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

*® and Fernando Albericio (2 x¢d.€

Da'san M. M. Jaradat, {2 ** Othman Al Musaimi
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
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aqueous media with satisfactory yields and purities.

1. Introduction

Peptides and proteins play key molecular roles in sustaining
life."”* They are the final products of the central dogma of
molecular genetics, which involves DNA transcription and
mRNA translation to afford proteins® that can be modified
during or after the translation process, namely co- or post-
translational modifications, respectively.* 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.>® 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.” Beyond human peptides, medicinal
chemistry has also played a key role in delivering peptides with
diverse structures and applications.® 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.’ More than 120
peptides have reached the market for the treatment of a wide
spectrum of diseases, including diabetes, cancer, and HIV,
among others.’® 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)."!

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.">"* The main
focus of the industrial era was to cover the needs of the popu-
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lation. In contrast, the focus of current times is moving
towards achieving sustainability, taking into account the 12
principles of Green Chemistry."* The main goals of Green
Chemistry are to protect humans and the environment and to
comply with the legislation set out by regulatory agencies.'®
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).'%"

Solid-phase peptide synthesis (SPPS)'® is the most attractive
method for preparing peptides. The 9-fluorenylmethoxycarbo-
nyl solid-phase peptide synthesis (Fmoc-SPPS) approach'® 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.>°

Solvents are considered the major components across all
synthetic fields, but are more important in SPPS.>' 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.”>” 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.?®

This excessive use of solvents in SPPS makes a significant
contribution to industrial waste. In this context, sustainable
green alternatives are highly desirable.>*® 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.**° 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.***" Thus, the ultimate
goal in Green SPPS is the so-called Aqueous SPPS (ASPPS) to
achieve sustainable peptide synthesis.**™*®

This review addresses several encouraging and important
aspects of ASPPS, starting with the early efforts made by
Kawasaki and co-workers*® 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.>*>*
Others include the following: polyethylene glycol (PEG), such as
ChemMatrix;”* polyethylene glycol-polystyrene graft solid sup-
ports, such as PEG-PS, Champion support and TentaGel;**™°
polyamide solid supports;>® beaded polyethylene glycol-acryl-
amide (PEGA) copolymers;’” and polyethylene-polystyrene
(PE-PS) films.”® For alternative polymeric solid supports, the
reader is encouraged to refer to the following review.”®

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.

ChemMatrix>> 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.”” 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)°*®° and
TentaGel.*>®' 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,
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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.®>®° 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."

Conventional coupling reagents include carbodiimides®®°®
in conjunction with substituted phenols or substituted
forming active esters,’*”® phosphonium
salts,”*7° 8081 and aminium/guanidinium
salts, 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)carbodiimidehydrochloride®®  (EDC-HCI),
also known as water-soluble carbodiimide (WSCD) (Fig. 2A). For
efficient coupling rates, the EDC-HCI coupling reaction should
be carried out under basic conditions in the presence of addi-
tives, including N-hydroxy-5-norbornene-2,3-dicarboximide®
(HONB), ethyl-2-cyano-2-(hydroxyimino)acetate’”® (OxymaPure),
3-sulfo-N-hydroxysuccinimide® (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 chloride®® (DMT-MM); the aminium salt
2-(5-norbornene-2,3-dicarboximido)-1,1,3,3-tetramethyluronium
tetrafluoroborate®® (TNTU); and (1-cyano-2-ethoxy-2-oxoethyl-
idenaminooxy)dimethylamino-morpholino-carbenium hexa-
fluorophosphate®® (COMU) (Fig. 2A).

To date, WSCD (EDC-HCI) has been the coupling reagent of
choice for the synthesis of numerous peptides reported in the
literature using ASPPS.*®%>%391°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

hydroxylamines,

uronium salts,
82-88

This journal is © The Royal Society of Chemistry 2022
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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.

in excellent yields in the course of ASPPS using a nano-
micelles  strategy.’”'®®  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.*

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.”*

4. Protecting groups used in ASPPS

4.1 New N*-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.>731:33:36,:39:41,48,1017103 fygwever, current Fmoc-
protected amino acids show low to poor solubility in these
greener solvents, thus limiting their use of these solvents.'**
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 N*-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 N*-amino protecting groups that could
facilitate and improve the solubility of amino acids in water.

This journal is © The Royal Society of Chemistry 2022

They prepared N*-protected amino acids with 2-[phenyl
(methyl)sulfonio]ethyloxycarbonyl tetrafluoroborate
Pms),*>?*%  N-ethanesulfonylethoxycarbonyl (Esc
y Xy y
acids,”* and 2-(4-sulfophenylsulfonyl)ethoxycarbonyl
pheny yl)ethoxy y

105

amino
(Sps)

Fig. 3 shows the chemical structures of these
N%-amino protecting groups (Fig. 3A) and the approach used
for their under basic conditions through a
B-elimination is similar to that for Fmoc removal (Fig. 3B).

With these N*-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.'®® 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.’*'%>'% 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.”> 2>

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.*®

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

amino acids.

removal
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Fig. 3 (A) N*-Amino protecting groups (Pms, Esc, and Sps) introduced by

Kawasaki and co-workers. (B) Base-mediated removal of N*-amino pro-

tecting groups. Pms = 2-[phenyl(methyl)sulfoniolethyloxycarbonyl tetrafluoroborate; Esc = N-ethanesulfonylethoxycarbonyl; Sps = 2-(4-sulfophe-

nylsulfonyl)ethoxycarbonyl; ag. = aqueous.

2,7-disulfo-9-fluorenylmethoxycarbonyl (Smoc) N*-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/H,S0,), with an overall yield of about 75%. Next,
N*-Smoc-protected amino acids were achieved by the reaction
between N*-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 N*-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.

6364 | Green Chem., 2022, 24, 6360-6372

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
authors® used WSCD as a coupling reagent with different
additives but found that OxymaPure was the most efficient
additive, followed by HOPO. They wused 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-

This journal is © The Royal Society of Chemistry 2022
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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.®* 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 N*-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 N*-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.®> ®>'®” They prepared

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

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.'®” 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 HCI in dioxane. As expected, these
results can be attributed to the less hydrophobicity of Boc vs.

Grinding in ball mill, 2 h

Resin, coupling agent

Desired Peptide

Unprocessed

ASPPS
Water

7S /

Fmoc- or Boc-AA

water-dispersible

Microfilter U Y

Fmoc- or Boc-AA nanoparticles

Fig. 5 Water-based SPPS using water-dispersible Fmoc- and Boc-amino acid nanoparticles.

This journal is © The Royal Society of Chemistry 2022
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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.”® However, in this case, and after testing
several coupling reagents, they found that a combination of
DMT-MM and NMM was the best choice.®*°® 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%"°° and in the case of His(Trt);
3.3% vs. 13.8%.%° 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
N*-amino protecting group for the amino acids employed.*®*%
They successfully prepared di- and tri-peptides in an aqueous
micellar medium. They used 2% (w/w) TPGS-750-M-H,0O 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.*°

Gretli 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 HCIL. 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.*®

View Article Online
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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 p-alanine derivative, was detected during Leu-
enkephalin synthesis in water using WSCD along with HNOB
as an additive.

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

Amino acid Fmoc strategy® Smoc strategy” Protection”
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

?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. ” Side-chain protection is mandatory for
these amino acids.

carbobenzoxy
Z group

TPGS-750-M-H,0 Micelle

- H R
COMU, 2 6-Iutidine z’Nﬁ)J\N)\[(OPG
2% (wiw) TPGS-750-M-H,0 H

Fig. 6 Peptide synthesis inside TPGS-750-M—-H,O micelles. COMU = (1-cyano-2-ethoxy-2-oxoethylidenaminooxy)dimethylamino-morpholino-

carbenium hexafluorophosphate; PG = protecting group.

6366 | Green Chem., 2022, 24, 6360-6372

This journal is © The Royal Society of Chemistry 2022


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

View Article Online

Critical Review

Green Chemistry

00T
pue £00%N be- (%06 : %0T) (auer0RIING) SNO-Ad
o — [OH W T- I97BM P AHLL N-0S£-SDdL S3[[201W-OUBN 8 (g-ay1(20g)u10-Ad(4-9)-Z 61
(opndad
?\oon : e\oomw XIIJRNWAYD Sunenouad-[[20 auru
79 VAL %S6 REALTVY O%H : NDI -opIuIe yury Sdds-oows £ -18reexday]) “HN-SIIIINI-H 81
(sproe ourtwe
(%05 : %0S) O%H : HO¥- ursar  -doowy arenonredoueu o[qisiadsip (opruwreurydiowaq)
86 VAL %76 I9JBM- ISJep  [9DEBIUSL IPIWE NURY -107em 3ursn) SddS-o0ouig L “HN-SdADA(V-9)A-H LT
(Buneay paisisse
-9ABMOIDIW PUE SPIOE OuTWe
ursa1 payeid  -dowq 9enonredoueu a[qrsiadsip ((s1-0T) 0¢-m apndadoinaN)
66 VAL %¥V6 AN U273 197\ IareM\ DHd-opTuae yury -Iajem Mc_msv SddS-oouwig 9 *HN-IDALHA-H 91
O'H
ourpuAd (be) 00TX-UOIILL %S 0- (Buneay paisisse (urreydaxyug
9%  ,4dvo)nD I97BM- I7BM [9DeAON-9ZH -anemoIotw 3uisn) SddS-00g S -noT) HO-TIDDA-H ST
O%H Pm Surysem
HO®BN Aq pamorjoj ‘(uonezijennaN) ursar (sproe ourwe-oog aye[nonredoueu (urreyda>yug
¥9 WSO uonn[os “F0DHEN W S0°0 Iarem poyeid DAd-VAWH  d[qIstadsip-1oyem 3uisn) SddS-004 S -N3T) HO-TADDA-H v1
¥9 O%H Yam Surysem
pue HO®BN  Aq pamo[[o] ‘(uorezIerynaN) ursal (sproe ourwre-oog are[nonredoueu
€9 W S0 uonnjos €0DHEN N 50°0 197eM poye1d DAA-VANH  o[qisiadsip-1ayem Suisn) Sdds-00d S HO-DVAVA-H €T
86 (sproe outwe
pue (%05 : %0S) O%H : HO¥- uisar  -doouny ajenontedoueu aqisiadsip (oprwre urpeydoxyug
L6 VAL %726 199BM- IBM  [9DBIUSL SPIWE YUY -193em 3UIsn) §dds-o0W A S -N9T) “HN-TADDA-H (4
(%08 : %07)
79 VAL %7 I99BM O°H : NDOIN XINBNWAYD-AdINH Sdds-oows S (idseydnay) HO-1AD(V-9)A-H It
I97eM (oprure urpe
€6 VAL %76 197BM Ul X UONIL %S°0 ursa1 gva1o Sdds-sud ¢ -ydoqus-19N) “HN-IIDDA-H 01
(%05 : %05) ursa1 (oprwre urpeydoyug
16 VAL %V6 TIarem O°H:HO¥  [9DBIUdL-dpIwie yury Sdds-sds S -n37T) “HN-TADDA-H 6
UIsal apIuie (oprwre urpeydoxyug
76 VAL %¥6 197BM I9Tem Nury paye1s-odd SddS-swud S -No7) “HN-TIDDA-H 8
96
pue (oprwre urpeydaxug
¥6 VAL %76 197eM I0Jepd  UISOI DFJ-OPIWE NUR] Sdds-osd S -no7T) “HN-TADDA-H L
(08 : %07) (oprure urreydadug
A7 VAL %06 HO1d-! I9JBM : UBS[DIE[OL S [9DBIUAL Sdds-oourg S -no7T) “HN-TADDA-H 9
(woa un) (%02 : %0€) ursal (urpeydayyug
79  dIdH %0T 1978 M O%H : NDOW XINENWIYD-GdINH SddS-o0ows S “19N) HO-WADDA-H S
XIJBAWAYD (oprure urpeydayug
79 VAL %96 1978 197eM -opIure yuny Sdds-oows S -no7T) “HN-TADDA-H 2
XIIRNWYD
79 VAL %S6 197eM 197eM -opIuIe yuny SddS-o0ws v SHN-VIAA-OOWS €
f0D%N be- (%06 : %0T) (3ue3degng)
00T — IOH I T~ I9YeM F JHL N-05/-SDdL Sa[[eoTW-OUBN € 140-14V-Z T
00T
pue f0D%N be- (%06 : %01) (yueroeing)
ov —_ [DOH N T- Ia7eM - HHL W-0S£-SHd.L So[[eoll-OUBN (4 JHO-1d-Z T
BEN| adeaes[D Surysemy JUDA[OS ursay A3aye13s SISaYIUAS az1s oouanbas apndag  Anug
apndag

yoeoudde sddSy 24y Aq pazisayjuAs sapndad payosias g aiqel

'90UB217 paModun 0'g uong LNy suowiwoD aaireas) e sepun pasusol|siapiesiyl |[EEGEEL ()
"INV 8£:01:TT 9202/02/T U0 papeojumoq "ZZ0z 1snBny 90 Uo paus!|and 901l Ss00y uado

Green Chem., 2022, 24, 6360-6372 | 6367

This journal is © The Royal Society of Chemistry 2022


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

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 August 2022. Downloaded on 1/20/2026 11:40:38 AM.

(cc)

View Article Online

Critical Review Green Chemistry
- oo E‘o‘] E‘ Recently, by applying SPPS, Pawlas and Rasmussen used a
g1 ¥ 3 25¢8 [ . g binary mixture consisting of water-PolarClean (4 : 1) to prepare

= E g_ Leu-enkephalin amides, achieving up to 86% purity and 85%
2.~ 0 - 109
sl 2 = < 232 conversion. . o
g8 B B = 255 Interestingly, these values were obtained by considering as
— o0 3 . . .
% § § § ‘ § g E= low as 1.3 eq. of amino acids. They considered TentaGel S
%%E resin, TCFH and 2,4,6-collidine as the model resin, coupling
G?% I reagent, and base, respectively. Moreover, they recycled the
- . . . . .
< g=g waste with the aid of a mixed ion exchange resin. They were
=) .-
R *‘é o E able to reuse the recycled solvent in further syntheses, achiev-
R £97% ing purity and yields compared to those obtained from the
(=3 . .
e Z2fe virgin solvent.
- o [T
) Dy z O £
S|l8 8 &8 z 8% Sz £ 4.3 Side-chain protecting groups used in ASPPS
=5 5 5 77 C a3 § g Among the common 20 a-amino acids, only 12 should be con-
E%E sidered in terms of side-chain protection; His, Arg, Lys, Asp,
%.E 2 Glu, Trp, Cys, Ser, Thr, Tyr, Asn, and Gln. However, not all of
+ . . . .
o—0—0 SE9 these 12 amino acids require a mandatory protecting group.
it tey & i i i
FELT A2 235 g = ) For instance, Trp, Asn, and Gln can be incorporated without
FR R = B T‘ side-chain protection, and even Ser, Thr, and Tyr don’t require
5 o o o < [3) . . .. . —
=122%2%8sES & R protection in the so-called minimal protection scheme.''**'?
S|S8S83BEZ £ S5 8 ) .
g 2 % To date, ASPPS approaches have used the conventional side-
3 %g&‘oﬂ chain protecting groups employed in Fmoc- and Boc-SPPS
g g5 strategies. Knauer et al.°® found that only the side chains of
~ g . . .
E QHJ =3 four amino acids should be protected in the course of a water-
K :5 g E K :5 Eg g & _g 3 based Smoc-SPPS approach. Provided that Hojo and co-worker
£ s £ s £ Se8 £ = gg have considered Pms-Tyr-OH and Esc-Tyr-OH with a free side
A S . . .
£ o é o E o é ] g £ ; £5 chain and successfully synthesised Met-Enkephalin and Leu-
¥ |ECRCRGCES ®& 2% Enkephalin, respectively.”*°
, 3 §% Indeed, Lys, Glu, Asp and Cys need side-chain protection
Q . o— " . .
g T2E under aqueous conditions. However, such protection is rec-
o g . . X
= g g2 ommended for other amino acids (His, Arg, Trp, Ser, Thr, Tyr,
k5 ST 8 Asn, and Gln) to overcome potential challenges associated
POl © Do ’ p g
§ § £ ﬁ 2 with unprotected side chains. Table 1 lists the recommended
% é‘°§ 7‘9; 9 \E’ side-chain protecting groups for Fmoc-SPPS, and Smoc-SPPS
g 2 X ﬁ'i I and highlights the mandatory and optional protection possibi-
~— - %] ., . . . . .
8 2 2 @ o 2 NC ;%’ & lities. As appreciated, Smoc employs side-chain protecting
g o
18 B B E age oEg groups similar to Fmoc-SPPS.
Sl & & & g2 —9E
22 : 5 fiE s
Fla & a =z KT a £S5 g
()R}
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5 E
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3 < EE 5. Examples of peptides synthesized
Qv - .
£330 o 2 2 8 g2 R by following the ASPPS strategy
wq 3
= = 5’5 £5 Table 2 summarizes various peptides synthesised by following
% = % 2 .g g the ASPPS along with the resin used, washing solvent and the
= & 0= 892
£ 3 o gn =i cleavage protocol. . . .
] 5 é s g E1oF As it can be noticed from Table 2, ASPPS is able to deliver
§ Z ‘é’g E It ‘g £ various peptides from 2-mer to 10-mer in length. Provided that
g A inl= == L .
-~ g 7 A °>. é a Z5B 9 some syntheses showed lower racemization than those carried
] = = S8 . . .

g gle 3 I_ET 3. Eix8 out in common organic solvents.’>'°® Moreover, with the

S =2l 5 8 gt oF o =95 0o o &

Qo o 2 > T A > ] g9 minimal protection strategy, the amount o cou e

8] 2| 2 Slraeg o ;f‘éé 1 protect trategy, th t of TFA Id b

N Rl> O TeNA T ?;?ﬁ_f‘ =& lowered as well leading to higher productivity and reducing

2 = 8 l E <',': the unnecessary consumption of solvents and the generated

e g1 3 8 % S S REE waste afterwards.**%>112
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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,"** 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-HCI 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."** 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.'*?
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 a-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.**®® 1t 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
approaches.
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