Chem., 2019, 21,
5990–5998, DOI: 10.1039/c9gc02775k.

32 A. Přibylka, M. Pastorek, M. Grepl and E. P. Schütznerová,
Tetrahedron, 2021, 99, 132452, DOI: 10.1016/j.
tet.2021.132452.

33 J. Pawlas, B. Antonic, M. Lundqvist, T. Svensson,
J. Finnman and J. H. Rasmussen, Green Chem., 2019, 21,
2594–2600, DOI: 10.1039/c9gc00898e.

34 L. Ferrazzano, D. Corbisiero, G. Martelli, A. Tolomelli,
A. Viola, A. Ricci and W. Cabri, ACS Sustainable Chem.
Eng., 2019, 7, 12867–12877, DOI: 10.1021/
acssuschemeng.9b01766.

35 Y. Ran, F. Byrne, I. D. V. Ingram and M. North, Chemistry,
2019, 25, 4951–4964, DOI: 10.1002/chem.201900228.

36 S. Lawrenson, M. North, F. Peigneguy and A. Routledge,
Green Chem., 2017, 19, 952–962, DOI: 10.1039/c6gc03147a.

37 O. Al Musaimi, Y. E. Jad, A. Kumar, J. M. Collins, A. Basso,
B. G. de la Torre and F. Albericio, Curr. Opin. Green
Sustainable Chem., 2018, 11, 99–103, DOI: 10.1016/j.
cogsc.2018.06.017.

38 Y. E. Jad, A. Kumar, A. El-Faham, B. G. de la Torre and
F. Albericio, ACS Sustainable Chem. Eng., 2019, 7, 3671–
3683, DOI: 10.1021/acssuschemeng.8b06520.

39 Y. E. Jad, G. A. Acosta, S. N. Khattab, B. G. de la Torre,
T. Govender, H. G. Kruger, A. El-Faham and F. Albericio,
Org. Biomol. Chem., 2015, 13, 2393–2398, DOI: 10.1039/
c4ob02046d.

40 M. Cortes-Clerget, J. Y. Berthon, I. Krolikiewicz-Renimel,
L. Chaisemartin and B. H. Lipshutz, Green Chem., 2017,
19, 4263–4267, DOI: 10.1039/c7gc01575e.

41 J. Pawlas and J. H. Rasmussen, ChemSusChem, 2021, 14,
3231–3236, DOI: 10.1002/cssc.202101028.

42 Y. E. Jad, G. A. Acosta, S. N. Khattab, B. G. de la Torre,
T. Govender, H. G. Kruger, A. El-Faham and F. Albericio,
Amino Acids, 2016, 48, 419–426, DOI: 10.1007/s00726-015-
2095-x.

43 G. A. Acosta, M. del Fresno, M. Paradis-Bas, M. Rigau-
DeLlobet, S. Côte, M. Royo and F. Albericio, J. Pept. Sci.,
2009, 15, 629–633, DOI: 10.1002/psc.1158.

44 A. Kumar, A. Niyi, K. P. Nandhini, J. M. Collins,
F. Albericio and B. G. de la Torre, Org. Process Res. Dev.,
2019, 1096–1100, DOI: 10.1021/acs.oprd.9b00073.

45 Y. E. Jad, G. A. Acosta, T. Govender, H. G. Kruger, A. El-
Faham, B. G. de la Torre and F. Albericio, ACS Sustainable
Chem. Eng., 2016, 4, 6809–6814, DOI: 10.1021/
acssuschemeng.6b01765.

46 A. S. Galanis, F. Albericio and M. Grøtli, Org. Lett., 2009,
11, 4488–4491, DOI: 10.1021/ol901893p.

47 A. Kumar, Y. E. Jad, A. El-Faham, B. G. de la Torre and
F. Albericio, Tetrahedron Lett., 2017, 58, 2986–2988, DOI:
10.1016/j.tetlet.2017.06.058.

48 J. Lopez, S. Pletscher, A. Aemissegger, C. Bucher and
F. Gallou, Org. Process Res. Dev., 2018, 22, 494–503, DOI:
10.1021/acs.oprd.7b00389.

49 K. Kawasaki, T. Tsuji, M. Maeda, T. Matsumoto and
K. Hirase, Chem. Pharm. Bull., 1987, 35, 1044–1048 https://
www.jstage.jst.go.jp/article/cpb1958/35/3/35_3_1044/_pdf.

50 A. R. Vaino and K. D. Janda, J. Comb. Chem., 2000, 2, 579–
596, DOI: 10.1021/cc000046o.

51 C. Blackburn, Pept. Sci., 1998, 47, 311–351.
52 F. García-Martín, M. Quintanar-Audelo, Y. García-Ramos,

L. J. Cruz, C. Gravel, R. Furic, S. Côté, J. Tulla-Puche and
F. Albericio, J. Comb. Chem., 2006, 8, 213–220, DOI:
10.1021/cc0600019.

53 S. Zalipsky, J. L. Chang, F. Albericio and G. Barany, React.
Polym., 1994, 22, 243–258, DOI: 10.1016/0923-1137(94)
90122-8.

54 J. H. Adams, R. M. Cook, D. Hudson, V. Jammalamadaka,
M. H. Lyttle and M. F. Songster, J. Org. Chem., 1998, 63,
3706–3716, DOI: 10.1021/jo9802269.

55 E. Bayer, Angew. Chem., Int. Ed. Engl., 1991, 30, 113–216,
DOI: 10.1002/anie.199101133.

56 E. Atherton, D. L. J. Clive and R. C. Sheppard, J. Am.
Chem. Soc., 1975, 97, 6584–6585.

57 M. Meldal, Tetrahedron Lett., 1992, 33, 3077–3080, DOI:
10.1016/S0040-4039(00)79604-3.

58 R. H. Berg, K. Almdal, W. B. Pedersen, A. Holm, J. P. Tam
and R. B. Merrifield, J. Am. Chem. Soc., 1989, 111, 8024–
8026, DOI: 10.1021/ja00202a059.

59 F. García-Martin and F. Albericio, Chim. Oggi, 2008, 26,
29–34.

60 S. A. Kates, B. F. McGuinness, C. Blackburn, G. W. Griffin,
N. A. Solé, G. Barany and F. Albericio, Biopolymers, 1998,
47, 365–380, DOI: 10.1002/(sici)1097-0282(1998)47:5<365::
Aid-bip4>3.0.Co;2-8.

61 R. Quarrell, T. D. W. Claridge, G. W. Weaver and G. Lowe,
Mol. Diversity, 1996, 1, 223–232, DOI: 10.1007/
BF01715526.

Critical Review Green Chemistry

6370 | Green Chem., 2022, 24, 6360–6372 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

go
st

i 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
8/

12
/2

02
5 

21
:5

2:
11

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/op060170h
https://doi.org/10.1021/cc050123l
https://doi.org/10.1016/j.copbio.2010.09.016
https://doi.org/10.1039/c8gc03778g
https://doi.org/10.1039/D0GC00834F
https://doi.org/10.1021/acssuschemeng.8b01531
https://doi.org/10.1039/c7gc00247e
https://doi.org/10.1021/op500276u
https://doi.org/10.1039/c9gc03982a
https://doi.org/10.1021/acs.oprd.6b00439
https://doi.org/10.1039/c9gc02775k
https://doi.org/10.1016/j.tet.2021.132452
https://doi.org/10.1016/j.tet.2021.132452
https://doi.org/10.1039/c9gc00898e
https://doi.org/10.1021/acssuschemeng.9b01766
https://doi.org/10.1021/acssuschemeng.9b01766
https://doi.org/10.1002/chem.201900228
https://doi.org/10.1039/c6gc03147a
https://doi.org/10.1016/j.cogsc.2018.06.017
https://doi.org/10.1016/j.cogsc.2018.06.017
https://doi.org/10.1021/acssuschemeng.8b06520
https://doi.org/10.1039/c4ob02046d
https://doi.org/10.1039/c4ob02046d
https://doi.org/10.1039/c7gc01575e
https://doi.org/10.1002/cssc.202101028
https://doi.org/10.1007/s00726-015-2095-x
https://doi.org/10.1007/s00726-015-2095-x
https://doi.org/10.1002/psc.1158
https://doi.org/10.1021/acs.oprd.9b00073
https://doi.org/10.1021/acssuschemeng.6b01765
https://doi.org/10.1021/acssuschemeng.6b01765
https://doi.org/10.1021/ol901893p
https://doi.org/10.1016/j.tetlet.2017.06.058
https://doi.org/10.1021/acs.oprd.7b00389
https://www.jstage.jst.go.jp/article/cpb1958/35/3/35_3_1044/_pdf
https://www.jstage.jst.go.jp/article/cpb1958/35/3/35_3_1044/_pdf
https://www.jstage.jst.go.jp/article/cpb1958/35/3/35_3_1044/_pdf
https://doi.org/10.1021/cc000046o
https://doi.org/10.1021/cc0600019
https://doi.org/10.1016/0923-1137(94)90122-8
https://doi.org/10.1016/0923-1137(94)90122-8
https://doi.org/10.1021/jo9802269
https://doi.org/10.1002/anie.199101133
https://doi.org/10.1016/S0040-4039(00)79604-3
https://doi.org/10.1021/ja00202a059
https://doi.org/10.1002/(sici)1097-0282(1998)47:5<365::Aid-bip4>3.0.Co;2-8
https://doi.org/10.1002/(sici)1097-0282(1998)47:5<365::Aid-bip4>3.0.Co;2-8
https://doi.org/10.1007/BF01715526
https://doi.org/10.1007/BF01715526
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02319a


62 S. Knauer, N. Koch, C. Uth, R. Meusinger, O. Avrutina and
H. Kolmar, Angew. Chem., Int. Ed., 2020, 59, 12984–12990,
DOI: 10.1002/anie.202003676.

63 K. Hojo, N. Shinozaki, Y. Nozawa, Y. Fukumori and
H. Ichikawa, Appl. Sci., 2013, 3, 614–623, DOI: 10.3390/
app3030614.

64 K. Hojo, S. Fujiwara, H. Inai, Y. Manabe and Y. Tsuda,
Int. J. Pept. Res. Ther., 2022, 28, 1–10, DOI: 10.1007/
s10989-021-10354-1.

65 K. Hojo, H. Ichikawa, M. Maeda, S. Kida, Y. Fukumori and
K. Kawasaki, J. Pept. Sci., 2007, 13, 493–497, DOI: 10.1002/
psc.874.

66 J. Sheehan, P. Cruickshank and G. Boshart, J. Org. Chem.,
1961, 26, 2525–2528, DOI: 10.1021/jo01351a600.

67 J. C. Sheehan and G. P. Hess, J. Am. Chem. Soc., 1955, 77,
1067–1068, DOI: 10.1021/ja01609a099.

68 N. L. Benoiton and F. M. F. Chen, J. Chem. Soc., Chem.
Commun., 1981, 543–545, DOI: 10.1039/C39810000543.

69 M. Bodanszky and V. Du Vigneaud, Nature, 1959, 183,
1324–1325, DOI: 10.1038/1831324b0.

70 W. Konig and R. Geiger, Chem. Ber., 1970, 103, 788–798
https://www.ncbi.nlm.nih.gov/pubmed/5436656.

71 J. Kovacs, L. Kisfaludy and M. Q. Ceprini, J. Am. Chem.
Soc., 1967, 89, 183–184, DOI: 10.1021/ja00977a059.

72 J. Kovacs, M. Q. Ceprini, C. A. Dupraz and G. N. Schmit,
J. Org. Chem., 1967, 32, 3696–3698, DOI: 10.1021/
jo01286a098.

73 G. W. Anderson, J. E. Zimmerman and F. M. Callahan,
J. Am. Chem. Soc., 1963, 85, 3039–3039, DOI: 10.1021/
ja00902a047.

74 F. Albericio, M. Cases, J. Alsina, S. A. Triolo, L. A. Carpino
and S. A. Kates, Tetrahedron Lett., 1997, 38, 4853–4856,
DOI: 10.1016/S0040-4039(97)01011-3.

75 G. Gawne, G. W. Kenner and R. C. Sheppard, J. Am. Chem.
Soc., 1969, 91, 5669–5671, DOI: 10.1021/ja01048a057.

76 B. Castro, J. R. Dormoy, G. Evin and C. Selve, Tetrahedron
Lett., 1975, 16, 1219–1222, DOI: 10.1016/S0040-4039(00)
72100-9.

77 J. Coste, E. Frerot and P. Jouin, J. Org. Chem., 1994, 59,
2437–2446.

78 J. Coste, D. Le-Nguyen and B. Castro, Tetrahedron Lett.,
1990, 31, 205–208, DOI: 10.1016/S0040-4039(00)94371-5.

79 R. Subirós-Funosas, A. El-Faham and F. Albericio, Org.
Biomol. Chem., 2010, 8, 3665–3673, DOI: 10.1039/
c003719b.

80 R. Knorr, A. Trzeciak, W. Bannwarth and D. Gillessen,
Tetrahedron Lett., 1989, 30, 1927–1930, DOI: 10.1016/
S0040-4039(00)99616-3.

81 A. El-Faham, R. Subirós Funosas, R. Prohens and
F. Albericio, Chemistry, 2009, 15, 9404–9416, DOI: 10.1002/
chem.200900615.

82 V. Dourtoglou, B. Gross, V. Lambropoulou and
C. Zioudrou, Synthesis, 1984, 572–574, DOI: 10.1055/
s-1984-30895.

83 V. Dourtoglou, J.-C. Ziegler and B. Gross, Tetrahedron Lett.,
1978, 15, 1269–1272, DOI: 10.1016/0040-4039(78)80103-8.

84 I. Abdelmoty, F. Albericio, L. A. Carpino, B. M. Foxman
and S. A. Kates, Lett. Pept. Sci., 1994, 1, 57–67, DOI:
10.1007/BF00126274.

85 L. A. Carpino, J. Am. Chem. Soc., 1993, 115, 4397–4398,
DOI: 10.1021/ja00063a082.

86 R. F. Poulain, A. L. Tartar and B. T. P. Déprez, Tetrahedron
Lett., 2001, 42, 1495–1498, DOI: 10.1016/S0040-4039(00)
02293-0.

87 O. Marder, Y. Shvo and F. Albericio, Chim. Oggi, 2002, 20,
37–41.

88 F. Albericio, J. M. Bofill, A. El-Faham and S. A. Kates,
J. Org. Chem., 1998, 63, 9678–9683, DOI: 10.1021/
jo980807y.

89 M. Fujino, S. Kobayashi, M. Obayashi, T. Fukuda,
S. Shinagawa and O. Nishimura, Chem. Pharm. Bull., 1974,
22, 1857–1863, DOI: 10.1248/cpb.22.1857.

90 M. Kunishima, C. Kawachi, J. Morita, K. Terao, F. Iwasaki
and S. Tani, Tetrahedron, 1999, 55, 13159–13170, DOI:
10.1016/S0040-4020(99)00809-1.

91 K. Hojo, M. Maeda, N. Tanakamaru, K. Mochida and
K. Kawasaki, Protein Pept. Lett., 2006, 13, 189–192, DOI:
10.2174/092986606775101607.

92 K. Hojo, M. Maeda and K. Kawasaki, J. Pept. Sci., 2001, 7,
615–618, DOI: 10.1002/psc.361.

93 K. Hojo, M. Maeda, Y. Takahara, S. Yamamoto and
K. Kawasaki, Tetrahedron Lett., 2003, 44, 2849–2851, DOI:
10.1016/s0040-4039(03)00470-2.

94 K. Hojo, M. Maeda, T. Smith, E. Kita, F. Yamaguchi,
S. Yamamoto and K. Kawasaki, Chem. Pharm. Bull., 2004,
52, 422–427, DOI: 10.1248/cpb.52.422.

95 K. Hojo, M. Maeda and K. Kawasaki, Tetrahedron, 2004,
60, 1875–1886, DOI: 10.1016/j.tet.2003.12.036.

96 K. Hojo, H. Ichikawa, M. Maeda, S. Kida, Y. Fukumori and
K. Kawasaki, J. Pept. Sci., 2007, 13, 493–497, DOI: 10.1002/
psc.874.

97 K. Hojo, A. Hara, H. Kitai, M. Onishi, H. Ichikawa,
Y. Fukumori and K. Kawasaki, Chem. Cent. J., 2011, 5, 49,
DOI: 10.1186/1752-153X-5-49.

98 K. Hojo, H. Ichikawa, A. Hara, M. Onishi, K. Kawasaki and
Y. Fukumori, Protein Pept. Lett., 2012, 19, 1231–1236, DOI:
10.2174/092986612803217114.

99 K. Hojo, N. Shinozaki, K. Hidaka, Y. Tsuda, Y. Fukumori,
H. Ichikawa and J. D. Wade, Amino Acids, 2014, 46, 2347–
2354, DOI: 10.1007/s00726-014-1779-y.

100 M. Cortes-Clerget, N. R. Lee and B. H. Lipshutz, Nat.
Protoc., 2019, 14, 1108–1129, DOI: 10.1038/s41596-019-
0130-1.

101 J. Pawlas, T. Nuijens, J. Persson, T. Svensson, M. Schmidt,
A. Toplak, M. Nilsson and J. H. Rasmussen, Green Chem.,
2019, 21, 6451–6467, DOI: 10.1039/c9gc03600h.

102 G. Martelli, P. Cantelmi, A. Tolomelli, D. Corbisiero,
A. Mattellone, A. Ricci, T. Fantoni, W. Cabri, F. Vacondio,
F. Ferlenghi, M. Mor and L. Ferrazzano, Green Chem.,
2021, 23, 4095–4106, DOI: 10.1039/d1gc00910a.

103 O. Al Musaimi, Y. E. Jad, A. Kumar, A. El-Faham,
J. M. Collins, A. Basso, B. G. de la Torre and F. Albericio,

Green Chemistry Critical Review

This journal is © The Royal Society of Chemistry 2022 Green Chem., 2022, 24, 6360–6372 | 6371

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

go
st

i 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
8/

12
/2

02
5 

21
:5

2:
11

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1002/anie.202003676
https://doi.org/10.3390/app3030614
https://doi.org/10.3390/app3030614
https://doi.org/10.1007/s10989-021-10354-1
https://doi.org/10.1007/s10989-021-10354-1
https://doi.org/10.1002/psc.874
https://doi.org/10.1002/psc.874
https://doi.org/10.1021/jo01351a600
https://doi.org/10.1021/ja01609a099
https://doi.org/10.1039/C39810000543
https://doi.org/10.1038/1831324b0
https://www.ncbi.nlm.nih.gov/pubmed/5436656
https://www.ncbi.nlm.nih.gov/pubmed/5436656
https://doi.org/10.1021/ja00977a059
https://doi.org/10.1021/jo01286a098
https://doi.org/10.1021/jo01286a098
https://doi.org/10.1021/ja00902a047
https://doi.org/10.1021/ja00902a047
https://doi.org/10.1016/S0040-4039(97)01011-3
https://doi.org/10.1021/ja01048a057
https://doi.org/10.1016/S0040-4039(00)72100-9
https://doi.org/10.1016/S0040-4039(00)72100-9
https://doi.org/10.1016/S0040-4039(00)94371-5
https://doi.org/10.1039/c003719b
https://doi.org/10.1039/c003719b
https://doi.org/10.1016/S0040-4039(00)99616-3
https://doi.org/10.1016/S0040-4039(00)99616-3
https://doi.org/10.1002/chem.200900615
https://doi.org/10.1002/chem.200900615
https://doi.org/10.1055/s-�1984-30895
https://doi.org/10.1055/s-�1984-30895
https://doi.org/10.1016/0040-4039(78)80103-8
https://doi.org/10.1007/BF00126274
https://doi.org/10.1021/ja00063a082
https://doi.org/10.1016/S0040-4039(00)02293-0
https://doi.org/10.1016/S0040-4039(00)02293-0
https://doi.org/10.1021/jo980807y
https://doi.org/10.1021/jo980807y
https://doi.org/10.1248/cpb.22.1857
https://doi.org/10.1016/S0040-4020(99)00809-1
https://doi.org/10.2174/092986606775101607
https://doi.org/10.1002/psc.361
https://doi.org/10.1016/s0040-4039(03)00470-2
https://doi.org/10.1248/cpb.52.422
https://doi.org/10.1016/j.tet.2003.12.036
https://doi.org/10.1002/psc.874
https://doi.org/10.1002/psc.874
https://doi.org/10.1186/1752-153X-�5-49
https://doi.org/10.2174/092986612803217114
https://doi.org/10.1007/s00726-014-1779-y
https://doi.org/10.1038/s41596-019-0130-1
https://doi.org/10.1038/s41596-019-0130-1
https://doi.org/10.1039/c9gc03600h
https://doi.org/10.1039/d1gc00910a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02319a


Org. Process Res. Dev., 2018, 22, 1809–1816, DOI: 10.1021/
acs.oprd.8b00335.

104 A. Přibylka, V. Krchňák and E. Schütznerová, J. Org.
Chem., 2020, 85, 8798–8811.

105 K. Hojo, M. Maeda and K. Kawasaki, Tetrahedron Lett.,
2004, 45, 9293–9295, DOI: 10.1016/j.tetlet.2004.10.095.

106 K. Hojo, M. Maeda and K. Kawasaki, Tetrahedron, 2004,
60, 1875–1886, DOI: 10.1016/j.tet.2003.12.036.

107 K. Hojo, A. Hara, H. Kitai, M. Onishi, H. Ichikawa,
Y. Fukumori and K. Kawasaki, Chem. Cent. J., 2011, 5, 1–
10, DOI: 10.1186/1752-153X-5-49.

108 K. Hojo, N. Shinozaki, A. Hara, M. Onishi, Y. Fukumori
and H. Ichikawa, Protein Pept. Lett., 2013, 20, 1122–1128,
DOI: 10.2174/0929866511320100006.

109 J. Pawlas and J. H. Rasmussen, ChemSusChem, 2021, 14,
3231–3236, DOI: 10.1002/cssc.202101028.

110 D. H. Coy and N. Branyas, Int. J. Pept. Protein Res., 1979,
14, 339–343, DOI: 10.1111/j.1399-3011.1979.tb01941.x.

111 A. Isidro-Llobet, M. Álvarez and F. Albericio, Chem. Rev.,
2009, 109, 2455–2504, DOI: 10.1021/cr800323s.

112 Y. Yang, L. Hansen and P. Ryberg, Org. Process Res. Dev.,
2022, 26, 1520–1530, DOI: 10.1021/acs.oprd.2c00083.

113 D. C. Akintayo, B. G. de la Torre, Y. Li and F. Albericio,
Polymers, 2022, 14, 928, DOI: 10.3390/polym14050928.

114 A. El-Faham and F. Albericio, Chem. Rev., 2011, 111, 6557–
6602, DOI: 10.1021/cr100048w.

115 Y. Wang, B. A. Aleiwi, Q. Wang and M. Kurosu, Org. Lett.,
2012, 14, 4910–4913, DOI: 10.1021/ol3022337.

Critical Review Green Chemistry

6372 | Green Chem., 2022, 24, 6360–6372 This journal is © The Royal Society of Chemistry 2022

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

6 
A

go
st

i 2
02

2.
 D

ow
nl

oa
de

d 
on

 0
8/

12
/2

02
5 

21
:5

2:
11

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

https://doi.org/10.1021/acs.oprd.8b00335
https://doi.org/10.1021/acs.oprd.8b00335
https://doi.org/10.1016/j.tetlet.2004.10.095
https://doi.org/10.1016/j.tet.2003.12.036
https://doi.org/10.1186/1752-153X-�5-49
https://doi.org/10.2174/0929866511320100006
https://doi.org/10.1002/cssc.202101028
https://doi.org/10.1111/j.1399-3011.1979.tb01941.x
https://doi.org/10.1021/cr800323s
https://doi.org/10.1021/acs.oprd.2c00083
https://doi.org/10.3390/polym14050928
https://doi.org/10.1021/cr100048w
https://doi.org/10.1021/ol3022337
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2gc02319a

	Button 1: 


