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ABSTRACT: We investigated the ultrasonication-mediated
effects on the Fmoc-based solid-phase peptide synthesis
(SPPS). Our study culminated with the development of an
ultrasound-assisted strategy (US-SPPS) that allowed for the
synthesis of different biologically active peptides (up to 44-
mer), with a remarkable savings of material and reaction time.
Noteworthy, ultrasonic irradiation did not exacerbate the
main side reactions and improved the synthesis of peptides
endowed with “difficult sequences”, placing the US-SPPS
among the current high-efficient peptide synthetic strategies.

The introduction of the solid-phase peptide synthesis
(SPPS) by Merrifield1 provided a tremendous contribu-

tion in understanding the potential of peptides in numerous
scientific fields.2−4 Based on the different strategies employed
to protect the α-amino and the side-chain functional groups,
two main SPPS approaches were established: the tert-
butyloxycarbonyl/benzyl (Boc/Bzl) ones and the fluorenylme-
thoxycarbonyl/tert-butyl (Fmoc/tBu) ones. Nowadays, most of
the synthetic peptides are prepared by the Fmoc-SPPS, which
allows the use of milder reaction conditions during the
synthesis and the cleavage of peptides from the solid support.5

Nevertheless, the conventional Fmoc-SPPS is costly and
time-consuming, and its performance can be affected by events
such as sequence-dependent side-chain aggregations, occurring
in the so-called “difficult sequences”, which jeopardize the
overall progress of the synthesis.6 In this regard, a significant
advancement came from the application of microwave heating
(μW-SPPS), which reduces the occurrence of aggregation.7

Unfortunately, most of the μW-SPPS protocols are efficient
when high temperature is employed, limiting their use, in some
cases.8,9

In parallel to the early reports of the μW-assisted reactions,
numerous studies documented the use of ultrasonication (US)
to activate reagents in both homogeneous and heterogeneous
reactions, giving rise to a branch of chemistry called
“sonochemistry”.10,11 The propagation of ultrasound waves in
the fluids triggers the formation, growth, and implosion of
bubbles, which is a phenomenon known as cavitation, which,
in turn, produces a local increment of temperature and
pressure.10 Although the cavitation has been extensively
studied in heterogeneous reactions, to the best of our
knowledge, a very few examples of sonochemical-assisted

transformations in SPPS have been reported to date.12−15 To
bridge this gap, in this work, we focused on the two main SPPS
reaction steps: Fmoc-removal and amide bond formation,
which are two examples of heterogeneous polar trans-
formations. They are influenced by US mainly through a
mechanical action (i.e., microstreams and dispersions),16

which could substantially increase the number of efficient
collisions between the reagents in solution and the resin-
reactive sites, otherwise unachievable through conventional
strategies (e.g., magnetic stirring and orbital shaking). First,
considering that cavitation erodes the solid surface contacting
the fluid,10 we verified that the overall polymeric structure of
the resin was not affected by US irradiation (see the
Supporting Information). Moreover, ultrasonic propagation is
also known to produce heat,17 which could influence the
reaction rate and eventually mislead the interpretation of the
results. Thus, preliminary investigations that aimed to define
optimal reaction time and reagent excess were conducted by
setting the ultrasonic bath temperature at 25 °C and
monitoring the temperature trend in the SPPS vessel.
The US effects on the Fmoc-removal were assessed on a

functionalized Fmoc-L-Asp(OtBu)-Rink amide-AM PS resin
upon treatments with 20% pip/DMF solution (procedure A,
ultrasonic irradiation; procedure B, mechanical shaking) at
various reaction times (1−6; see Figure 1a). The yields were
extrapolated by ultraviolet (UV) monitoring of the dibenzo-
fulvene−piperidine adduct formation at 301 nm.
As reported in Figure 1a, the ultrasound-assisted treatments

1−4 yielded quantitative amine deprotection (>99%). As
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expected, we observed a local moderate increment of
temperature, with respect to the reaction times (see Figure
1a, as well as Table S1 in the Supporting Information). In the
case of 3 and 4, the highest measured temperatures (40.0 and
35.1 °C, respectively) appeared significantly lower than those
reported in the conventional or μW-heating SPPS proce-
dures.7,18 Noteworthy, US impacted the efficiency of Fmoc-
deprotection, compared to treatments with 20% pip/DMF
solution (7−9) during the synthesis of a 10-mer oligo-alanine
peptide (Figure 1b), which is known to aggregate on solid
supports.6 Particularly, a progressive gap between the ultra-
sound-assisted and conventional performances arose from the
sixth alanine, probably as consequence of the role of
ultrasonication in reducing the peptide aggregation during
the sequence growing. These results encourage the use of
sonication during the Fmoc deprotection, especially in the
synthesis of “difficult sequences”.
Ideally, the application of an energy source to a chemical

transformation should not prompt new undesired reactions or
exacerbate the already-known ones. Hence, we started
monitoring the base-related aspartimide formation during the
1−6 fragment of toxin II by Scorpion Androctonus australis
Hector (VKDGYI) synthesis (Figure 2).19 Three different
deprotection protocols were employed: (a) 5 + 25 min, 20%
pip/DMF solution, by mechanical shaking (entry 1); (b) 0.5 +
1 min, 20% pip/DMF solution, by ultrasonic irradiation (entry
2); and (c) 0.5 + 1 min, 20% pip/DMF solution added of 1%
formic acid, by ultrasonic irradiation (entry 3).20

As depicted in Figure 2, the US process did not cause the
formation of any additional undesired products, but especially
led to a detectable decrement of the aspartimide byproduct (1
vs 2 and 3), promoting their use in aspartic acid-containing

peptides bearing a glycine as a flanking amino acid. As a result
of all the reported studies, we adopted entry 4 (20% pip/DMF
solution for 0.5 + 1 min) as standard US-assisted procedure for
subsequent investigations.
To test ultrasonication on the amide bond formation, a

model pentapeptide (Fmoc-KFRFD) was synthesized using a
Rink amide-AM PS resin as a solid support and N,N,N′,N′-
tetramethyl-O-(1H-benzotriazol-1-yl)uronium hexafluorophos-
phate (HBTU)/1-hydroxybenzotriazole (HOBt) as a combi-
nation of activating/additive agents. The pentapeptides were
assembled by varying the reaction times and stoichiometry of
reactants. Again, during the synthesis, the temperature trend in
the reaction vessels was monitored (Table 1). All peptides
were then analyzed by HPLC (see Figures S11−S22 in the
Supporting Information) to determine crude purity by peak
integration.
Initially, the reaction time was reduced from 30 to 2 min

(Table 1, entries 2−5) in the presence of a specific amount of
reagents excess (4 equiv). As reported in Table 1, the
ultrasonic treatments 2−4 enabled to efficiently accelerate the
couplings, yielding higher final purities (≥90%), compared to
the conventional synthesis (Table 1, entry 1). Next, we
adopted the reaction time of entry 4 in the presence of 3, 2,
and 1 reagent equiv (Table 1, entries 6−8) and with the sole
exception of entry 8 (1 equiv), the syntheses resulted in final
compounds with a high degree of purity (Table 1, entries 6 and
7). At this stage, taking into account the heat produced during
the coupling steps (e.g., Table 1, entries 2−5), we asked
whether or not the observed effects could be ascribed to the
sole increment of temperatures. Thus, two experiments were
designed for decoupling the roles of heat and sonication in
accelerating the reaction rate. First, the model pentapeptide
was synthesized by mechanical shaking at 45 °C (Table 1,
entry 9) (the maximum temperature observed after 30 min
coupling under US irradiation), adopting the reaction
conditions used for entry 7. The comparison of the resulting
chromatograms (7 vs 9; see Table 1) highlighted that the sole
ultrasonication enhanced the crude purity by ∼25%. A further
confirmation was provided by repeating the synthesis in the
ultrasonic bath, thermostatically controlled by an external
immersion cooler (Table 1, entries 10−12), which afforded the
desired product with a purity comparable to entry 7, regardless
the operational temperature. Altogether, these results provide

Figure 1. Fmoc-removal procedures: (A) 20% pip/DMF, ultrasonic
irradiation, and (B) 20% pip/DMF, mechanical shaking. (a) Fmoc-
removal yields and maximum temperature observed for each reaction
time; (b) Fmoc-removal yields obtained by using 20% pip/DMF
solution, via the following conditions: 0.5 + 1 min by ultrasonic
irradiation (7) (denoted as condition i), 0.5 + 1 min by mechanical
shaking (8) (denoted as condition ii), and 5 + 25 min by mechanical
shaking (9) (denoted as condition iii). Experiments were performed
in triplicate and the yields are expressed as a percentage (mean values
± standard error of measurement (SEM), N = 3).

Figure 2. Comparison of chromatograms of 1−3. The main products
purity was extrapolated considering the integration of peaks at tR =
11.1 min.
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direct evidence that ultrasonic irradiation allowed for a
substantial reduction of reagent excess and reaction time.
Hence, entry 7 was applied as protocol to screen the most
common activating/additive agents (see the Supporting
Information for details). Among them, the combination of
US and 1-cyano-2-ethoxy-2-oxoethylidenaminooxy)-
dimethylamino-morpholino-carbenium hexafluorophosphate
(COMU)/ethyl cyano(hydroxyimino)acetate (Oxyma) en-
abled the synthesis of the test peptide with a purity of 94%
± 2% (see entry 7c in Table S3 in the Supporting Information)
and, thus, it was considered for all the subsequent experiments,
including that aimed at showing the effect of US on the amino
acid racemization (Table 2). To address this issue, we adopted
the method developed by Barany and co-workers for the
evaluation of cysteine racemization, which was extended to
histidine-containing peptides as well.21 Eight tripeptides were
synthesized by ultrasound-assisted or conventional strategies
(see Table 2, entries 1−8).
The resulting chromatograms (Figures S29−S36 in the

Supporting Information) revealed no significant increase of the
racemization for both cysteine and histidine enantiomers,
indicating that the sonication can be used without any specific
precautions also to build sequences containing amino acid
residues prone to racemization.
These results encouraged us to test the sonication effects

during the synthesis of longer and more-complex peptides.
Biologically relevant sequences (Table 3, entries 1−9), ranging
from 10 to 44 residues,22−30 were prepared by adopting the
reaction conditions mentioned for entry 7c. For this study, we

extended the use of US to the synthesis of CO2H-terminal
peptides (Table 3, entries 2, 4, and 6). As shown by the HPLC
profiles (see the Supporting Information for details), all the
crude peptides were obtained in good purity (see Table 3),
thereby proving the reliability of the low-frequency sonication
on the overall synthetic process, regardless the size of the
peptides and the type of resin-bound linkers.
Next, two combination of reaction times and reagent equiv

were probed for assembling a set of peptides known as
“difficult sequences”, such as the Aib-Enkephaline Aib-Enk (Y-
Aib-Aib-FL),31 the Acyl Carrier Protein fragment ACP65−74
(VQAAIDYING),18 the Jung−Redemann peptide JR 10-mer
(WFTTLISTIM),32 and the amyloid peptide Aβ 1−42
( D A E F RHD S G Y E VHHQK L V F F A E D VG S N K -
GAIIGLMVGGVVIA) (see Figure 3, as well as Table S4 in the
Supporting Information).32,33

All the ultrasound-assisted syntheses produced final peptides
endowed with a degree of purity that is comparable to those
elsewhere reported with the use of μW.31,33 The effects of US
in the synthesis of the difficult sequences were also estimated
through preparation of the peptides by stirring the resin at 45
°C and adopting the following reaction conditions: 20% pip/
DMF, 0.5 + 1 min, for Fmoc-deprotections; and Fmoc-aa−OH
(8 equiv), COMU/Oxyma (8 equiv), DIEA (16 equiv), 10
min, for couplings. The HPLC profiles of the so-obtained
peptides (see the Supporting Information for chromatograms),
showed a significant difference in terms of crude quality
(∼20% for Aib-Enk, ∼31% for ACP65−74, ∼48% for JR 10-mer,

Table 1. Ultrasound-Assisted Couplings: Synthetic
Protocols Used To Achieve the Model Pentapeptidesa

entry
US

irradiation
t

(min) equivb
crude purity

(%)
temperature

(°C)c

1 no 60 4 84 ± 3 −
2 yes 30 4 93 ± 4 44.7 ± 0.9
3 yes 10 4 92 ± 3 41.8 ± 0.7
4 yes 5 4 90 ± 2 40.2 ± 1.2
5 yes 2 4 76 ± 4 38.0 ± 0.5
6 yes 5 3 89 ± 2 −
7 yes 5 2 88 ± 3 −
8 yes 5 1 65 ± 3 −
9 no 5 2 64 ± 5 45.0
10 yes 5 2 85 ± 2 13.7 ± 1.5d

11 yes 5 2 90 ± 3 24.7 ± 1.2d

12 yes 5 2 91 ± 4 29.0 ± 2.0d

aFmoc-deprotection procedure B (20% pip/DMF, mechanical
shaking, 0.5 + 1 min) was used for entries 1 and 9; Fmoc-
deprotection procedure A (20% pip/DMF, ultrasonic irradiation, 0.5
+ 1 min) was used for entries 2−8 and 10−12. bEquivalents are
referred to Fmoc-aa−OH, HBTU/HOBt, DIEA (equiv × 2).
cMaximum temperature of the reaction mixture observed (temper-
ature at time zero was 25 °C). dMaximum temperature of the reaction
mixture (temperature at time zero was 5, 10, and 15 °C for entires 10,
11, and 12, respectively). Peptide sequences were synthesized three
times and crude purities are expressed as percentage (mean values ±
standard error of measurement (SEM), N = 3).

Table 2. Cysteine and Histidine Racemization Study:
Comparison between Conventional and US-Assisted SPPS

entry sequence US irradiationa L-isomer (%) D-isomer (%)

1 GCF no 96.5 3.5
2 GCF yes 94.5 5.5
3 GHF no 97.7 2.3
4 GHF yes 98.5 1.5
5 GcF no 2.7 97.3
6 GcF yes 2.5 97.5
7 GhF no 0 100
8 GhF yes 0 100

aA response of “no” indicates the following: Fmoc-deprotection
procedure B (20% pip/DMF, mechanical shaking, 5 + 25 min);
coupling Fmoc-aa−OH, HBTU/HOBt/DIEA 0.13 M, 60 min. A
response of “yes” indicates the following: Fmoc-deprotection
procedure A (20% pip/DMF, ultrasonic irradiation, 0.5 + 1 min);
coupling Fmoc-aa−OH, HBTU/HOBt/DIEA 0.13 M, 5 min.

Table 3. Library of Described Biologically Relevant
Sequences

entry IDa size crude purity (%) t (min)

1 Kisspeptin-10 10-mer 85 66.5
2 Angiotensin-Ib 10-mer 92 66.5
3 α-MSH 13-mer 80 91.0
4 PEPITEMc 14-mer 81 92.5
5 p53-TAD15−29 15-mer 82 99.0
6 γ-endorphinb 17-mer 62 112.0
7 PAMP1−20 20-mer 80 131.5
8 VIP 28-mer 63 183.5
9 GRF 44-mer 51 287.5

aFor peptide sequences, see the Supporting Information. bSynthesis
performed on a preloaded Wang resin. cSynthesis performed on a
preloaded 2-CTC resin.
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and ∼35% for Aβ 1−42), representing strong evidence of the
substantial effects of US, especially for aggregation-prone
sequences.
In conclusion, the present study describes an unprecedented

method for the SPPS (US-SPPS), which can be placed among
the current highly efficient peptide synthetic ones. These data
set the stage for extensively applying low-frequency US to
SPPS, encouraging future studies to fully unveil the potential of
their cooperation. For instance, the replacement of the solid
supports, as well as the use of canonical and not canonical
solvents for SPPS, could allow for probing the effects of
different features, such as alternative polymeric composition
and/or size of the beads and the solvent viscosity and density,
on the US-SPPS performance. The optimization of these
parameters will provide a powerful and accessible method not
solely for the main peptide modifications, including the
introduction of nonpeptidic moieties (e.g., fatty acids,
nucleobases, fluorophores) and conformational constrains
(e.g., cyclization, N-alkylation), but also for the solid-phase
organic synthesis (SPOS), increasing the strategies for the
synthesis of small molecules for medical and biological
application.
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