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Solvent-less environmentally benign amino ester,
amide, and peptide synthesis enabled by resonant
acoustic mixing

Nassim Maarouf-Mesli, °
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2 Felix Polyak (2 **P and William D. Lubell @ *@

The demand for sustainable methods for peptide synthesis is growing imperatively with their escalating
use in therapeutic and biomedical applications. The cornerstone technology of solid-phase peptide syn-
thesis has an unsustainable environmental impact due to its high process mass intensity and reliance on
hazardous solvents. The reported study presents pioneering use of a resonant acoustic mixer (RAM) for
sustainable peptide bond formation at elevated concentration with minimal liquid waste. Effective amide
and ester bond formation was achieved rapidly under mild conditions using the RAM in “green solvents”
such as ethyl acetate and 1,2-dimethoxyethane (DME), with minimal levels of epimerization. Peptide
coupling was systematically studied under various conditions, indicating the influences of liquid viscosity
and base solubility on conversion efficiency. A preliminary comparison with conventional and ultrasonic
stirring methods suggested that better conversions were obtained using the RAM at and above 60 gq.
Assessment in different peptide model systems prone to racemization and fragment couplings confirmed
comparable conversion and minimal epimerization to that observed using solution-phase and mechano-
chemical methods. The RAM approach proved to be robust and scalable providing an environmentally
friendly platform for the synthesis of amino esters, amides, and peptides, thereby presenting novel oppor-
tunities for the sustainable production of peptide-based therapeutics.

1. This study contributes to the field of green chemistry by introducing the use of a resonant acoustic mixer (RAM) in scalable, solvent-minimized approaches

for amide, ester, and peptide bond formation. Avoiding toxic solvents, such as DMF, the RAM approach decreased process mass intensity compared to con-
ventional solid-phase peptide synthesis.
2. Among notable accomplishments reported herein, high-yielding peptide syntheses were achieved at <1.0 pL mg™" concentrations in green solvents (EtOAc and

DME) and rapid reactions times (<15 min) with minimal epimerization. Aqueous workup procedures obviated the need for chromatographic purification.
3. Greener synthesis could be achieved by replacing non-atom-economical protecting groups (e.g., Fmoc) and corrosive TFA cleavages with sustainable
alternatives. Future research on integrating RAM into solid- and liquid-phase platforms may further minimize waste and enable synthesis of longer peptide

sequences under sustainable conditions.

Introduction

environmental footprint due to its relatively high process mass
intensity (PMI) and poor atom economy.” Increased peptide

Peptide science has made a significant impact in various fields
with special success in therapeutic and biomedical
applications."™ The advent of solid-phase peptide synthesis
(SPPS) revolutionized peptide assembly.>® Application of SPPS
for industrial peptide manufacturing has however a large
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demand has spurred the need for environmentally benign
“greener” synthetic strategies.® Notably, the use of commonly
employed reprotoxic and toxic solvents such as N,N-dimethyl-
formamide (DMF) and dichloromethane, as well as corrosive
acids such as trifluoroacetic acid (TFA), all need to be avoided to
improve sustainability.”™> Alternative approaches for peptide
production offer potential for reducing PMI and improving atom
economy, including liquid-phase supported peptide synthesis'?
and solventless mechanochemical processes,”'* as well as
recombinant'® and chemoenzymatic approaches."®

Resonant acoustic mixing couples the effects of high-inten-
sity vibrational motion and acoustic frequency agitation which

This journal is © The Royal Society of Chemistry 2026
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generate, respectively, systemic circulation and microcircula-
tion flow fields to realize a uniform dispersion throughout the
mixed system.'”'® To maximize mixing efficiency, the resonant
acoustic mixer (RAM) leverages a moderate frequency (58-62
Hz contingent upon mixing vessel and contents) over a rela-
tively long effective range (1.4 cm) to generate exceptional
energy as measured in gravitational force [g, force (1 gy =
9.806 m s~ 2)]. Avoiding milling and crushing, mixing with the
RAM has emerged as a powerful tool recently applied in
cocrystal, nanoparticle and metal/organic framework
preparation,'®>* metal-catalyzed reactions,>**> short DNA and
RNA fragment synthesis,*® and the sustainable preparation of
active pharmaceutical ingredients,27 but, to our knowledge, it
has not yet been used for making peptides.’®*° Offering
efficient mixing at high concentration, the RAM enables poten-
tial for rapid reaction kinetics using minimal excess of
reagents.

Aiming to determine the merits of using the RAM for envir-
onmentally sound and sustainable peptide synthesis, a sys-
tematic examination was performed to assess reactivity in
green liquids and to ascertain limits for forming ester and
amide bonds without racemization. Robust means for assem-
bling amino esters, amino amides and polyamides have been
developed using minimal amounts of environmentally benign
liquid, e.g., 1.0 pL mg™" of EtOAc and 1,2-dimethoxyethane
(DME). Rapid reaction completion was determined to occur
typically within 10 minutes without significant racemization
(epimerization) as ascertained in the synthesis of various chal-
lenging peptides.’® Focusing on carboxylate activation and
reactions with nucleophiles, arguably the most important chal-
lenge in peptide synthesis, this study has narrowly employed
the combination of water-soluble carbodiimide and ethyl cya-
nohydroxyiminoacetate (Oxyma) as an additive® to generally
enable effective isolation of pure product without the use of
significant amounts of organic solvent or chromatography.

Results

Peptide synthesis was performed on a Resodyn LabRAM II
acoustic mixer in 20 mL borosilicate scintillation vials. The
synthesis of dipeptide Cbz-Phe-Val-Ot-Bu [(S,S)-1] from Cbz-
Phe-OH (2) and Val-O¢-Bu (3) as coupling partners using RAM
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was selected to investigate different parameters: liquid, base,
and concentration (, pL mg ™', Chart 1). Subsequently, the
corresponding acid, Cbz-Phe-Val-OH [(S,S)-4], was coupled to
H-Pro-NH, (5) to prepare Cbz-Phe-Val-Pro-NH, [(S,S)-6] as a
critical means for assessing epimerization during peptide
coupling (Fig. 1).>> The coupling agent 1-ethyl-3-(3-dimethyl-
aminopropyl)carbodiimide (EDCI, 120 mol%) and additive
Oxyma (120 mol%) were employed to enable aqueous removal
of the urea side product and to avoid potentially explosive tri-
azole additives. The hydrochloride salt of H-Val-Ot-Bu (5) was
used to assess in situ free basing, for which triethylamine was
initially selected in part as a liquid medium with low viscosity
(4 = 0.36 mPa s). After dissolving the reaction mixture in 1:1
CH3;CN:H,0, conversion was monitored using LC-MS
(method A, 4 = 214 nm) by examining peak ratios for Cbz-Phe-
OH (2, R; = 7.8 min), Oxyma (R, = 5.2 min), and dipeptide (S,S)-
1 (R; = 10.2 min).

Without any liquid, the RAM-mediated coupling at 60 g,
gave 80% conversion to dipeptide (S,5)-1 after 4 min, due likely
in part to the use of Et;N as a non-viscous base (Table 1).
Conversion was increased to 96% after 4 min by employing the
reprotoxic and toxic liquid DMF (7 = 0.45 pL mg ', u =
0.79 mPa s, &, = 0.39) as the control.>* Examining environmen-
tally friendly alternatives,** the importance of liquid viscosity
and to a lesser extent, polarity was demonstrated along with
the significance of concentration (7 = 0.90 pL, mg ') and reac-
tion time (10 min) for conversion: DME (u = 0.46 mPa s, &, =
0.23), 98%; THF (u = 0.46 mPa s, & = 0.21), 95%; EtOAc (u =
0.42 mPa s, & = 0.23), 92%; 2-MeTHF (u = 0.46 mPa s,
€ = 0.18), 90%; NBP (1 = 1.20 mPa s, & = 0.32), 84%.'>%*78
Conversion was improved by adding into EtOAc 20 vol% of a
co-liquid: NBP, 98%; propylene carbonate (i = 2.5 mPa s, &, =
0.47), 96%; sulfolane (u = 6.28 (50 °C) 10.34 mPa s, &, = 0.41),
95%.%° Although distinct correlations did not exist, reaction
conversion was observed to increase using liquids having
lower viscosity and higher polarity. Rheological properties
other than viscosity, such as liquid elasticity and plasticity,
have also been suggested to influence mixing in the RAM and
may have consequences on conversion.*’

In a study comparing organic and inorganic bases
(Table S1), conversion varied with solubility (7 = 0.45 pL. mg™")
after 4 min at 60 go; EtzN, K,CO; and NaHCO; gave conver-
sions of 92%, 89% and 83%, respectively, in DME and 87%,

Liquid (n = 0.45
or 0.90 pyL/mg),
base (120 mol%),
time (4 or 10 min)

EDCI (120 mol%),
Oxyma (120 mol%),
RAM (60 gy)

CbzHN.___COyH
: Ot-Bu

: * HCIHN
Ph 5
HCI*H-Val-Ot-Bu
(3-HCI, 150 mol%)

Cbz-Phe-OH
(2, 100 mol%

0
__ CbzHN OtB
- y4 \)LHI“/ u
PH ©

Cbz-Phe-Val-Ot-Bu
[(8,5)-1]

Chart 1 Model dipeptide synthesis with the RAM to evaluate the effects of liquid and base on conversion.
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Base (mol%),
Oxyma (mol%),

I EDCI (mol%),
o DME (n = 0.90 pL/mg),
60 gp, 10 min CbzHN
CszN\_)L COH + 9o JL
: H NH2
Ph~ H2N
(S,S- and S,R)-4 H-Pro-NH, (S,S,5)-6 (94% yield, up to dr > 93.5:6.5)

(100 mol %) (5, 100-150 mol%)

(S,R,S)-6 (95% yield, dr > 95.2:4.8)

Base (120 mol%),
Oxyma (120 mol%),
EDCI (120 mol%),

CHg DME (n =0.90 u.L/mg), o
~-CO2CH;, 09, 10min cbzhn, N._CO,CHs
CszN\)J\ COZH NHo+HCI N o
HsC
(S,9)- and (S,R)-8 HCl+H-lle-OCH, (S,S,9)-7 (up to 93% yield, dr > 98.5: 1.5)

(100 mol%) (9, 150 mol%)

Oxyma (120 mol%),
EDCI (120 mol%),
liquid (n = 0.90 uL/mg),
60 gg, 10 min

(S,R,S)-7 (up to 95% yield, dr > 99:1)

. D—«

H-Pro-NH,
(5, 150 mol%)

CbzHN" ~CO,H

Cbz-D- and L-Phg-OH
(D- and L-11, 100 mol%)

s

(S,5)-10 (99% yield, up to dr > 97:3)
(R,S)-10 (99% yield, up to dr > 97.5:2.5)

Fig. 1 Couplings employed to study epimerization in the RAM: isolated yields; dr assessed by HPLC at A = 214 nm and 205 nm (details presented in

Tables S2-S4).

Table 1 Influence of liquid on conversion in the synthesis of dipeptide
(5.5)-1 with the RAM?

Liquid Base Time [min] 7, pLmg™" % conversion
DME (i-Pr),NEt 10 0.90 100
DME Et;N 10 0.90 98
DME Et;N 4 0.90 97
DME Et;N 4 0.45 92
1:4 NBP/EtOAc (i-Pr),NEt 10 0.90 100
1:4 NBP/EtOAc Et;N 10 0.90 98
1:4 NBP/EtOAc Et;N 4 0.45 93
1:4 PPC/EtOAc Et;N 10 0.90 96
1:4 sulfolane/EtOAc  Et3N 10 0.90 95
1:4 NBP/THF Et;N 4 0.45 93
DMF Et;N 4 0.45 96
THF Et;N 10 0.90 95
EtOAc Et;N 10 0.90 92
2-MeTHF Et;N 10 0.90 90
NBP Et;N 4 0.45 87
NBP Et;N 10 0.90 84
No liquid Et;N 4 — 80

“Conversion was assessed by LC-MS analysis at 4 = 214 nm [method A in the SI]
measuring peak intensity ratios: Cbz-Phe-OH (2, R, = 7.8 min), Oxyma (R, =
5.2 min), and dipeptide (S,S)-1 (R, = 10.2 min).

70% and 78% in NBP. Enhanced conversion was obtained
employing Hiinig’s base [(i-Pr),EtN, 120 mol%] instead of Et;N
(98%) in DME as well as in 20% NBP in EtOAc (7 = 0.90 pL

266 | Green Chem., 2026, 28, 264-276

mg ") for 10 min, likely due in part to the greater lipophilicity
(log P ~ 2.2 and 1.4) and weaker basicity (pK, of the conjugate
acids 18.1 and 18.46 in acetonitrile) of the former.*"** Ionic
pair solubility has also been shown to improve peptide
coupling.*®

Optimized conditions were consequently used to prepare
dipeptide (S,S)-1 on a gram scale. In DME (;7 = 0.90 pL mg™ "),
Cbz-Phe-OH (2, 100 mol%, 1.00 g) and HCI-H-Val-Ot-Bu (3,
150 mol%, 1.05 g) were coupled using Oxyma (120 mol%),
(-Pr),EtN, (120 mol%) and EDCI (120 mol%) at 60 g, in the
RAM for 10 min. After aqueous work-up, Cbz-Phe-Val-Ot-Bu (1,
1.50 g) was isolated in 99% yield.

Comparisons of mixing methods

Under RAM conditions yielding high conversion, a set of
control experiments were performed to distinguish the advan-
tages of agitation at 60 g, and high concentration in DME ( =
0.90 pL mg™ ). The synthesis of dipeptide (S,S)-1 from acid 2
(100 mol%) and the hydrochloride of amine 3 (150 mol%) was
examined using the same EDCI (120 mol%), Oxyma
(120 mol%) and (i-Pr),EtN (120 mol%) conditions employing
conventional stirring at 1500 rpm as well as agitation by soni-
cation (40 kHz) which after 10 min gave, respectively, 53% and
61% conversion. Moreover, agitation of the same reaction with

This journal is © The Royal Society of Chemistry 2026
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the RAM at 1, 15 and 30 g, gave, respectively, 64%, 71% and
68% conversion. In sum, the control experiments demon-
strated that high concentration alone with conventional, ultra-
sonic, and lower g, mixing was insufficient to attain the high
levels of conversion obtained using the RAM at 60 g,. In sub-
sequent studies of Fmoc protected amino acid couplings
(vide infra), agitation with the RAM at 80 g, proved effective.
Moreover, in couplings of sterically hindered hydrochloride
salt with RAM agitation above 80 g, (90 and 100 g,), significant
amounts of tert-butyl ester solvolysis were observed.

Green chemistry metrics

A comparison of the PMI was made for the synthesis of Cbz-Phe-
Val-Ot-Bu [(S,S)-1] using previous methods employing solution-
phase® and ball-milling methods.'* All three methods were per-
formed on a similar (1 g) scale and gave yields ranging from 60
to 99% (SI Table S7) from which PMIs were calculated. In solu-
tion, dichloromethane was used as a solvent, and in ball-milling
and RAM, EtOAc was employed; moreover, DME was also used in
RAM. Before purification, comparable PMI values were calculated
for RAM (4.1, DME; 4.6 EtOAc) and ball-milling (4.2, EtOAc),
which were 3-5 fold better than the solution-phase method
(13.5-19.2 CH,Cl,). Accounting for purification, the RAM method
had about a 2-fold better PMI (59.9, DME; 66.2, EtOAc) than the
solution-phase (127.9-181.2) and ball-milling (115.8) methods.

Epimerization studies

Epimerization is a key issue commonly encountered in amide
bond formation during peptide synthesis and minimized
through optimization of coupling conditions. Employing the
EDCI and Oxyma coupling with environmentally benign solvents
under conditions which were described above as a point of
departure, three different systems were explored to study epimeri-
zation (Fig. 1). The coupling of Cbz-Phe-.-Val-OH [(S,5)-4] and
H-Pro-NH, (5) to prepare Cbz-Phe-Val-Pro-NH, [(S,S,S)-6] was
examined because this system has previously been used to assess
epimerization during EDCI couplings in DMF in which different
additives were shown to diminish the amount of Cbz-Phe-p-Val-
Pro-NH, [(S,R,S)-6] diastereomer to levels between 9.2 and 17.2%
(Table 52).>*

In a second model, Cbz-Ala-Phg-Ile-OMe [(S,S,S)-7] was pre-
pared from Cbz-Ala-Phg-OH [(S,S)-8] and HCl-Ile-OMe (9) because
the former had previously been made using ball milling in
88-93% yield after 10 min employing EDCI and different addi-
tives (Oxyma, HOAt and HOBt-H,O) in DMF with epimerization
and formation of Cbz-Ala-p-Phg-Ile-OMe [(S,R,S)-7] varying from 0
to 25%; moreover, similar conditions over 30 min in EtOAc were
claimed to give the diastereomerically pure tripeptide (S,S,5)-7 in
96% yield."* Finally, the dipeptides Cbz-»>- and 1-Phg-Pro-NH,
[(R,S)- and (S,S)-10] were synthesized because earlier studies had
shown that Oxyma resulted in less epimerization (about 1%) than
HOBt and HOAt as additives for DIC couplings in the “green sol-
vents” 2-MeTHF and cyclopentyl methyl ether, respectively.***>

For the synthesis of the tripeptide amide (S,S,5)-6, dipep-
tide diastereomers Cbz-Phe-p- and 1-Val-O¢-Bu [(S,R and S,S)-4]
were first shown to have >99:1 dr by "H NMR examination of

This journal is © The Royal Society of Chemistry 2026
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the iso-propyl methyl doublets at 0.87 and 0.84 ppm. The
purity of the corresponding tripeptide diastereomers (S,R,S)-
and (S,S,5)-6 was ascertained by LC-MS (method A, A =
214 nm) and integration of the UV intensity of the corres-
ponding peaks at R, = 7.5 and 7.12 min. Employing excess
proline amide (150 mol%) and Et;N (120 mol%) in DME (5 =
0.90 pL. mg ™) at 60 g, for 10 min afforded 13.6% of the (S,R,S)-
isomer (S,R,S)-6, due likely in part to base-mediated deproto-
nation of an oxazolone intermediate.*® In the absence of Et;N,
lower amounts of the (S,R,S)-isomer were observed contingent
on the amount of proline amide [(5), 150, 120 and 100 mol%
gave 7.2%, 9.1% and 10.0%, respectively]. Excess proline
amide (5) is expected to facilitate interception of the oxazolone
intermediate.*® Epimerization was minimized further to 6.8%
and 6.6% with a slight drop in conversion by reducing the
amount of EDCI or Oxyma from 120 to 100 mol%, respectively.
Epimerization was less significant in the synthesis of Cbz-Phe-
p-Val-Pro-NH, [(S,R,S)-6]; only 4.8% of the (S,S,S)-isomer (S,S,
S)-6 was observed after coupling using Cbz-Phe-p-Val-OH [(S,
R)-4] and H-Pro-NH, (5) in the presence of Et;N (120 mol%).
Dipeptide diastereomers Cbz-Ala-p- and 1-Phg-Ot-Bu [(S,R)-
and (S,5)-12] were, respectively, prepared from Cbz-Ala-OH (13)
and HCI-H-p- and 1-Phg-O¢-Bu (p- and 1-14) under the represen-
tative RAM conditions (60 go, 10 min) with (i-Pr),EtN in DME
and were shown to have >99:1 dr by measuring the intensities
of the corresponding tert-butyl signals at 17.6 and 17.8 ppm in
the C{"H} NMR spectra. After ester solvolysis using 4 M HCIl
in 1,4-dioxane, Cbz-Ala-p- and t-Phg-OH [(S,R)- and (S,S)-8] were
coupled to HCI-H-Ile-OMe (9) and epimerization and conver-
sion were ascertained by measuring the UV intensity of the
corresponding peaks for Cbz-Ala-p- and 1-Phg-Ile-OMe [(S,R,S)-
and (S,S,5)-7] at R, = 11.2/12.9 and 11.5/13.3 min using LC-MS
analysis (methods B and C, A = 205 nm, Table S3). Complete
and 77% conversion with 1.55% and 0.97% of Cbz-Ala-p-Phg-
Ile-OMe [(S,R,S)-7] in (S,S,S)-diastereomer (S,S,S)-7 was obtained
using (i-Pr),EtN and Et;N as bases (120 mol%) in DME (y =
0.90 pL mg™') at 60 g, for 10 min. On the other hand, the
weaker bases 2,4,6-collidine and N-methyl morpholine gave
lower conversion (54% and 52%) and more epimerization (3%
and 5% (S,R,S)-7). The phosphate additive, NaH,PO,, reduced
epimerization but compromised conversion. Employing 120
and 400 mol% NaH,PO, gave conversions of 26% and 81%
with less than 1% of the (S,R,S)-diastereomer (S,R,S)-7.
Similarly, Cbz-Ala-p-Phg-Ile-OMe [(S,R,S)-7] was prepared in
88% and 84% conversion using (i-Pr),EtN and Et;N, respect-
ively, with about 1% of the (S,S,S)-diastereomer (S,S,S)-7.
Performing the stringent test for epimerization, complete
conversion of Cbz-Phg-OH (11, 100 mol%) and H-Pro-NH, (5,
150 mol%) to Cbz-Phg-Pro-NH, [(S,S)-10] was achieved with
production of up to 3% of the (R,S)-diastereomer (R,S)-10
using Oxyma (120 mol%) and EDCI (120 mol%) without base
in DME and in 20 vol% NBP in EtOAc, respectively. The dia-
stereomeric ratio was assessed by measuring the UV intensity
of the corresponding peaks at R, = 4.96 [(S,S)-10] and 5.35 min
[(R,S)-10] by LC-MS (method C, 4 = 205 nm). In sum, epimeri-
zation was generally minimized using the RAM protocols and

Green Chem., 2026, 28, 264-276 | 267
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the diastereomer was kept at levels similar to those previously
achieved in the three systems employing earlier methods.**3*

Ester, amide, and dipeptide synthesis

In pursuit of using the RAM for the synthesis of challenging
targets under investigation in our laboratory, environmentally
sound methods were innovated for making orthogonally pro-
tected amino ester, amide, and dipeptide building blocks
(Schemes 1 and 2). Tolerance was demonstrated for various
amino acid protecting groups that are commonly employed in
peptide synthesis.*? Initially, 2,4-dimethoxybenzyl carboxylates
were synthesized as representative esters under the EDCI and
Oxyma conditions in different liquids. Subsequently, allyl
esters were synthesised under similar conditions.

Dimethoxybenzyl esters, Fmoc-p- and Fmoc-L-Trp(Boc)-
ODmb [(R)- and (S)-21], were synthesized in 98% and 99%
yield, respectively, with er > 99.5: 0.5 using the corresponding
acid, 2,4-dimethoxybenzyl alcohol (120 mol%) and (i-Pr),NEt
(120 mol%) in DME (5 = 0.90 pL mg™ ") at 60 g, for 10 min. Allyl
ester 22 was synthesized in 98% yield from Fmoc-Lys(Boc)-OH
(16) using allyl alcohol (150 mol%) under similar conditions in
EtOAc (7 = 1.0 pL mg™') at 80 g, for 12 min and aqueous
workup. Moreover, H-p- and 1-Val-ODmb [(R)- and (S)-24] were
synthesized in 72% and 75% yields, respectively, from Fmoc-p-
and 1-Val-OH (p- and 1-17) by a two-step approach employing
EtOAc (77 = 1.0 pL mg ™) as the liquid medium at 80 g, featuring
(-Pr),NEt (200 mol%) mediated esterification (8 min), followed
by Fmoc group removal from esters 23 with 5 vol% 1,8-diazabi-
cyclo[5.4.0Jundec-7-ene (DBU, 12 min) and aqueous workup.

Amides and dipeptides (e.g., 30-34) were synthesized
employing RAM with DME and EtOAc as liquid media, respect-
ively. Couplings were conducted with the RAM in DME (y =
0.9-1.0 uL mg ') typically at 60 g, for 10 min (Fig. 2) and in
EtOAc (i7 = 1.0 uL mg™") at 80 g, (Fig. 3).

DmbOH (120 mol%),
(i-Pr),EtN (120 mol%),
Oxyma (120 mol%),
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Employing ammonium chloride in DME, Boc-Leu-OH (18)
and Boc-Lys(Tfa)-OH (19)*” were converted into Boc-Leu-NH,
[(S)-25] and Boc-Lys(Tfa)-NH, [(S)-26] in 84% and 95% yields.
Dipeptide o-Nps-Ala-Trp(Boc)-ODmb [(S,5)-30] was synthesized
from o-Nps-Ala-OH (35, 105 mol%)*® and H-Trp(Boc)-ODmb
[(S)-29, 100 mol%] in 98% yield after aqueous workup. A pro-
tected dipeptide, Fmoc-Arg(Pbf)-Gly-OEt (31), from a fragment
used in the solution-phase supported synthesis of semaglu-
tide*® was prepared in 89% yield by coupling Fmoc-Arg(Pbf)-
OH (36, 100 mol%) and HCI-Gly-OEt (37, 150 mol%).

A two-step process was developed to prepare H-p-Leu-
NHCH,CCH (28) and H-p-Glu(¢-Bu)-p-Leu-NHCH,CCH (33) in
87% and 69% yields, respectively, without detectable racemiza-
tion from the respective Fmoc-amino acids (p-20 and 40) with
propargylamine and H-b-Leu-NHCH,CCH (28) in EtOAc (y =
1.0 uL mg™ ") at 80 g, featuring coupling (8 min), followed by
Fmoc group removal from amide 27 with 5 vol% DBU (12 min)
and aqueous workup. The Fmoc group was also removed from
Fmoc-Trp(Boc)-ODmb [(S)-21] using a combination of diethyl-
amine (1000 mol%) and DBU (40 mol%) in DME (r = 0.90 pL
mg ') at 60 g, for 10 min. After evaporation of the volatiles,
H-Trp(Boc)-ODmb [(S)-29] was isolated in 98% yield by
aqueous workup, followed by filtration through a silica gel pad
to remove non-polar dibenzofulvene and its corresponding di-
ethylamine adduct.

The challenging coupling of two a-amino iso-butyric acid
(H-Aib-OH) residues was also examined by the synthesis of
Fmoc-Aib-Aib-Ot-Bu (32) in 82% yield from the reaction of
Fmoc-Aib-OH (38, 100 mol%) and H-Aib-OtBu (39, 150 mol%)
employing EDCI (200 mol%), Oxyma (300 mol%) and Et;N
(200 mol%) in DME at 80 g, for 40 min. The challenging coup-
ling of two p-substituted amino acids was also explored by the
synthesis of Fmoc-p-Thr(t-Bu)-o- and 1-Val-ODmb [(R,R- and
R,S)-34] in 95% and 94% yields respectively from Fmoc-p-Thr

NH,4CI (120 mol%),
(-Pr),EtN (120 mol%
Oxyma (120 mol%),

~NBOC_ _OCH; EDCI (120 mol%), EDCI (120 mol%),
DME (n = 0.90 pL/mg), DME (n = 0.90 uL/mg),
X i 60 gp, 10 min
FmocHN (0] 60 gp, 10 min Yo - BocHN
o OCH; H2C=CHCH,OH (150 mol%), NH,CI (120 mol%), (5)-25 (8 4%
(S)-21 (99%, er > 99.5:0.5) (FPr);EtN (100 mol%), (i-Pr),EtN (120 mol%) o
(R)-21 (99%, er > 99.5:0.5) Oxyma (140 mol%), Oxyma (120 mol%),
EDCI (120 mol%), R EDCI (120 mol%),
EtOAc (n = 1.0 pL/mg), DME (n =0.90 uL/mg
o NHBoc " 80g,, 12 min oo HN)<CO y 60 gy, 10 min
FmocHN X ‘ ’ 2
o (100 mol%) BocHN
0 DmbOH (120 mol%), | Fymoc-Trp(Boc)-OH (15) .
22 (98%) (i-Pr),EtN (200 mol%), Fmoc-Lys(Boc)-OH (16) H,NCH,CCH (120 mol%), S)-26 (95%
Oxyma (200 mol%), Fmoc-Val-OH (17) OXyma (170 mol%),
OCH3 EDCI (120 mol%), Boc-Leu-OH (18) EDCI (120 mol%),
. EtOAc (Y] =1.0 uL/mg), Boc-Lys(Tfa)—OH (19) EtOAc (n =1.0 IJL/ITIQ), "
RHN” ¢ © < 8990 8min Fmoc-Leu-OH (20) 809go 8min SN F
) OCHg 0
5% DBU, EtOAc, — (R-and S)-23: R = Fmoc 5% DBU, EtOAc, 27: R = Fmoc (er > 99:1)
80 gp, 12 min E» (R-and S)-24: R = H [72% and 75% from D- and L-17] r.t., 80 gp, 12 min 28: R = H (87% from 20)

Scheme 1 Ester and amide synthesis with the RAM. Enantiomeric ratios determined using chiral supercritical fluid chromatography (SFC).
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20% piperidine, THF,
80 gy, 12 min

Oxyma (120 mol%), EDCI (110 mol%),
2-MeTHF (n = 1.0 pL/mg), 80 g, 12 min

H
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(R)- and (S)-47: R = Dmb
(81% and 79% from D- and L-20)

COszb
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(50, 100 mol%),

H
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46: R = Fmoc
% DBU, THF,
5/080 gU’6 min | (74% from D-15)
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Oxyma (140 mol%), EDCI (120 mol%),
EtOAc (n = 1.0 puL/mg), 80 gp, 12 min

BocHN
FmocHN \¢ \[ iODmb

(R)-44 (80% from (R

NBoc
R)-47,dr>97.5:2.5

(S)-44 (83% from (S)-47)

Scheme 2 Fragment synthesis of tetrapeptides (R)- and (S)-44 with the RAM.

(¢-Bu)-OH (42) and H-p- and 1-Val-ODmb [(R)- and (S)-24] using
EDCI (200 mol%) and Oxyma (300 mol%) in EtOAc ( = 1.0 pL
mg~") at 80 g, for 40 min, followed by aqueous workup and
chromatographic purification.

Tetrapeptide synthesis by fragment coupling

The synthesis of two tetrapeptides, Fmoc-b-Thr(t-Bu)-p-Val-n-
Glu(t-Bu)-p-Leu-NHCH,CCH [(R)-43] and Fmoc-Lys(Boc)-b-Leu-
Nle-p-Trp(Boc)-ODmb [(R)-44], from their respective dipeptide
precursors was explored to examine the RAM in fragment

This journal is © The Royal Society of Chemistry 2026

coupling. Tetrapeptide (R)-43 possesses a component of an
interleukin-1 receptor antagonist under study, because of its
potential to suppress inflammatory activation, prolong ges-
tation and improve neonatal outcomes induced in mice by
group B streptococcus.’® Tetrapeptide (R)-44 is a protected part
of an anti-amyloidogenic cyclic p/t-a-peptide analog under
investigation for the early detection and treatment of
Alzheimer’s disease.’’ In addition to their interesting utility
for making medicinally relevant peptide targets, tetrapeptides
43 and 44 offer synthetic challenges because of issues in coup-
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R? R O
(100 mol%) (150 mol%)
0]
CbzHN OB
’ Jj\m ’ ’ Cb HNJL OtB
= o) CbzHN" * Z u
Ph
H2N
Cbz-Phe-Val-Ot-Bu Cbz-Phg-Pro- NH2 Cbz-AIa-Phg-Ot—Bu
(S,S)-1: 99%, dr > 99:1 (S,5)-10: 99%, dr > 97:3 (S,S)-12: 98%, dr > 99:1
Cbz-Phe-D-Val-Ot-Bu Cbz-D-Phg-Pro-NH,?2 Cbz-Ala-D-Phg-Ot-Bu
(S.R)-1:97% (R,S)-10: 99%, dr > 97.5:2.5 (S.R)-12: 99%
beHN
NBoc
NO =~
@ 2 HeG CHgpy O
S N\)J\H ODmb FmocHN N\)J\OEt FmocHN)\[( \ej\oa
O O CH, o} OH;C CHs
o-Nps-Ala-Trp(Boc)-ODmb? Fmoc- Arg(be) Gly-OEt Fmoc-Aib-Aib-Ot-BuP
(S,5)-30: 98% 31: 89%, 32: 82%

Fig. 2 Dipeptide synthesis with the RAM in DME: # H-Pro-NH; (5, 150 mol%) and H-Trp(Boc)-ODmb (29, 100 mol%) were employed without base;
b EtsN (200 mol%) as base, Oxyma (300 mol%) and EDCI (200 mol%) at 80 g, for 40 min were used.

H-D-Leu-NHCH,CCH (28, 100 mol%)

Oxyma (170 mol%), CO.iB
EDCI (120 mol%), 2o
CO,t-Bu EtOAc (n = 1.0 pL/mg), . 0
80 go, 8 min - : H
: RHN" H/\\\
FmocHN COQH O
40 (100 mol%) 5% DBU, EtOAc, 41: R =Fmoc

80 gg, 12 min 33: R =H (80% from 40)

H-D- and L-Val-ODmb (24, 100 mol%)
Oxyma (300 mol%),
EDCI (200 mol%), \/Ot'B“

\/Ot-Bu EtOAc (n = 1.0 pl/mg),
80 g, 40 min FmocHN/\ﬂ/ ODmb
FmocHN C02

42 (100 mol%) (R,R)-34: 95%
(R, S) -34: 94%

Fig. 3 Dipeptide synthesis with the RAM in EtOAc.
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Chart 2 Fragment synthesis of tetrapeptides (R)- and (S)-43 with the RAM.

ling side chain protected and p-branched residues as well as
epimerization in coupling fragments to make sequences with
alternating p- and i-residue configurations.”>>® In the syn-
thesis of tetrapeptides 43 (Chart 2) and 44, an Fmoc/t-Bu strat-
egy was employed using the environmentally friendly solvents
2-MeTHF and EtOAc without (i-Pr),NEt as bases in couplings
of free amines.

Commencing with Fmoc-p-Thr(#-Bu)-p- and 1-vVal-ODmb
[(R)- and (S)-34], the Dmb esters were solvolyzed with 5 vol%
TFA in CH,Cl, at 80 g, for 4 min. After aqueous workup, the
corresponding acids [(R)- and (S)-45, 100 mol%] were coupled
to  H-p-Glu(#-Bu)-0-Leu-NHCH,CCH  (33) using EDCI
(200 mol%) and Oxyma (300 mol%) in EtOAc (7 = 1.0 pL mg™ ")
at 80 g, for 40 min. After purification on silica gel, Fmoc-p-Thr
(t-Bu)-p- and 1-Val-p-Glu(¢-Bu)-p-Leu-NHCH,CCH [(R)- and (S)-
43] were isolated in 79% and 77% yields, respectively. Before
chromatography, tetrapeptides (R)- and (S)-43 were shown to,
respectively, possess 4% and 3% of the corresponding (S)- and
(R)-diastereomer by LC-MS analysis.

For the synthesis of tetrapeptides Fmoc-Lys(Boc)-p- and
t-Leu-Nle-p-Trp(Boc)-ODmb [(R)- and (S)-44], orthogonally pro-
tected dipeptide fragments Fmoc-Nle-p-Trp(Boc)-ODmb (46)
and Fmoc-Lys(Boc)-p- and 1-Leu-ODmb [(R)- and (S)-47] were,
respectively, synthesized in three steps without isolation of
intermediates. Esters of Fmoc-p-Trp(Boc)-OH (D-15) and Fmoc-
p- and 1-Leu-OH (p- and 1-20) were prepared using 2,4-
dimethoxybenzyl alcohol with EDCI, (i-Pr),NEt, and Oxyma in
2-MeTHF (;7 = 1.0 pL mg™") at 80 g, for 12 min in 87-97% con-
version with minor amounts of unreacted starting acid as the
only detectable impurity by LC-MS analysis. Without further
purification, the Fmoc group was removed from Dmb ester (R)-
21 and Fmoc-p- and 1-Leu-ODmb [(R)- and (S)-48] using 20%
piperidine in THF at 80 g, for 12 min, and residual amino acid
impurity was removed by aqueous wash. Although most of the
dibenzofulvene and its piperidine adduct were removed by pre-
cipitation from a 1:1 MeCN : H,O solution, followed by extrac-
tion of the amine into EtOAc, residual amounts were detected
by LC-MS and carried forward into the subsequent coupling
reactions.

Amine (R)-29 and H-p- and 1-Leu-ODmb [(R)- and (S)-49]
were amino acylated using an excess (105 mol%) of Fmoc-Nle-
OH (50) and Fmoc-Lys(Boc)-OH (16) employing EDCI and
Oxyma in 2-MeTHF (7 = 1.0 uL, mg™') at 80 g, for 12 min to

This journal is © The Royal Society of Chemistry 2026

0. Ot-Bu
~O-tBu \]\/\
FmocHN T H/\[O( H/\\\

(R)-43 (78% from (R)-34, dr > 97.5:2.5)
(S)-43 (75% from (S)-34, dr > 98.5:1.5)

provide protected dipeptides 46, (R)-47 and (S)-47 in 74%, 81%
and 79% overall yields after precipitation from Et,O using a
minimum amount of hexanes. Similar yields of dipeptides 46,
(R)-47 and (S)-47 were obtained by performing the coupling
reaction in EtOAc.

Prior to fragment coupling, Dmb esters (R)- and (S)-47 were
solvolyzed to Fmoc-Lys(Boc)-p- and 1-Leu-OH [(R)- and (S)-51]
using a 5 vol% solution of TFA in CH,CI, (7 = 1.0 pL mg™") at
80 g, for 3 min. Higher and lower TFA concentrations resulted
in partial loss of the Boc protection and extended reaction
times. After neutralization of the excess TFA with carbonate,
filtration, evaporation, and digestion of the residue with
methanol, acids (R)- and (S)-51 were obtained upon evapor-
ation of the volatiles and estimated to have >98% purity by
LCMS analysis. Removal of the Fmoc group from Fmoc-Nle-p-
Trp(Boc)-ODmb (46) using the mentioned RAM conditions
with piperidine gave a side product showing a molecular ion
consistent with diketopiperazine. The latter was avoided by
employing 5 vol% DBU in EtOAc (7 = 1.0 pL mg™") at 80 g, for
6 min, and H-Nle-p-Trp(Boc)-ODmb (52) contaminated with
dibenzofulvene was obtained after aqueous wash and
employed in the subsequent fragment couplings.

In the fragment couplings, dipeptide acids (R)- and (S)-51
(105 mol%) were reacted with amine 52 (100 mol%) using
EDCI (120 mol%) and Oxyma (140 mol%) in EtOAc (7 = 1.0 pL
mg~') at 80 g, for 12 min with >97% conversion. The diaster-
eomeric purity of Fmoc-Lys(Boc)-p-Leu-Nle-p-Trp(Boc)-ODmb
[(R)-44] was assessed using chiral SFC, the limits of detection
of which demonstrated that <2.5% of the (S)-diastereomer [(S)-
44] was present in the crude peptide. Purification by chromato-
graphy on silica gel gave tetrapeptides (R)- and (S)-44 in 80%
and 83% overall yields, respectively, from protected dipeptides
(R)- and (S)-47.

Synthesis of Aib-enkephalin

The synthesis and analysis of the enkephalin amide analog,
H-Tyr-Aib-Aib-Phe-Met-NH,, demonstrated that steric con-
straints could enhance conformational rigidity favouring a
consecutive p-turn structure as well as improved activity in a
behavioural assay in mice.>® Consequently, Aib-enkephalin
(H-Tyr-Aib-Aib-Phe-Leu-NH,, 54) has become a testing ground
for demonstrating technology, including coupling agents,
benign liquids, and the use of ultrasound for enhanced sus-
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Scheme 3 Synthesis of Aib-enkephalin with the RAM.

tainable solid-phase peptide synthesis.>*™’ Targeting Aib-

enkephalin 54 to validate the synthesis of a challenging
peptide with the RAM, a sequence was pursued from Boc-Leu-
NH, [(S)-25]. Acid labile Boc and ¢-butyl groups were removed
by conventional solvolysis using 4 M hydrochloride in 1,4-
dioxane. Couplings were typically performed using Boc-pro-
tected amino acids (100 mol%) and resulting hydrochloride
salts (100 mol%) employing the RAM with EDCI, Oxyma and
base (100 mol%) in DME (5 = 0.90 uL mg™') at 80 g, for
15-20 min (Scheme 3). Isolation and characterization of each
hydrochloride salt (e.g., 54) and the protected penultimate
peptide 62 were performed without chromatography using
aqueous workup, trituration, and precipitation.

Discussion

Sustainable peptide manufacturing will require minimizing
PMI with attention to the overhaul of contemporary use of
toxic solvents (e.g., DMF and CH,Cl,), corrosive acids (e.g,
TFA), and atom-intensive protecting groups (e.g., the Fmoc

272 | Green Chem., 2026, 28, 264-276

OH,C CH3H
R'HN

HsC CHzy O H ©
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= Boc, R? = t-Bu (75%)
R2 = HCI*H (100%)

\@\OHSC CHs
OR?

1=
dioxane 62: R
- 54: R! =

) 7,58

group).
product isolation and purification. Among efforts to reduce

Solvent use should also be minimized in peptide

waste in solid-phase synthesis, microwave heating and ultra-
sound agitation have been used to accelerate reaction times
and minimize resin washings, which account for 90% of
solvent use.>>® In solution-phase peptide synthesis, mechano-
chemistry by solvent-less ball milling and twin-screw extrusion
methods has provided short peptides employing conventional
protection and coupling methods."*°" For example, the dipep-
tide sweetener aspartame has been made by milling and extru-
sion methods.®" Moreover, by activation of C-terminal glycine
fragments, ball milling has been used to synthesize octapep-
tides, eg, Boc-Tyr(OBn)-p-Ala-Phe-Gly-Gly-Tyr-Pro-OMe.*?
Collisional and frictional interactions from mechanochemical
methods impart however significant stress to the reaction
material and may lead to irregular rises in local temperature
and risk of contamination from wear of the milling media.®***

Resonant acoustic mixing does not rely on high-impact
mechanical force; instead, low-frequency resonance and acous-
tic energy are transferred effectively to achieve mixing.'”'®
With the objective of exploring the merits of the RAM in solu-

This journal is © The Royal Society of Chemistry 2026
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tion-phase peptide synthesis, several notable results have been
revealed. Rapid coupling of various protected amino acids and
dipeptide fragments was achieved with minimal epimerization
and relatively high yields. Stoichiometric amounts of coupling
partners were reacted effectively in environmentally friendly
solvents, such as EtOAc, DME and 2-MeTHF. Difficult coup-
lings between sterically hindered amino acids were accom-
plished efficiently. High concentration (y < 1 pL mg ') mini-
mized solvent waste. Focussing on EDCI and Oxyma as coup-
ling agents enabled the removal of most impurities by
aqueous workup and trituration after the reaction. In addition
to amide bond formation, effective esterification was achieved
under related conditions. Mixing with the RAM at forces of
60 g, and 80 g, at high concentration proved critical for good
reaction conversion. Gram-scale reactions were also demon-
strated for the syntheses of esters [e.g., (S)-21 and 22] and
dipeptides [e.g., (S,S)-30, 31, 46, and (R)- and (S)-47, see the SI].

In the present study, conventional protecting groups
lacking atom economy (e.g., Fmoc) and cleavage conditions
with corrosive acids (e.g:, TFA) in undesirable solvents (e.g.,
CH,Cl,) were employed in certain cases primarily because the
focus was on coupling chemistry. Cursory investigations have
also indicated that other amide-bond forming conditions were
effective using the RAM. Beyond solution-phase synthesis, the
RAM may likely hold promise for supported liquid-phase and
solid-phase synthesis. Further experimentation with the RAM
is ongoing to address the above issues for the preparation of
longer and more arduous sequences and will be reported in
due time.

In sum, application of the RAM has enabled efficient for-
mation of amino esters, amino amides, and peptides under
mild conditions with minimal solvent usage. Operating the
RAM at 60-80 g, and employing high concentration in environ-
mentally benign liquid (7 < 1 pL mg™") gave rapidly high con-
versions. Low liquid viscosity and judicious use of organic
bases emerged as critical factors for effective mixing, minimiz-
ing epimerization and superior reaction outcomes. Across mul-
tiple coupling models, including sterically hindered, epimeri-
zation-prone and fragment assembly systems, the RAM gave
successful high conversion, rapid reaction rates and quality
peptides comparable to modern mechanochemical and solu-
tion-phase methods. Collectively, the RAM method has proven
to be a pragmatic means for assembling ester and amide
bonds offering striking potential for overcoming synthetic
obstacles and meeting environmental requirements for sus-
tainable and resource-efficient peptide production.
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