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ABSTRACT: Industrial peptide synthesis is generally carried
out in batches and suffers both from the production of
tremendous amounts of toxic waste and the difficulty to
handle solids. In this study, peptide couplings were performed
at the multigram scale by using reactive extrusion in a CMR-
free (CMR = Carcinogenic, Mutagenic or Reprotoxic), solid-
tolerant, fast, efficient and epimerization-free manner, opening
the way for intensified and continuous industrial production
of peptides.
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B INTRODUCTION

Peptides find many applications in the fields of cosmetics,
pharmaceuticals and nutriments. Yet, the majority of industrial
production of peptides operates either in solution or by solid
phase peptide synthesis (SPPS), and suffers from the huge
amounts of toxic organic solvents and reagents that are
required during the synthesis and purification steps.'
Although being classified as CMR (carcinogenic, mutagenic
or reprotoxic), polar aprotic solvents such as DMF, DCM,
THF and 1,4-dioxane are regularly used (According to
Regulation (EC) No. 1272/2008, DMF is classified as
presenting reproductive toxicity and DCM, THF and 14-
dioxane as toxic and/or carcinogenic Category 2). Under the
pressure of REACH implementation, peptide manufacturers
have called for alternatives to these solvents.”® The develop-
ment of industrial peptide production is also hampered by the
conventional discontinuous batch mode of production as well
as by the limitations related to the general low solubility of
peptides. In practice, utilization of a solvent is not mandatory
to perform peptide synthesis as long as reactants are ground
and mixed together through application of mechanical
forces.”® Indeed, the solvent-free synthesis of various
dipeptides, including the sweetener Aspartame, was described
in 2009 by grinding together in a ball-mill urethane-protected
a-amino acid N-carboxyanhydride (UNCA), a-amino ester
salts and NaHCO;.” Based on this new paradigm, other solid
tolerant peptide production processes by ball-milling were
described,”™'® enabling to produce 4 g of a dipeptide for the
best case.” Yet, these ball-milling processes are limited to

discontinuous batch production and further up-scaling is not
straightforward, thereby preventing them from a wide
dissemination among the peptide production industry."” On
the opposite, traditional solution-based continuous flow
peptide production processes proved beneficial when consid-
ering scalability,20 but become seriously limited when
considering highly concentrated reaction mixtures and the
related appearance of solids.

In this work, we report merging the best of these two
approaches by performing peptide synthesis in an extruder
(Figure 1).

B RESULTS AND DISCUSSION

Extruders are composed of a barrel containing one or two
rotating screws enabling the efficient transport and mixing of
material through compression and shearing forces. Advanta-
geously, this type of equipment allows one to work under
controlled and continuous flow conditions, while the barrel can
be heated up to induce a melted phase facilitating the overall
extrusion of the reaction mixture. On the contrary to classical
solution-based flow chemistry, extruders enable the efficient
mixing of viscous and/or solid-containing reaction mixtures. As
exemplified by production at the multiton scale by the food
and plastic industry, the scalability of extrusion processes is

known to be devoid of major difficulties. Although identified as
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Figure 1. Advantages of peptide couplings by reactive extrusion
compared to ball-milling and continuous flow strategies.

a key research area by the pharmaceutical industry,”’
production of hi§h—added—value chemicals by reactive extrusion
has been scarce.”” " First examples reported in the literature
described the formation of organic cocrystals.””~>° Later,
reactive extrusion was applied to the synthesis of metal—
organic frameworks (MOF),”° deep eutectic solvents (DES),””
covalent—organic frameworks (COF),”® @,f-unsaturated car-
bonyls and imines,””*’ and benzilic alcohols obtained by
reduction of aromatic aldehydes with NaBH,.”' Recently, the
possibility to synthesize homo-oligo-peptides by enzyme-
catalyzed polymerization of a@-L-amino acid ester hydro-
chlorides by reactive extrusion was described.*” Yet, such a
method does not allow any possibility to finely control the
introduction of various amino acids in a single peptide
sequence, which is crucial for the vast majority of peptide of
interest. Considering the application of reactive extrusion to
the synthesis of peptides, we decided to study the capacity of a
corotating twin-screw extruder (MC15 microcompounder,
Xplore) to produce the dipeptide Boc-Trp-Gly-OMe by
reacting Boc-Trp-OSu with HCI-H-Gly-OMe and NaHCO;,
in the absence of solvent. Yet, the reaction mixture could not
be extruded due to the absence of a melted phase preventing
proper rotation of the screws. Heating the extrusion chamber
at 100 °C did not solve the problem. In order to improve the
flowing of the reaction mixture within the extruder chamber,
various liquid additives were screened, leading to the
identification of acetone as the best liquid additive (see
Supporting Information for details of the screening). Then,
Boc-Trp-OSu (6.3 g, 1.0 equiv), HCI-H-Gly-OMe (2.2 g, 1.1
equiv) and NaHCO; (1.6 g, 1.2 equiv) were poured together
with acetone (1.5 mL, # = 0.15 mL/g; 7 is defined as the ratio
between the volume of liquid (in mL) divided by the total
mass of solids (in gram)) into the extruder operated at 40 °C,
while the screw speed was fixed at 50 rpm. By using the
recirculation pipe of the extruder, the reaction mixture could
be mixed for 5 min before being recovered as a dense paste
containing solid particles. This paste was quenched and
analyzed by HPLC, indicating a conversion of 73% (Table 1,
entry 1). Of note, only 1.5 mL of acetone was introduced in
the extruder to process a total mass of 10 g of solid reactants,
which is far below the quantities that are necessary to obtain a
suspension or a solution that could be properly mixed by

Table 1. Influence of Temperature, Mixing Time and Screw
Speed on the Production of Boc-Trp-Gly-OMe

HCIL.H-Gly-OMe (1.1 eq)
NaHCO4 (1.2 eq)

[ NH
=T H Acetone (= 0.15 mLig) b i
BocHN™ O‘b Temp., Time BocHN™ ™y N\)LO/
o o Rotation speed o
temp. mixing time  screw speed  conversion  hydrolysis
entry  (°C (emin) (pm) (%)° (%)
1 40 N NY 73 <1
2 40 N 150 85 <1
3 70 S 150 87 <1
4 100 N 150 93 7
5 40 10 150 >99" <1

“Determined by HPLC. bBoc-Trp-Gly—OMe was produced in 85%
yield with >99% enantiomeric excess.

classical agitation techniques used in solution-based syntheses.
Increasing the screw speed to 150 rpm and the temperature up
to 70 °C had a positive effect on the conversion (Table 1,
entries 2 and 3). Conversion reached 93% when the barrel was
heated at 100 °C, yet leading to partial hydrolysis of Boc-Trp-
OSu into Boc-Trp-OH (Table 1, entry 4). When the reaction
mixture was recirculated for 10 min at 40 °C and 150 rpm,
complete conversion of Boc-Trp-OSu was obtained with no
traces of Boc-Trp-OH resulting from Boc-Trp-OSu hydrolysis.
After classical workup of the extrudate (EtOAc solubilization
and aqueous washings), Boc-Trp-Gly-OMe was produced in
85% yield with complete retention of the enantiomeric excess
(>99% ee; Table 1, entry S).

These optimized reaction conditions were then applied to
the synthesis of Boc-Trp-Phe-OMe that could be isolated in
61% vield and >99% diastereomeric excess (Table 2, entry 1).
To our delight, Boc-Asp(OBzl)-OSu was even more reactive
than Boc-Trp-OSu as Boc-Asp(OBzl)-Phe-OMe could be
obtained without the need to recirculate the reaction mixture
in the extruder. The 1.5 min residence time in the extrusion
barrel was sufficient to get full conversion of Boc-Asp(OBzl)-
OSu, leading to Boc-Asp(OBzl)-Phe-OMe in 92% yield and
>99% de (Table 2, entry 2). After Boc removal by solvent-free
gaseous HCI treatment, HCI-H-Trp-Gly-OMe and HCI-H-
Trp-Phe-OMe were reacted with Boc-Asp(OBzl)-OSu in the
extruder. Corresponding Boc-Asp(OBzl)-Trp-Gly-OMe and
Boc-Asp(OBzl)-Trp-Phe-OMe tripeptides were produced in
86% and 89% yield and excellent purity (96% and 94%
respectively; Table 2, entries 3 and 4).

The efficiency of the reactive extrusion process was then
evaluated by calculating the space-time yields (STY) and
compared with syntheses performed by ball-milling and in
solution under classical magnetic agitation. STY is defined as
the amount of final product per volume of the reactor per time
of reaction (expressed in g cm™> day ') and therefore is a very
useful tool to assess process intensification. When the synthesis
was performed by ball-milling, NaHCO; was used as the base
and acetone as the liquid grinding assistant, whereas Et;N and
DME were chosen as the best candidates for the syntheses in
solution. Of note, to ensure rigorous comparison with the
other processes, syntheses in solution were realized by using
the minimal amount of DMF enabling proper agitation of the
reaction mixture. For all the three dipeptides evaluated, the
STY of the reactive extrusion processes were much higher than



Table 2. Synthesis of Various Di- and Tripeptides by Reactive Extrusion

HCIH-AA'-OMe (1.1 eq)
NaHCO3 (1.2 eq)
Acetone (n=0.15 mL/g)

Boc-AAZ-AA'-OMe

Boc-AAZ-OSu — ||
40 °C, 150 rpm
Time
entry AA? AA! mixing time (min)
1 Trp Phe 10
2 Asp(OBzl) Phe 1.5°
3 Asp(OBzl) Trp-Gly 10
4 Asp(OBzl) Trp-Phe 10

yield (%) purity (%) Boc-AA™-AA'-OMe
61 >99¢ Trp-Phe
92 >99 Asp(OBzl)-Phe
86 96° Asp(OBzl)-Trp-Gly
89 94° Asp(OBzl)-Trp-Phe

“>99% de determined by HPLC. See Supporting Information for details. YReaction mixture was extruded without recirculation. Residence time of

1.5 min. “Purity determined by HPLC.

Table 3. Space Time Yield (STY) of Syntheses Performed in
the Extruder, in the Ball-Mill and in Solution

STY?
entry BocAA?AA'OMe extruder ball-mill solution”
1 Trp-Gly 48.0 2.6 1.8
2 Trp-Phe 37.0 2.1 1.1
3 Asp(OBzl)-Phe 4712 22 49(02)¢

“STY expressed in g cm™ day™'. See Supporting Information for
details of the calculations. “Calculation based on a continuous flow
mode of production. “Reaction performed with Et;N as the base and
DMF as the solvent. “Performed with NaHCOj; as the base and
acetone as the solvent.

for ball-milling and solution syntheses, by 2 orders of
magnitude for the best case (Table 3, entry 3). Of note, the
STY obtained by reactive extrusion were also much higher than
the ones calculated from literature data (see Supporting
Information for details). In addition to be much more
productive, reactive extrusion enables to work with much
safer chemicals (NaHCOj; and acetone) than classical solution-
based processes (using Et;N and DMF).

Although we did not demonstrate the efficiency of this
strategy on the synthesis of longer peptides that are already
accessible by SPPS, the potential impact of this reactive
extrusion process was illustrated by the production of the
industrially relevant dipeptide Aspartame. Indeed, this famous
sweetener could be obtained by hydrogenation of Boc-
Asp(OBzl)-Phe-OMe to remove the benzyl group followed
by deprotection of the Boc group under solvent-free gaseous
HCI conditions (Scheme 1). Aspartame was finally obtained by
precipitation at the isoelectric point (pH $.0). Overall,
Aspartame was isolated in three steps in 81% yield.

B CONCLUSION

In conclusion, we have shown that reactive extrusion enables
to produce di- and tripeptides in high yields and high
stereoisomeric excesses. Reaction times were very short while
reaction conditions were free from CMR chemicals. The highly
problematic solvents and bases used in classical reaction
conditions (such as DMF and Et;N) were replaced with much
preferable ones (acetone, NaHCO;, EtOAc). Unlike conven-
tional synthesis approaches (solvent-based continuous flow,
liquid phase or SPPS), the presence of solids in the reaction
mixtures was not an obstacle to the success of the syntheses.
When compared to synthesis in solution, this strategy enabled
to tremendously increase the space time yields (10* times in
the best cases). The possibility to work under continuous

Scheme 1. Application to the Synthesis of Aspartame

HCI.H-Phe-OMe
BnO,C N | NaHCO, BnO,C 5
j\ﬂ/ | € Acetone )\N/n \/ll\
OSu —
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Hy, PdIC
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" 98%
o} OH
o | o 1) HCl gas, 3h o
2) Aq. Na,CO, o
H 2 3
Sgp .. P
HaN " “OMe 90% BocHN -~ ~OMe
O ph O Spp
Aspartame

3 steps, 81% overall yield

conditions was also demonstrated, paving the way to
intensified and continuous industrial production of peptides.
Finally, potential industrial applications have been demon-
strated by the efficient production of a precursor of the famous
sweetener Aspartame. Further applications of this reactive
extrusion approach are currently under way in our laboratories,
and will be reported in due course.
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