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Significant efforts have been made in recent years to identify more environmentally benign and less hazar-
dous alternatives to N,N-dimethylformamide (DMF) in solid-phase peptide synthesis (SPPS). Several greener
solvents have been endorsed as suitable candidates yet finding a neat solvent that fully matches the qualities
of DMF in SPPS has proven challenging. To this end, we recently demonstrated that green binary solvent
mixtures are viable alternatives to DMF and showed that the polarity and viscosity profile of a binary solvent
mixture can be used to predict its utility in SPPS. In this report, we systematically investigate how the com-
position of green binary solvent mixtures influences Fmoc-removal, peptide coupling and common side-
reactions in SPPS and show that the purity profile is not impacted adversely in binary solvent mixtures when
compared to DMF. Furthermore, we demonstrate that the sole variation of the composition of the binary
solvent mixture during synthesis represents a novel and simple tool to mitigate certain side-reactions in
SPPS, exemplified by suppression of Arg-lactamisation and aspartimide formation. When applied to the syn-
thesis of the peptide therapeutic Bivalirudin on a 7.5 mmol scale, we showed that simply adjusting the
solvent ratio in a single step of the synthesis significantly suppressed a problematic Arg-lactamisation side-
reaction. These results underline that green binary solvent mixtures not only can replace DMF in SPPS but
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Introduction

Solid-phase peptide synthesis (SPPS) enables straightforward
and reproducible synthesis of peptides with high purity and is
generally the preferred method in industry for the production
of therapeutic peptides.”” In SPPS, factors such as the choice
of resin and the sequence and length of the target peptide
have a direct impact on the generation and accumulation of
side-products, and in extension the efficiency of the synthesis.
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also provide novel solutions for mitigating common side-reactions in SPPS.

Numerous side-reactions occurring at different stages of SPPS
e.g. aspartimide and diketopiperazine (DKP) formation, argi-
nine §-lactamisation, and amino acid epimerisation/racemisa-
tion have been extensively studied and are known to negatively
impact the overall peptide yield and purity.>* Strategies to
improve synthesis efficiency typically include temporary back-
bone modification using designated protecting groups, and
optimisation of reagent concentrations, reaction time and
temperature.*”” However, the influence of solvents on these
side-reactions has not yet been systematically explored, likely
due to the limited choice of solvents conventionally used in
SPPS. N,N-Dimethylformamide (DMF), dichloromethane
(DCM), and N-methyl-2-pyrrolidone (NMP) are the gold stan-
dard SPPS solvents in academic research environments and
industrial production facilities alike, yet these solvents are to
be restricted by the European Chemicals Agency (ECHA) due
to their hazardous nature.® In recent years, this has triggered
considerable research into identifying greener and less toxic
alternatives to especially DMF in SPPS.>"* We have found that
binary mixtures of green solvents (e.g. dimethyl sulfoxide

This journal is © The Royal Society of Chemistry 2021
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(DMSO)/ethyl acetate (EtOAc), DMSO/1,3-dioxolane (DOL), and
DMSO/2-methyl tetrahydrofuran (2-Me-THF) that display
similar polarity and viscosity profiles to DMF are viable, less
toxic solvent alternatives to DMF in SPPS."® The binary solvent
mixtures performed comparably to DMF in terms of synthetic
yield and purity in the SPPS of a range of model peptides dis-
playing a variety of synthetic challenges and sequence lengths
(up to a 29-mer) at ambient temperature.13 In the present
study, we put further emphasis on the composition of the
binary solvent mixtures and systematically evaluate the influ-
ence of solvent polarity on commonly observed side-reactions
in SPPS, including Arg-lactamisation, DKP formation, asparti-
mide formation, and amino acid racemisation. Furthermore,
faced with numerous possible solvent combinations and the
flexibility to vary the ratios of the individual solvents, we
hypothesised that binary solvent mixtures could provide an un-
precedented opportunity to customise the solvent properties to
suit the separate steps in the SPPS cycle. We envisioned that
such a ‘toolbox’ of useful binary solvent mixtures would provide
increased control over coupling and Fmoc-removal reactions,
while also limiting side-product formation. As a proof of
concept, we herein demonstrate that varying the composition of
green binary solvent mixtures can be used to mitigate asparti-
mide formation in the scorpion toxin II model system,"* and
furthermore limit Arg-lactamisation in the fully automated SPPS
of the anti-coagulant peptide therapeutic Bivalirudin.

Results and discussion

Varying the solvent polarity between coupling and Fmoc-
removal impacts the purity of Bivalirudin

We recently demonstrated that the polarity and viscosity (PV)
profile of a given solvent is a valuable indicator of its utility in
SPPS. While green binary solvent mixtures displaying a similar
PV profile to DMF proved to be viable alternatives for the SPPS
of a range of synthetically challenging model peptides, we
observed some sequence dependence and identified impuri-
ties arising from incomplete Fmoc-removal and amide bond
formation (coupling) reactions, as well as side-reactions such
as Arg-lactamisation.”® Importantly, solvents not only provide
a medium to facilitate chemical reactions but also exert a sig-

Table 1 Varying solvent polarity for the SPPS of Bivalirudin
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nificant influence on reagent properties and reaction rates on
both molecular,">'® and supramolecular level.'”” We have
demonstrated that solvent viscosity plays an important role for
adequate resin swelling and efficient diffusion of reagents and
by-products, and that solvent polarity is fundamental to
govern Fmoc-removal and coupling reactions.”® Using reaction
kinetics measurements we demonstrated that coupling reac-
tions using diisopropylcarbodiimide (DIC)/OxymaPure are
favoured in non-polar solvents, while Fmoc-removal reactions
are favoured in polar solvents. The difference is a consequence
of the respective reaction mechanisms and whether the stabil-
isation of charged intermediates is favourable for reaction pro-
gression (ESI Fig. S1 and $21).'" Overall, DMF strikes a good
balance that makes it useful in both coupling and Fmoc-
removal reactions and therefore the gold standard solvent in
SPPS. However, we acknowledged that the use of binary solvent
mixtures enables a possible tailoring of the composition and
ratio of the mixture to suit the application. Hence, we hypoth-
esised that using less polar solvent mixtures for coupling reac-
tions (albeit polar enough to adequately dissolve reagents and
by-products), and more polar solvent mixtures for Fmoc-
removal reactions (while ensuring that the solvent viscosity
and resin swelling capacity was within a useful range) would
increase the reaction control. A dynamic solvent viscosity
of 0.5-1.1 mPa s is a guideline,* but slightly higher solvent
viscosities may be tolerated. To test the hypothesis, we
decided to use the 20-mer peptide therapeutic Bivalirudin
(H-fPRPGGGGNGDFEEIPEEYL-OH) as a model and all synth-
eses were carried out in the designated solvent mixture (and
DMF as reference) on 7.5 mmol scale. We started by investi-
gating a small set of binary solvent mixtures i.e. N-formyl mor-
pholine (NFM)/DOL (entry 1, Table 1), N-butyl pyrrolidinone
(NBP)/DOL (entry 2), DMSO/DOL (entry 3), DMSO/2-Me-THF
(entry 4), and DMSO/EtOAc (entry 5) using ratios of relatively
low polarity for coupling reactions, and ratios of higher
polarity for Fmoc-removal (generally 2 : 8 and 4 : 6 respectively,
Table 1). The Bivalirudin peptide synthesised in DMF and
entries 1-5 gave varying purity profiles and the individual side-
product peaks were carefully analysed by LC-MS (Fig. 1).

As shown in Fig. 1, the peptide purities obtained from the
syntheses of Bivalirudin varied with the green binary solvent

Entry Solvent for coupling reaction Polarity [E+(30)] (kcal mol™) Solvent for Fmoc-removal Polarity [E1(30)] (kcal mol™)
Reference DMF 43.38 DMF 43.38
1 NFM/DOL (2 : 8) 40.89 NFM/DOL (4 : 6)° 41.83
2 NBP/DOL (2 : 8) 40.84 NBP/DOL (4 : 6) 41.11
3 DMSO/DOL (2: 8) 42.21 DMSO/DOL (4 : 6) 43.38
4 DMSO/2-Me-THF (2: 8) 41.94 DMSO/2-Me-THF (4 : 6) 43.16
5 DMSO/EtOAc (1:9) 41.29 DMSO/EtOAc (6 : 4)* 44.26
6 NBP/DOL (4 : 6) 41.11 NBP/DOL (4 : 6) 41.11
7 NBP/DOL (4 : 6) 41.11 DMSO/DOL (4: 6) 43.38
8 DMSO/DOL (4 : 6) 43.38 DMSO/DOL (4 : 6) 43.38

“NFM/DOL (4:6) and DMSO/EtOAc (6 : 4) both display dynamic viscosities above 1.1 mPa s at 20 °C (1.29 and 1.13 mPa s respectively) but are

efficient solvent mixtures for Fmoc-removal reactions.

This journal is © The Royal Society of Chemistry 2021
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Fig.1 HPLC purity profiles (220 nm) of Bivalirudin (H-fPRPGGGGNGDFEEIPEEYL-OH) syntheses 1-5 and reference SPPS in DMF. The corres-
ponding crude purity of Bivalirudin is indicated in parentheses. The syntheses were carried out on an automated peptide synthesiser (Sonata) using
H-Leu-2-chlorotrityl resin (CTR) (0.81 mmol g~* loading) on 7.5 mmol scale, after each coupling reaction the resin was capped using a basic solution
of Ac,O (full experimental details in the ESIT). The side-products arising from poor Fmoc-removal (deletion peptides; red arrows), various incom-
plete coupling reactions (acetylated peptides; blue arrows), and incomplete coupling attributed to Arg-lactamisation (acetylated peptide; green

arrows) are highlighted.

mixture. Among the mixtures used for Fmoc-removal,
NFM/DOL (4:6) and NBP/DOL (4:6) displayed the lowest
polarity (E(30) < 42 kcal mol™"), and consequently a number
of additional impurities due to incomplete Fmoc-removal
were observed compared to the DMF control (entries 1 and 2,
Fig. 1). Contrariwise, the solvent mixtures of higher polarity
(E1(30) > 42 kecal mol™, entries 3-5) did not give rise to these
impurities, suggesting there might be a polarity threshold for
sufficient Fmoc-removal in the synthesis of Bivalirudin.
Moreover, out of the solvents used for the coupling reactions
in entries 3-5, DMSO/EtOAc (1:9) and DMSO/2-Me-THF (2: 8)
(entries 4 and 5) displayed the lowest polarity ((E(30) = 41.29
and 41.94 kcal mol™" respectively), and also gave rise to the
highest Bivalirudin purity (70%) of the combinations
screened. However, in all binary solvent mixtures a significant
increase of a side-product arising from incomplete coupling
attributed to Arg-lactamisation was observed, and in addition,

side-products arising from other incomplete couplings were
observed in DMSO/2-Me-THF (entry 4) and DMF. We con-
firmed that the variation observed between the different
solvent mixtures was not due to instability of the Fmoc-amino
acids reagents, which overall showed good solubility and
stability in the various solvent mixtures (ESI Table S1f). To
corroborate the data and to further understand the correlation
between stepwise modulation of the solvent mixture’s polarity
from coupling to Fmoc-removal, and the effects on crude
peptide purity, we carried out three more syntheses of
Bivalirudin using the same SPPS protocol (entries 6-8, Table 1
and Fig. 2).

In these syntheses we compared combinations of the rela-
tively non-polar NBP/DOL (4:6) ((Ex(30) = 41.11 kcal mol™)
and polar DMSO/DOL (4:6) ((Ex(30) = 43.38 kcal mol™") to
further assess the impact of solvent polarity on coupling and
Fmoc-removal and as a result the final crude purity profile. In
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Fig. 2 HPLC purity profile (220 nm) of Bivalirudin (H-fPRPGGGGNGDFEEIPEEYL-OH) syntheses 6—8 (Table 1). The corresponding crude purity of
Bivalirudin is shown in parenthesis. After each coupling reaction the resin was capped using a basic solution of Ac,O (full experimental details in the
ESIT). The side-products arising from incomplete Fmoc-removal (deletion peptides; red arrows), various incomplete coupling reactions (acetylated
peptides; blue arrows), and incomplete coupling attributed to Arg-lactamisation (acetylated peptide; green arrows) are highlighted.
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entries 6 and 8 we used either NBP/DOL (4 : 6) or DMSO/DOL
(4:6) for both coupling and Fmoc-removal, while we used
NBP/DOL (4:6) for coupling reactions and DMSO/DOL (4 : 6)
for Fmoc-removal in entry 7 (Fig. 2). We found that merely
changing from a low polarity to high polarity mixture for
Fmoc-removal reactions effectively eliminates the formation of
side-products related to incomplete Fmoc-removal and
increases the overall crude peptide purity (entry 6 vs. 7, Fig. 2).
Furthermore, when performing both the coupling reactions
and the Fmoc-removal at the same relatively high polarity
(entry 8, Fig. 2), a significantly different purity profile was
obtained. When using the lower polarity NBP/DOL (4 :6) for
coupling reactions, significant side-product formation due to
incomplete arginine coupling (attributed to Arg-lactamisation)
was observed (entry 6 and 7, Fig. 2). However, by switching to
the polar DMSO/DOL (4 : 6), the side-product related to Arg-lac-
tamisation was supressed (green arrow), but additional side-
products attributed to other incomplete couplings were
observed, with no overall change in peptide purity (entry 7 vs.
8, Fig. 2). Based on these findings it was clear that in addition
to governing coupling and Fmoc-removal reactions, the solvent
polarity could directly impact specific side-reactions. We there-
fore decided to delve deeper, and systematically investigate a
number of fundamental SPPS-related side-reactions, including
Arg-lactamisation, DKP formation, aspartimide formation as
well as amino acid racemisation in selected green binary
solvent mixtures.

Arginine-lactamisation

During coupling reactions arginine is susceptible to &-lactam
formation between its side-chain guanidine moiety and the
activated carboxylic acid.”* This unwanted self-condensation
effectively diminishes the reactive arginine species in the reac-
tion mixture, risking formation of target peptides devoid of
Arg (deletion peptides or acetylated truncated side-product
peptides if capping is carried out after coupling). Side-product
formation can be suppressed by increasing the number of
equivalents of the starting amino acid reagent, or by perform-
ing iterative (e.g. double) couplings. However, this is not a cost-
efficient approach, especially not for industrial-scale SPPS.
Intramolecular cyclisation reactions such as Arg-lactamisation
are often influenced by the solvent and are hard to avoid in
SPPS solvents such as DMF and NMP, especially when a deriva-
tive mono-protected on the sidechain of Arg such as Fmoc-Arg
(Pbf)-OH is employed.>®>* Furthermore, it was recently
reported that the green solvent NBP increases the tendency for
Arg-lactamisation in SPPS compared to DMF and a special pro-
tocol had to be developed to enable quantitative incorporation
of arginine into the growing peptide chain.>® To this end, we
sought to evaluate the influence of solvent polarity on Arg-lac-
tamisation and we determined the extent of Arg-lactamisation
in selected binary solvent mixtures. Fmoc-Arg(Pbf)-OH was
treated with DIC/Oxyma (0.1 M each) in selected binary solvent
mixtures in the absence of amine nucleophile for 90 min, then
the mixture was quenched with excess MeOH to capture any
activated species as the corresponding methyl ester

This journal is © The Royal Society of Chemistry 2021
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(Fig. 3A).>**” The binary solvent mixtures DMSO/2-Me-THF
(1:9,2:8 and 4:6), DMSO/DOL (1:9, 2: 8 and 4: 6) and NBP/
DOL (2:8 and 4: 6) were screened along with DMF as a refer-
ence, and the ratio between (a) Fmoc-Arg(Pbf)-OH, unreacted
or arising from hydrolysis of the active ester, (b) Fmoc-Arg
(Pbf)-OMe, arising from quenching the active ester with
MeOH, and (c) arginine &-lactam arising from Arg-lactamisa-
tion was determined by HPLC analysis (Fig. 3B-E and ESI
Fig. 518%).

As demonstrated in Fig. 3, Arg-lactamisation was sup-
pressed with increasing solvent polarity in all tested binary
solvent combinations. DMSO/2-Me-THF (4 : 6) and DMSO/DOL
(4:6) gave the least &-lactam species (5 and 10% respectively),
which was significantly lower than for DMF (24%).
Interestingly, both DMSO/2-Me-THF (4:6) and DMSO/DOL
(4:6) display polarities (Er(30) = 43.16 and 43.38 kcal mol™*
respectively) similar to DMF (43.38 kcal mol ™), indicating that
solvent polarity alone cannot account for this discrepancy.
Solvent combinations with significantly lower polarity than
DMF gave considerably higher Arg-lactamisation, NBP/DOL
(2: 8; Ex(30) = 40.84 kcal mol™") giving the highest content of
all solvents screened (72%). Noteworthy, the solvents giving
the least formation of §-lactam (DMSO/2-Me-THF (4:6) and
DMSO/DOL (4:6)) also displayed the highest amounts of
residual Fmoc-Arg(Pbf)-OH in the reaction mixture (Fig. 3B
and C), which is likely due to hydrolysis of the active ester in
the absence of an amine nucleophile rather than slow amino
acid activation.”® Overall, binary solvent mixtures of higher
polarity appeared advantageous for mitigating lactamisation
during arginine couplings, which was supported by the syn-
thesis of Bivalirudin (Fig. 2). In practice, by simply switching
from NBP/DOL (4:6, Ef(30) = 41.11 kcal mol™) to the more
polar solvent DMSO/DOL (4 : 6; E(30) = 43.38 kcal mol™) for
the coupling reactions, the side-product arising from the Arg-
lactamisation side-reaction could be reduced from 18% to 2%
(entries 7 vs. 8, Fig. 2, vide supra).

Diketopiperazine (DKP) formation

DKP formation is a problematic side-reaction during both SPPS
as well as during long-term peptide storage.”® The configur-
ation, conformation and steric hindrance of the amino acids all
play important roles, as DKP formation is especially prone to
occur when a sterically unhindered amino acid (e.g. glycine) is
followed by an amino acid more likely to adopt a cis-amide con-
formation (e.g. proline), or when combinations of 1- and
p-amino acids are used.*® It can be particularly pronounced
when the dipeptide is attached to the solid support via an ester
linkage (e.g. Wang linkers),”" and effectively leads to loss of
peptide and lower yields. We investigated DKP formation in
green binary solvent mixtures using the dipeptide Fmoc-Arg
(Pbf)-Gly anchored on a Wang-PS-resin as a model sequence.
The peptidyl resin was treated with base (piperidine or
4-methylpiperidine) in selected binary solvent mixtures for
10-30 min (Table 2). The percentage of DKP formation was then
determined by HPLC, by quantifying the amount of DKP in
solution using a standard curve for H-Arg(Pbf)-OH (assuming

Green Chem., 2021, 23, 3312-3321 | 3315
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Fig. 3 (A) HPLC analysis (220 nm) for the activation of Fmoc-Arg(Pbf)-OH (1 mmol) using DIC/Oxyma (1 mmol each) in various binary solvent mix-
tures (10 mL) and the species present after quenching the reaction with excess MeOH: (a) unreacted/hydrolysed arginine, (b) methyl ester and (c)
8-lactam; the impact of solvent polarity on activation and subsequent Arg-lactamisation in binary mixtures of (B) DMSO/2-Me-THF, (C) DMSO/DOL
and (D) NBP/DOL. The polarities of the investigated ratios of binary mixtures are in the order 4:6 > 2:8 > 1:9, and the percentage of undesired
§-lactam (peak c) in the corresponding solvent is indicated. (E) Comparison of the binary mixtures in panels B, C and D with the lowest prevalence of
5-lactam.

Table 2 DKP formation for Fmoc-Arg(Pbf)-Gly-O-Wang-PS resin in binary solvent mixtures and DMF

Method A B C
Time = 30 min Time = 30 min Time = 10 min

Solvent/conditions® Base = Pip Base = 4-Me-Pip Base = Pip
DMF 17% 15% 6%
DMSO/2-Me-THF (3:7) 24% 21% 8%
DMSO/2-Me-THF (4 :6) 22% 21% 9%
DMSO/EtOAc (4 : 6) 23% 28% 8%
DMSO/EtOAc (6: 4) 13% 16% 7%
DMSO/DOL (3:7) 17% 18% 7%
DMSO/DOL (4 : 6) 18% 17% 6%
NBP/DOL (4 : 6) 20% 17% 6%
NFM/DOL (2: 8) 19% 19% 6%

“ Fmoc-Arg(Pbf)-Gly-O-Wang resin (30 mg) was allowed to swell in the candidate solvent (8 mL g resin) for 60 min. The indicated base
(2 mL g™ resin) was added and the mixture was agitated for 10 or 30 min.

the same absorption coefficient for H-Arg(Pbf)-Gly-DKP and mixtures (Method A, Table 2). As anticipated, switching to the
H-Arg(Pbf)-OH at 280 nm; ESI Fig. S4-S6 and Tables S2-547). alternative base 4-methylpiperidine yielded similar results as

When using piperidine as base the DKP formation was gen- when using piperidine (Method B) and was not deemed a
erally on par with DMF or slightly higher in the binary solvent useful alternative. Reducing the reaction time from 30 min to

3316 | Green Chem., 2021, 23, 3312-3321 This journal is © The Royal Society of Chemistry 2021
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Table 3 Percentage of target peptide (a- and p-isomer combined), aspartimide and piperidide measured as peak area by LC-MS (210 nm)
No additives® 0.1 M Oxyma Pure”

Solvent polarity Ex(30)  Target peptide = Aspartimide  Piperidide  Target peptide  Aspartimide  Piperidide
Solvent (keal mol™) (%) (%) (%) (%) (%) (%)
DMF 43.38 86 6 8 86 9 5
DMSO/2-Me-THF (3:7) 42.84 88 5 7 88 8 4
DMSO/2-Me-THF (4 : 6) 43.17 88 6 6 89 9 2
DMSO/EtOAc (4 : 6) 43.48 89 5 6 90 7 3
DMSO/EtOAc (6: 4) 44.27 87 6 7 89 7 4
DMSO/DOL (3:7) 42.90 88 4 8 93 5 2
DMSO/DOL (4 : 6) 43.38 85 7 8 89 8 3
NBP/DOL (4 : 6) 41.11 90 3 7 92 4 4
NFM/DOL (2: 8) 40.89 90 3 7 92 4 4

“The reaction was carried out in triplicate and an average value is reported. ” The reaction was carried out as a single experiment.  Measured

solvent polarity based on Reichardt polarity index."?

10 min when using piperidine as base led to a pronounced
decrease of DKP formation in all solvents (Method C). Fmoc-
removal kinetics experiments in binary solvent mixtures have
shown that effective Fmoc-removal can be accomplished in
5-10 min."® Taken together with the data in Table 2, an Fmoc-
removal protocol of 2 x 5-10 min might be useful for suppres-
sing DKP formation in problematic peptide sequences.
Interestingly, while DKP formation has been shown to be influ-
enced by a number of factors such as pH, polarity, dipole
moment and H-bond donor/acceptor capabilities,** we did not
observe any correlation between the polarity and the rate of
DKP formation in the selected binary solvent mixtures.

Aspartimide formation

Aspartimide formation occurs through cyclisation of the Asp
side-chain with the peptide backbone and can pose a signifi-
cant challenge in peptide synthesis, as it accumulates through-
out the synthesis with every iterative base treatment for Fmoc-
removal.>*”** Furthermore, the aspartimide side-product sub-
sequently can undergo epimerisation, hydrolysis to yield the a-
or B-Asp isomers, or base-induced, ring-opening amidation to
yield a- or p-piperidide side-products (ESI Fig. S37).
Aspartimide formation can be mitigated by the use of back-
bone amide protecting groups,**~*° bulky side-chain ester pro-
tecting groups for Asp,® or alternatively by masking the side-
chain carboxylate as a cyanosulfurylide (CSY).*' However, the
polarity of the solvent is also believed to play a central role,
and a recent report showed that aspartimide formation was
reduced when switching from DMF to the less polar green
solvent NBP.**> To shed more light on this finding, we investi-
gated aspartimide formation in binary solvent mixtures of
different polarity. To this end, we synthesised scorpion toxin II
(Fmoc-Val-Lys(Boc)-Asp(OtBu)-Gly-Tyr(tBu)-Ile) on a Wang-PS
resin, a well-studied model peptide that readily undergoes
aspartimide formation.'***** The peptide-Wang resin was
treated with 20% piperidine (v/v) in binary solvent mixtures
(and DMF as control) for 240 min to simulate 8 deprotection
cycles (30 min each). The amounts of remaining peptide (a-
and f-isomers combined), aspartimide and piperidide side-

This journal is © The Royal Society of Chemistry 2021

products were first determined by LC-MS, and subsequently
the degree of a- and p-isomerisation was quantified by HPLC
analysis. The results showed that more than 85% of the model
peptide did not undergo aspartimide or piperidide formation
in all solvents after base treatment (Table 3, ESI Tables S5 and
S61). By adding 0.1 M Oxyma to the deprotection solution,*
the peptide purity generally increased in all solvents, with
approximately 90% of the peptide remaining in all binary
solvent mixtures. The amount of side-product formation
appeared to only correlate weakly with solvent polarity. For
example, for a given binary solvent system the solvent mixture
with the highest solvent polarity generally only resulted in a
slight increase in aspartimide formation. When comparing
across different types of binary solvent mixtures there was no
clear correlation between solvent polarity and aspartimide for-
mation, although a trend towards a higher peptide purity with
the lowest polarity solvents was observed (e.g. NFM/DOL (2: 8)
and NBP/DOL (4: 6)). In terms of a- and p-isomerisation, only the
solvent systems DMF and DMSO/2-Me-THF (3:7) induced low
levels of isomerisation to the p-isomer (0.3-0.4%, ESI Table S77).

Although similar amounts of aspartimide formation were
observed for the various solvents, there appeared to be some
differences between the different solvent mixtures in their
innate propensity for inducing aspartimide formation. We
therefore decided to investigate a focused set of binary solvent
mixtures displaying similar solvent polarities. DMSO/2-Me-
THF (4:6), DMSO/DOL (4:6) and DMSO/EtOAc (4:6) all
display similar polarities to DMF (E(30) = 43.38 + 0.21 kcal
mol™"), and were used to evaluate aspartimide formation in
the scorpion toxin II (H-Val-Lys(Boc)-Asp(OMpe)-Gly-Tyr(¢Bu)-
Ile-Wang) model peptide (with the bulkier 3-methylpent-3-yl
ester (OMpe)*® group for Asp side-chain protection). The
peptide was treated with 20% piperidine (v/v) in the selected
solvents and the extent of aspartimide formation was quanti-
fied by HPLC analysis of the crude peptides after 45, 225 and
405 minutes of base treatment (Fig. 4 and ESI Fig. S19%).

In general, prolonged base treatment led to increased b/
t-aspartimide and piperidide side-product formation in all sol-
vents screened (Fig. 4). However, the amount of side-product
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Fig. 4 Formation of L/p-aspartimide and L/p-piperidide (a/p) side-pro-
ducts in the Asp(OMpe)-protected model peptide Scorpion toxin
II-Wang resin (100 mg), after treatment with 20% (v/v) piperidine in
various solvents (1 mL) The amount of side-product formation was
quantified by HPLC analysis (220 nm) of the crude peptides after 45, 225
and 405 min base treatment.

formation was significantly lower in the green binary solvent
mixtures compared to DMF, especially in DMSO/DOL (4 : 6).
The data suggests that solvent polarity is not the only decisive
factor for aspartimide formation, and all the binary solvent
mixtures screened showed an innate tendency to mitigate
aspartimide formation. However, when evaluating mixtures of
DMSO/DOL in different ratios (1:9 to 4:6) there was a clear
trend of increased aspartimide formation with increasing
solvent polarity (ESI Fig. S20 and S21%). Taken together, the
results suggest that aspartimide formation can be mitigated by
using binary solvent mixtures. Solvent polarity appeared to
have an influence as binary solvent mixtures of lower polarity
generally gave less aspartimide formation, although the com-
position of the binary mixture also seemed to play a role.
Mixtures of DMSO and DOL were particularly successful in
suppressing aspartimide formation.

Racemisation of amino acids

Amino acid racemisation is a common side-reaction in SPPS
that can pose severe challenges in the downstream purification
of peptides. The biological activity of a peptide therapeutic is
directly correlated to its stereochemical integrity, and thus
racemisation of even a single amino acid could have a detri-
mental impact on its activity."® Amino acid racemisation pri-
marily occurs during coupling reactions and proceeds mainly
via oxazolone or enolization pathways.”*” We initially set out
to determine racemisation of the two particularly racemisation
prone amino acids Cys and His studying Fmoc-Cys(Trt)-OH
and Fmoc-His(Trt)-OH during activation and coupling with a
H-Val-Gly-Rink Amide resin. However, due to the limited solu-
bility of Fmoc-His(Trt)-OH in most binary solvent mixtures we
decided to also evaluate racemisation of Fmoc-His(Boc)-OH,
which was fully soluble in all solvents and has previously been
shown to have a lower tendency to racemise.’® Fmoc-His(Trt)-
OH showed 1-2% of epimerisation in DMF and DMSO/
2-MeTHF (3:7), while less epimeric peptide was observed
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Table 4 Racemisation of His and Cys during coupling to the H-Val-

Gly-Rink Amide resin measured as peak area of the tripeptide (%) by
HPLC (214 nm) of the cleaved and deprotected tripeptide

Solvent His(Trt) His(Boc) Cys(Trt)
DMF 1.4% <0.01% <0.01%
DMSO/2-MeTHF (3:7) 2.0% 0.4% <0.01%
DMSO/EtOAc (1 : 9) n.d. <0.01% <0.01%
NBP/DOL (2 : 8) n.d. <0.01% <0.01%
NBP/DOL (4 : 6) n.d.® <0.01% <0.01%
NFM/DOL (2 : 8) n.d. <0.01% <0.01%
DMSO/DOL (1:9) n.d.® 0.2% <0.01%

“Not soluble at a concentration of 0.2 M. n.d. = not determined.

when using Fmoc-His(Boc)-OH, showing that it is a viable
alternative to Fmoc-His(Trt)-OH for use in green binary solvent
mixtures (Table 4). Furthermore, no apparent racemisation
occurred during coupling of Fmoc-Cys(Trt)-OH in all tested
solvents, which is in accordance with the observation that race-
misation of Cys primarily occurs under basic reaction con-
ditions and not in the slightly acidic conditions such as in
DIC/Oxyma mediated couplings.*’

Varying the solvent composition is a tool to mitigate common
side-reactions in SPPS

Gratifyingly, our findings demonstrated that green binary
solvent mixtures do not generally lead to an increased propen-
sity for common side-reactions in SPPS compared to DMF, and
that they may in fact be used as a tool to mitigate common
side-reactions. For example, Arg-lactamisation was suppressed
by employing solvent mixtures of higher polarity (e.g. DMSO/
2-Me-THF (4:6) and DMSO/DOL (4:6)), and aspartimide for-
mation could be reduced when compared to DMF, particularly
when the OMpe side chain protection group was employed.
Therefore, optimisation of SPPS using green, binary solvent
mixtures should entail careful consideration of the sequence
of the target peptide and the potential specific side-reactions
incurred and how these may be mitigated by solvent optimi-
sation in critical steps of the synthesis. In Fig. 5 the learnings
from the synthesis of Bivalirudin and our investigation of
solvent impact on different side-reactions are summarised. As
illustrated, green binary solvent mixtures displaying similar
polarity and viscosity to DMF are characterised by effective
Fmoc-removal and coupling reactions, good solubility of
reagents and by-products, and strike a beneficial balance in
mitigating common side-reactions such as Arg-lactamisation
and aspartimide formation. Consequently, during synthesis
optimisation the choice of solvent can be tailored to the appli-
cation. We have previously reported that DMSO/DOL (3 : 7) and
DMSO/2-Me-THF (3 : 7) represent excellent alternatives to DMF
in SPPS."> However, in the synthesis of Bivalirudin we found
that Arg-lactamisation represented a major side-reaction in
both DMF and DMSO/DOL (3:7) (Fig. 6). We leveraged our
knowledge from the present study, and performed a final syn-
thesis of Bivalirudin in DMSO/DOL (3:7) for both Fmoc-
removal and coupling reactions, but importantly the coupling
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Fig. 6 Synthesis of Bivalirudin (H-fPRPGGGGNGDFEEIPEEYL-OH) on 7.5 mmol scale using DMSO/DOL (3 :7)* where the single coupling of Arg®
was carried out in DMSO/DOL (4 : 6), compared to the syntheses carried out in DMF, DMSO/DOL (3:7) and DMSO/DOL (4 : 6). After each coupling
reaction the resin was capped using a basic solution of Ac,O (full experimental details in the ESIT). The side-products arising from incomplete coup-
ling reactions (blue arrows), and incomplete coupling attributed to Arg-lactamisation (green arrows) are highlighted.

of [Arg®] was carried out in DMSO/DOL (4:6) that we have
shown suppresses Arg-lactamisation. To our delight, this see-
mingly minor change resulted in substantial suppression of
the major side-product related to Arg-lactamisation (green
arrow) compared to our previous syntheses in DMF and
DMSO/DOL (3:7) (Fig. 6). This result is significant in two
ways; it demonstrates that varying the solvent composition
based on polarity and viscosity can be used as a mild and
facile tool to control common side-reactions in SPPS, and fur-
thermore it underlines our findings that green binary solvent
mixtures represent viable, less toxic alternatives to DMF in SPPS.

Conclusion

In recent years significant progress has been made to identify
more environmentally friendly and less hazardous solvent
alternatives to DMF in SPPS. However, finding neat solvents

This journal is © The Royal Society of Chemistry 2021

that fulfil all the technical, regulatory and commercial criteria
required for widespread adoption has proven challenging. We
have demonstrated that binary solvent mixtures represent a
way forward, as the polarity and viscosity profile of the binary
mixture can be used to predict its utility in SPPS at ambient
temperature. Binary mixtures with optimal polarity and vis-
cosity efficiently dissolve reagents and by-products, swell
peptide resins to adequate levels for effective flux of reagents,
and significantly impact Fmoc-removal and peptide coupling
reactions. As coupling reactions are generally promoted by
non-polar solvents while Fmoc-removal reactions are more
efficient in polar solvents, the use of binary solvent mixtures
presents an opportunity to vary the composition of the solvent
mixture to fine-tune the solvent characteristics to suit the
application. In this report, we delve deeper into the effects of
solvent polarity on coupling and Fmoc-removal reactions, and
systematically evaluate its effects on the prevalence of side-
reactions such as Arg-lactamisation, DKP and aspartimide for-
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mation and amino acid racemisation at ambient temperature.
We show that utilising green binary solvent mixtures does not
affect the purity profile in SPPS adversely and that it can in
fact be used as a tool to suppress certain side-reactions as
exemplified herein for Arg-lactamisation and aspartimide for-
mation. Importantly, we demonstrate that solely varying the
composition of the binary mixture represents a novel tool to
control specific side-reactions in SPPS. This is significant as it
expands the peptide chemist’s ‘toolbox’ within the state-of-the-
art Fmoc/tBu-based SPPS, which is the preferred approach in
the pharmaceutical industry. In our findings, binary solvent
mixtures of DMSO in combination with DOL, 2-Me-THF or
EtOAc are suitable for efficient Fmoc-removals, whereas coup-
ling reactions can be envisioned in these mixtures as well as in
NFM/DOL and NBP/DOL. These results show that polarity and
viscosity are key physicochemical parameters for solvent selec-
tion and that green binary solvent mixtures are attractive
alternatives to DMF in SPPS. Based on the findings reported
herein and in our previous publication’® we intend to apply
the developed toolbox concept to our pipeline projects in
order to assess its full potential for large-scale production of
therapeutic peptides. Although some of the solvents identified
in this work presently will incur a higher solvent cost, we
anticipate significant improvement of the supply chain and
concomitant cost reductions with increasing demand from us
and others. Therefore, in addition to achieving our goal of
reducing our environmental impact and ensuring future ECHA
REACH compliance, our platform provides new tools for miti-
gating side-reactions and improving purity profiles of peptide
APIs, with potential for ready implementation in peptide syn-
thesis in both academia and industry.
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