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Aim: The pharmaceutical industry is showing renewed interest in therapeutic peptides. Unfortunately,

the chemical synthesis of peptides remains very expensive and problematic in terms of environmental sustainability.
Hence, making peptides ‘greener’ has become a new front line for the expansion of peptide

market. Results: We developed a mechanochemical solvent-free peptide bond-forming protocol using

standard reagents and nanocrystalline hydroxyapatite as a bio-compatible, reusable inorganic base. The

reaction was also conducted under ultra-mild, minimal solvent-grinding conditions, using common laboratory
equipment. Conclusion: The efficacy of the described protocol was validated with the convenient

preparation of endomorphin-1, H-Tyr-Pro-Trp-Phe-NH2, the endogenous ligand of the p-opioid receptor,

currently regarded as a lead for the discovery of painkillers devoid of harmful side effects.
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Despite their tremendous potential [1], for long time bioactive peptide drugs have been considered as a
specialists’

niche area [2]. The reason for this reputation largely stems from their limited in vivo stability and rather low to
null bioavailability. These limitations can be for the most part circumvented by the ‘peptidomimetic’ approach, in
other words, by introducing properly designed structural modifications in the active peptide [3]. Otherwise, one

may consider the adoption of alternative routes of administration, for example subcutaneous, nasal, pulmonary
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and others [2]. Consequently, in the past few years, there has been renewed interest in the development of more

effective therapeutic peptides, in particular for the treatment of metabolic diseases (e.g., liraglutide),
autoimmune

diseases (e.g., glatiramer) and in oncology (e.g., octreotide) [2].
Yet, the accessibility to many peptidic drugs is still hampered by their expensive production and challenging
purification [4]. While sizeable peptides and proteins can be obtained by recombinant technologies, short and

medium size peptides are usually prepared by chemical synthesis, being the recourse to enzymatic synthesis
more

limited [5]. Unfortunately, the solid-phase synthesis of peptides (SPPS) on insoluble polymeric supports makes
use

of alarge excess of amino acids and of coupling agents. On the other hand, in-solution synthesis of medium size

peptides requires tedious isolation steps. Furthermore, both SPPS and solution synthetic methods require
extensive

protection/deprotection strategies. Finally, each coupling/deprotection cycle generally makes use of large
volumes

of hazardous organic solvents, such as dichloromethane (DCM), dimethylformamide (DMF),N-methylpyrrolidone
or methanol, producing a huge amount of wastes [6]. As a consequence, the chemical preparation of peptides is

among the most problematic synthetic procedures in terms of atom economy and environmental sustainability
[6,7].

One opportunity for making peptide synthesis more sustainable [8] consists in the use of nontoxic reagents,

for example by the replacement of standard organic solvents with green alternatives [9-11]. In this context,
some

protocols have been developed to perform amino acid coupling in an aqueous environment [12-15]. A
complementary

alternative is the drastic reduction of the involved volumes of solvent used [16,17]. Coupling reactions can be

performed under ball-milling mechanochemical [18-22], or mechanoenzymatic [23,24], solvent-free conditions.
To

improve the homogeneity of the solid-state reactions, minimal amounts of solvents can be added (liquid-assisted
grinding, LAG), resulting in increased yields and shorter reaction times [19,25,26]. Finally, toxic bases such as
trimethylamine, iPr2NEt or lutidine, typically utilized in peptide synthesis, can be replaced by inorganic salts, for
example, NaHCO3 [18,25] or hydrotalcite [19,27].

In this context, we turned our attention to hydroxyapatite (HAp), Cal0(P04)6(0H)2, as a convenient inorganic

base for potential activation of peptide synthesis. HAp, one of the most usual forms of calcium phosphate, is
highly

biocompatible thanks to its chemical and structural similarity to the mineral phase of bone tissues. In this regard,
synthetic HAp differs from natural apatites, which display much lower crystallinity and poor stoichiometry. HAp

powders can be synthesized following different procedures, in other words, by means of direct synthesis in
aqueous

solution, under microwave or ultrasound irradiation, through mechanochemical, hydrothermal, sol-gel, as well
as phase transition methods [28,29]. The properties of HAp vary depending on the method of preparation, thus

enabling their use as nanomaterials [30], and for diverse applications in the biomedical field [31], including bone
tissue

engineering [32,33], drug controlled release [34], imaging [35], as well as in heterogeneous catalysis (cross-
couplings,



condensations, oxidations, photocatalysis etc.) [36,37].

The structure of hexagonal HAp, space group P63/m, shows a compact assembly of tetrahedral PO4 groups, and
two crystallographically independent cation sites, Ca(I) and Ca(II). The four Ca(I) are strictly aligned in columns
parallel to the crystallographic c-axis, whereas the six Ca(II) are positioned at the apexes of staggered equilateral
triangles. These triangles form the walls of channels parallel to the c-axis and filled by the OH- ions. Thus, HAp

displays an ‘open’ and flexible structure that tolerates a large number of anionic and cationic substitutions.
Potential

Lewis basic sites, such as PO4 3- and OH- groups, together with Ca2+ Lewis acid sites and POH Brgnsted acid
sites, have been recognized on the surface of HAp [38-40].
The use of HAp as a base may offer numerous advantages in peptide synthesis, due to its low solubility, high

thermal stability and relatively weak basic character that may prevent side reactions promoted by the support
itself.

Moreover, HAp displays a great affinity for amino acids, especially in the carboxylate form which interacts with
the

exposed Ca2+ ions [41].

Herein, we present an expedient solvent-free peptide bond formation between N-protected amino acids and
amino ester/amide + HCI salts counterparts, using a ball-mill and the standard N-(3-dimethylaminopropyl)-N_-
ethylcarbodiimide * hydrochloride/hydroxybenzotriazole (EDC + HCl/HOBt) coupling agents, in the presence of
nanocrystalline HAp as a bio-compatible base that can be reused without substantial loss of efficacy after easy
regeneration. N-(3-Dimethylaminopropyl)-N_-ethylcarbodiimide < hydrochloride (EDC + HCI) is among the most

utilized coupling agents for in-solution peptide synthesis, since the resulting urea by-product is easily removed
from

the reaction mixture by washing with acidic aqueous solutions. Besides, EDC + HCI has proved to be very
efficient in

solvent-free reactions. EDC - HCl exists exclusively in cyclic form, and easily undergoes transformation to a
pseudo

cyclic stable intermediate in reaction with carboxylic acids forming a low-melting phase [42]. We also report the
optimization of the LAG reactions under very mild conditions, in other words, in a standard glass round bottom

flask equipped with a common polytetrafluoroethylene-coated magnetic stirring bar.

Materials & methods

General methods

All commercially available reagents purchased from Merck (Darmstadt, Germany) were used without further
purification. Ballmilling was carried out in a PlanetaryMill Pulverisette (Fritsch GmbH, Idar-Oberstein,Germany),
mounting an agate jar (¢ = 7.5 cm) equipped with three balls of the same material (¢ = 2.0 cm). Purities were

assessed by analytical reverse phase high-performance liquid chromatography (RP-HPLC) on a 1100 series
apparatus

(Agilent, CA, USA), using a reverse phase (RP) column mod. Gemini (Phenomenex, Castel Maggiore, Italy) 3 p
C18110°A 100 X 3.0 mm (particle size 3 um, pore size 110 ° A, length 100 mm, internal diameter 3 mm); DAD
210 nm; mobile phase: from 9:1 solvent A/solvent B to 2:8 solvent A/solvent B, in 8 min, at a flow rate of

0.8 ml min-1, followed by 10 min at the same composition; for the analysis of crude reaction mixtures, A = 0.5%

HCOOH in H20, B = 0.5% HCOOH in CH3CN; for the analyses of the mixtures after work-up, A = H20
3



and B = CH3CN. ESI-MS was done on a MS single quadrupole HP 1100 MSD detector (Agilent). 1H NMR was
performed at 400 MHz on a Varian Gemini 400 (Agilent) in 5 mm tubes in CDCI3 at room temperature (rt);
chemical shifts are reported as 3 values relative to residual CHCI3 (6H = 7.26 ppm).

HAp nanocrystals

The procedure was performed under N2 atmosphere and using CO2-free distilled water. The synthesis of HAp
was carried out using 50 ml of 0.65 M (NH4)2HPO4 solution at pH adjusted to ten with NH4OH. The solution
was heated to 90°C and 50 ml of 1.08 M Ca(NO3)2 + 4H20 solution, pH 10 adjusted with NH40H was added
dropwise under stirring. The resulting suspension was stirred for 5 h at 90-C, the precipitate that formed was
isolated by centrifugation at 10,000 rpm, and repeatedly washed with CO2-free distilled water. The product was
dried at 37-C overnight.

Fourier transform IR (FTIR) analysis was done on a Alpha FTIR spectrophotometer (Bruker, MA, USA); 1 mg

of the powdered HAp was mixed with 300 mg of KBr (infrared grade) and pelletized at the pressure of 10 tons in
2 min. The pellets were analyzed in the range 4000-500 cm-1, 32 scans, resolution 4 cm-1.

Powder x-ray diffraction patterns were recorded using a PANalytical-X'Pert PRO powder diffractometer

(Malvern Panalytical-Spectris, Egham, UK) equipped with a fast X'Celerator (Malvern Panalytical-Spectris)
detector

(A =0.154 nm, 40 mA, 40 kV). For phase identification, the 20 range was investigated from 10 to 60 26

o with a step size of 0.1° and time/step of 100 s. For evaluation of cell parameters, x-ray powder data were
collected with a fixed counting time of 400 s for each 0.033/step. The Rietveld routine of the HighScore Plus
software package

(Malvern Panalytical-Spectris) was used to process data.
For transmission electron microscopy (TEM) investigations, a small amount of powder was dispersed in ethanol

and submitted to ultra-sonication. A drop of the calcium phosphate suspension was transferred onto holey
carbon

foils supported on conventional copper microgrids. A CM 100 transmission electron microscope (Philips,
Amsterdam,

The Netherlands) operating at 80 kV was used.
Ca and P contents in HAp were measured by means of an inductively coupled plasma spectrometer (ICP-AES,

Horiba Jobin Yvon, Kyoto, Japan). Sample was prepared by dissolving 20 mg of powder in 70% nitric acid
solution

(4 ml) and diluting to final volume of 100 ml.

Zeta potential was measured using electrophoretic light scattering (ZetasizerNano; Malvern Instruments,
Malvern, UK). A total of 5 mg of HAp was suspended in 50 ml of MilliQ water after sonication for

2 min. The analysis was performed in triplicate.

The surface area was measured using a Sorpty 1750 BET analyzer (Carlo Erba, Cornaredo, Italy) using constant

volume N2 absorption with desorption at 80-C.

Solvent-free milling
The general procedure is as follows: a mixture of the N-protected-amino acid (0.23 mmol), EDC + HClI/HOBt

(0.25mmol each) andHAp (50mg) was grinded in an agate jar equipped with three balls of the same material, at
the
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speed of 8-10 Hz, at room temperature (rt) for 10 min. Then the amino ester/amide counterpart (0.23 mmol)
was

added at rt, and the mixture was grinded for 1 h under the same conditions. The mechanical milling was
interrupted,

the waxy residue was diluted with EtOH (10 ml), and HAp was recovered by centrifugation (10,000 rpm). The
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Figure 1. Characterization of hydroxyapatite nanocrystals. (A) Powder x-ray diffraction patterns of hydroxyapatite
samples prior to (red) and after (blue) five cycles of peptide bond formation. (B) Transmission electron microscopy
image of hydroxyapatite nanocrystals; bar = 220 nm.

precipitated crystals were washed with EtOH and centrifuged once more, and stored overnight at 40 - C prior to

reuse. The collected supernatant from centrifuged samples were combined and concentrated at reduced
pressure,

the residue was diluted with EtOAc (30 ml), and the organic layer was washed in sequence with 1 M HCI, sat.
Na2C03 and brine (5 ml each).

N-Boc solvent-free removal [25]; the protected peptides were placed on a Gooch filter inside a fume hood, and
HCI gas was blown through for 3 h. Then the residues were suspended in EtOAc and sonicated for 15 min. The

peptide-HCI salts were collected by centrifuge (3000 rpm), and the procedure was repeated.

Minimal solvent-assisted grinding

General procedure: a mixture of the N-protected-amino acid (0.23 mmol), EDC + HCI/HOBt (0.25 mmol each),
HAp (50 mg) and the solvent (80-200 pl), was grinded in a two-necked glass round bottom flask equipped with
an olive-shaped polytetrafluoroethylene-coated stirring bar (I = 3.0 cm), under inert atmosphere at rt for 10 min.
Then the amino ester/amide counterpart (0.23 mmol) was added at rt, and the mixture was grinded for 2 h
under the same conditions. Then the smooth amalgam was diluted with EtOH (10 ml), and HAp was recovered
by centrifugation (10,000 rpm). The produced crystals were washed with EtOH and centrifuged once more, and
stored overnight at 40°C prior to reuse. The collected supernatants from centrifuged samples were treated as

discussed for the solvent-free ball milling conditions.

Results & discussion
Characterization of HAp
We utilized HAp nanocrystals synthesized by a co-precipitation method. Consistent to the data reported in the

literature [31,43,44], the x-ray diffraction pattern of the newly synthesized powder (Figure 1A) showed the
presence of



a number of diffraction peaks indicating the presence of HAp (PDF 9-432) as unique crystalline phase. The lattice
constants are a = 9.421(3) °A and c = 6.885(2) ° A. The TEM micrograph (Figure 1B) revealed tiny plate-shaped

HAp crystals with mean dimensions of about 100 nm (length) X 30 nm (width). The nanocrystals exhibit a
surface

area of 56 m2/g and are negatively charged (zeta potential = -12.5 mV).
The FTIR spectrum (Figure 2A) showed the characteristic absorption bands due to the phosphate groups, in
other words, the antisymmetric stretching at 1043 and 1091 cm-1, the symmetric stretching at 962 cm-1 and the

bending modes at 601 and 570 cm-1, together with the absorption bands at 3572 and 630 cm-1 due to
OHstretching

and bending modes, respectively [31,43,44]. The sharpness of the absorption bands confirmed the good

crystallinity of the powder. In agreement, HAp also displayed a good stoichiometry as indicated by the value of
the

Ca/P ionic ratio of 1.67.

Initially, this synthetic HAp was employed as a base in a model coupling reaction in solution under standard
conditions. N-Boc-Val-OH (50 mg, 0.23 mmol) was stirred for 10 min in the presence of the coupling agent
EDC - HCl and HOBt as racemization inhibitor (1.2 equiv. each), in 10 ml of 4:1 DCM/DMF and a suspension
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Figure 2. Infrared characterization of hydroxyapatite nanocrystals and solvent-free reaction system. (A) Top,
infrared adsorption spectra of fresh hydroxyapatite; bottom, hydroxyapatite after five cycles (pellets in KBr). (B)
Grinded reaction mixture in an agate jar (¢ = 7.5 cm) containing three agate balls (¢ = 2.0 cm), at the speed of 8-10
Hz.
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Figure 3. Hydroxyapatite-promoted amide bond formation, general conditions. Boc: Tert-butyloxycarbonyl; Cbz:
Benzyloxycarbonyl; EDC + HCI: N-(3-Dimethylaminopropyl)-N_-ethylcarbodiimide * hydrochloride; Fmoc:
Fluorenylmethyloxycarbonyl; HAp: Hydroxyapatite; HOBt: Hydroxybenzotriazole; PG: Protecting group.

of HAp (50 mg), under inert atmosphere at rt. H-Phe-OMe « HCl (25 mg, 0.23 mmol) was then added and the
resulting mixture was stirred under the same conditions for an additional 4 h (Figure 3).

Following evaporation of the solvent at reduced pressure, the residue was diluted with EtOH and the resulting



solution was centrifuged to recover the HAp powder. The supernatant was separated and concentrated at
reduced

pressure, and the residue was diluted with EtOAc and washed in sequence with 1 M HCI, sat. Na2CO3 and brine.
This protocol afforded 65 mg of the crude dipeptide 3a N-Boc-Val-Phe-OMe (72%), as confirmed by the ESI-MS,
in a purity of 80%, as determined by RP-HPLC (58% net yield).

Solvent-free mechanochemistry

Next, peptide coupling reactions were performed under solvent-free conditions, under planetarymilling (Figure
2B)

in an agate jar (¢ = 7.5 cm) containing three agate balls (¢ = 2.0 cm), at the speed of 8-10 Hz. In order to
determine

the scope of the method, the general ball milling procedure was carried out with a variety of amino acids (Table
1).

Mechanical milling was interrupted after 1 h (Figure 2B), and the crude mixture was diluted with EtOH, to

recover HAp by centrifugation. The supernatant was subjected to the same work-up procedure as discussed
before.

Gratifyingly, most reactions gave the crude dipeptides in good amount (up to 86%) and high purity (up to

Table 1. Mechanosynthesls of peptides 3 from the N-protected amino aclds 1 and the amino ester/amide HC salt
pariners 2 (.23 mmol eadh), after 1 h, In the presence of

N-ethyl-N-{3-dimethylaminopropylicarbodiimide. HCl / hydroxybenzotriazole (0.25 mmol each) and hydroxyapatite

(25-100 mag).
Entry 1 Z.HCI HAp [mg) 3 Aecoverad cuda  Purity (%)-¢  Viald (%)%
miature (%)

1 BocWal-OH H-Fha-OMa 50 a ] 80 71
2 Boc-Nal-OH H-Phe-OMa 100 a B2 50 74
3 BocWal-OH H-Fha-OMa 25 a BB Ba &0
4 BocWal-OH H-Pha-0Et 50 b BO 84 75
1 Boc-Nal-OH H-Pha-0Et 451 b T8 53 12
[ BocWal-OH H-Pha-0Et 441 b LE] 84 £
7 BocWal-OH H-Pha-0Et 411 b T 53 B
-] BocNal-OH H-Pria-OEt 381 b =] 50 E1
] Boc-Phe-OH H-Gly-DE1 50 [4 75 a1 ]
10 Boc-Phe-OH H-D-Val-OMa 50 d BL 53 75
1" Boc-Pha-OH H-Gly-NH; 50 &@ TG BB &7
12 Boc-Phe-OH H-Lou-Ciidu 50 f 12 53 &7
12 Boc-Phe-OH H-D-Sar-OMa 50 q B b g
14 Boc-Trp-0OH H-Pria-MH; 50 h BG a4 B1
15 Boc-Tyr-OH H-Pha-0Et 50 LE] 80 BE
1& Boc-Tyr-OH H-GlyDEY 50 T8 BE EE
7 Boc-SenlDEn)-0H H-Pro-OBn 50 m T B0 CE
18 Fmioc Phe-0H H-D-Val-OMa 50 n gt B7tt ¥
19 Frmoc-Aspd OBul-OH H.Dual- DM 50 a g2t 9att CE
20 Frmoc-Lysil- (bl 1OH H.[uSar-Dke 50 P coh.tt i EL
3 Frmoc-Lysi- (o) -OH H-Sar-NHz 50 q Q" 11 L a4

tDetermined after aqueous workup.

fDetermined by RP-HPLC.

§Calculated as the recovered crude mixture x purity (%).

fIRecovered from the preceding entry.

#The presence of depsitripeptides was also detected by RP-HPLC and ESI-MS.

TtAfter filtration through a pad of silica gel.

Boc: Tert-butyloxycarbonyl; Cbz: Benzyloxycarbonyl; ESI-MS: Electrospray ionisation mass spectrometry; Fmoc:
Fluorenylmethyloxycarbonyl; HAp: Hydroxyapatite; RP-HPLC: Reverse

phase high-performance liquid chromatography.



94%; Supplementary Figure 1). The possibility of epimerization in the peptide forming reaction was excluded on
the basis of RP-HPLC/ESI-MS and 1HNMRanalyses (Supplementary Figure 2), which is in line with observations
reported in the literature [45].

In the coupling between N-Boc-Val-OH and H-Phe-OMe * HC], the yield of 3a was only slightly improved when

the reaction was repeated with increasing amounts of HAp (Table 1, entry 2 vs entry 1), while the reduction of
the

amount of HAp to 25 mg led to a significant drop of the yield (entry 3 in Table 1).

Recycling of HAp for five cycles
Similar results were obtained for the preparation of dipeptide 3b from N-Boc-Val-OH and H-Phe-OEt + HCI

(Table 1, entry 4). Following work-up, the recovered crystalline HAp powder was dried for 8 h at 40-C, and
reused

in four subsequent cycles of reactions between the same partners (see entries 5-8 in Table 1). After each cycle,
the

amount of recovered HAp decreased slightly, which might explain the progressive, moderate drop in the amount
of crude peptides, from 80 to 68%.

The observed loss of HAp can be attributed to its incomplete recovery after centrifugation, rather than by
degradation or solubilization. Indeed, the overall morphology and dimensions of the crystals are preserved after
recycling, as shown in the TEM image reported in Supplementary Figure 3. Moreover, x-ray diffraction analysis
of the HAp powder isolated from entry 8 showed the same x-ray diffraction patterns as the original material

(Figure 1A), supporting that the crystalline structure was preserved. Furthermore, FTIR after five cycles
maintained

the same profile of the pristine material (Figure 2) without extra peaks, indicating the absence of organic
inclusions.

This is in contrast to the behavior of HAp in a wet HCl atmosphere, where both the chemical integrity and
particle

morphology of HAp are modified. Carbonated domains of HAp appear to facilitate the destabilizing effect of HCl,
which results in the elimination of phosphate and OH species and the generation of deep structural groves and

voids in the material [45,46].

Amino acids scope

As mentioned above, the generality of the procedure was confirmed by coupling diverse amino acids carrying
either

the N-Boc, N-Fmoc or N-Cbz protecting groups, with an amino ester (Me, Et, tBu, or Bn) or primary amide
partners Figure 3 & Table 1). In general, the N-Fmoc protected amino acids gave inferior results (Table 1, entries
18-21) relative to N-Boc protected analogs (Table 1, entries 9-17). Furthermore, the usual aqueous work-up
procedure failed to efficiently remove the unreacted N-Fmoc-amino acids from the crude reaction mixtures. For
simplification of the analyses, the unreacted Fmoc-amino acids were removed from the mixtures by filtration
through a short pad of silica gel (230-400 mesh) using few ml of 1:1 cyclohexane/EtOAc, affording the crude
dipeptides in moderate quantity (55-65%) but acceptable purity (Table 1: entry 18, 87%; entry 19, 95%). In any
case, the N-Fmoc group proved to be stable during the grinding process; indeed, analysis of the crude reaction

mixture did not reveal the presence of the deprotected amino acids, nor condensation products created by their

8



reaction at the N-terminus.

The secondary amine in H-Pro-OBn readily reacted with N-Boc-Ser(OBn)-OH (entry 17 in Table 1), affording

the anticipated dipeptide 3m in a good amount (70%) and purity (80%) (Supplementary Figure 4), appearing in
the 1H NMR in CDCI3 as a mixture of cis/trans rotamers about the Ser-Pro peptide bond (Supplementary Figure
5).

Also amino acids with functionalized side chains have been utilized: H-D-Ser-OMe (entries 13 and 20 in Table 1),
N-Boc-Trp-OH (entry 14 in Table 1), N-Boc-Tyr-OH (entries 15 and 16 in Table 1), N-Boc-Ser(OBn)-OH (entry
17 in Table 1), N-Fmoc-Asp(OtBu)-OH (entry 19 in Table 1), N-Fmoc-Lys(Cbz)-OH (entries 20 and 21 in

Table 1) and H-Ser-NH2 (entry 21 in Table 1). Notably, the reaction was tolerant to the unprotected phenol

group of Tyr (entries 15 and 16 in Table 1), since analysis of the corresponding reaction mixtures did not show
the

formation of any depsipeptide. By contrast, the hydroxy group in H-Ser-NH2 and H-D-Ser-OMe gave significant

amounts of the following depsitripeptides (as determined by RP-HPLC): entry 13 in Table 1, N-Boc-Phe-D-
Ser(NBoc-

Phe)-OMe (22%); entry 20 in Table 1, N-Fmoc-Lys(N-Cbz)-D-Ser[N-Fmoc-Lys(N-Cbz)]-OMe (20%); entry
21 in Table 1, N-Fmoc-Lys(N-Cbz)-Ser[N-Fmoc-Lys(N-Cbz)]-NH2 (20%) (Supplementary Figure 6).
The great utility of the mechanochemical approach is somewhat diminished by the need of a milling device

specifically designed for mechanosynthesis [8,18,19]. In this respect, we appraised the opportunity that the
peculiar

nanometric structure of HAp might consent to conduct the reaction using common laboratory equipment. With
this purpose, we performed the coupling between N-Boc-Phe-OH and H-Gly-OEt < HCI (0.23 mmol each) in the
presence of EDC + HClI/HOBt (0.25 mmol each), and HAp (50 mg), in a 100 ml two-necked glass round bottom

flask equipped with a standard olive-shaped polytetrafluoroethylene (PTFE)-coated stirring bar (I = 3.0 cm),
under

inert atmosphere. The gently grinded mixture maintained a powdery appearance throughout the reaction
process,

and after 2 h the expected dipeptide 3¢ was obtained in modest amount (39%), albeit in fairly good purity (85%)
after the usual work-up (33% net yield). Increased reaction time had little impact on the yield (not shown), while
conventional heating at 50°C led to a modest increase in the recovered peptide (45% crude mixture, 38% net

yield; Table 2, entry 1).

Minimal-LAG

To increase the homogeneity of the mixture, the reaction was repeated in the presence of a minimal amount
(80-200 pl) of aliquid additive (Table 2, entries 2-6), in other words, the green solvents EtOAc, tBuOAc and y-
valerolactone (GVL) [9,10,25]. N,N’-dimethylpropylene urea (DMPU) and DMSO were also tested; even though
these latter are not included among the prominent green solvents, DMPU and DMSO are regarded as acceptable
greener alternatives for hazardous dipolar aprotics [8-10,47].

After 2 h, the reaction was quenched and HAp was recovered according to the work-up procedure described
previously. While EtOAc andtBuOAc gave hardly satisfactory results (entries 2 and 3 in Table 2), the use of 80 pl
of DMSO (entry 4) or 100 ul DMPU (entry 5) gave the desired dipeptide in pretty good quantity (crude: 92

and 86%, respectively) and purities (94 and 90%).



Table 2. Minimal solvent-assisted synthesis of peptides 3 from amino aclds 1 and amino ester /amide HCI salis 2
{023 mmol each), after 2 h at room temperature, In the presence of

N-athyl-N-{(3-dimethylaminopropyl}carbodiimide. HCl /hydroxybenzotriazole (025 mmol each) and hydroxyapatite
(50 mg), In a round bottom flask equipped with a polytetrafluoroethylene-coated magnetic stirming bar.

Entry 1 .00 Solvant Vol {ml) 3 Recoverad oude Purity (%) Yield (%)
bt ()T
1 Bo<-Pha-OH H-Ghy-DiEt - - c 4 1 k-]
2 Bo<-Pha-OH H-Ghy-0iEt EtCuc A0 c 43 78 £
E Bo<-Pha-OH H-Ghy-DiEt tBuDas 100 r 2 BD 4z
4 Boc-Pha-OH H-Ghy-DE DMsD B0 C az a4 B5
5 Bo<-Pha-OH H-Ghy-DEt DMPY 100 C B a0 T
3 Bo<-Pha-OH H-Ghy-DiEt GML 100 c -] &4 =7
T Bo<-Pha-OH H-Ghy-NHz GML 100 2 -] B4 T4
E Bo<-Pha-OH H-DMal-OMa DMSD B0 d a o0& &7
9 Boc-Trp-OH H-Fha-NHa DMS0 -] h a3 o5 B35
L] Bo<-Trp-OH H-Pha-MNHz D50 &0 h B' o2 ]
1" Frnoc-Lys(Oba-OH H-5ar-NH; DMSD a0 q ot gyth.E =]

tDetermined after aqueous workup.

$Determined by RP-HPLC.

§Calculated as the recovered crude mixture x purity (%).

fIConducted at 50°C.

#With HAp (48 mg) recovered from the preceding entry.

TtAfter filtration through a pad of silica gel.

$iThe depsitripeptide was detected only in traces of (_5%) by RP-HPLC and ESI-MS.

Boc: Tert-butyloxycarbonyl; Cbz: Benzyloxycarbonyl; DMPU: N,N’-dimethylpropylene urea; DMSO: Dimethyl sulfoxide; ESI-MS:
Electrospray ionisation mass spectrometry; Fmoc:

Fluorenylmethyloxycarbonyl; GVL: _-valerolactone; HAp: Hydroxyapatite; RP-HPLC: Reverse phase high-performance liquid
chromatography.

To our surprise, the reaction in GVL (entry 6) gave the expected N-Boc-Phe-Gly-OEt dipeptide (3c) in low
purity (64%). As it turned out, the reaction mixture presented significant amounts of various oligomers at the
N-terminus, tripeptide N-Boc-Phe-Phe-Gly-OEt (18%) and tetrapeptide N-Boc-Phe-Phe-Phe-Gly-OEt (5%), as

revealed by RP-HPLC/ESI-MS analysis (Supplementary Figure 7). Possibly, these by-products are the
consequence

of partial removal of the acid-labile N-Boc protecting group. Lewis and Brgnsted acid sites coexist with basic
sites

on the surface of HAp [38,40]. A recent study on the HAp-catalyzed transformation of ethanol to n-butanol
revealed

the key role played by the cooperation between the acid and basic sites, and the importance of the simultaneous
presence of two weak acid-base pairs, namely Ca2+-OH- and POH-OH-, on the catalytic properties of HAp [39].
On the other hand, the reaction between N-Boc-Phe-OH and H-Gly-NH2 in GVL (entry 7 in Table 2) gave the
expected N-Boc-Phe-Gly-NH2 protected dipeptide (3e) with better purity (84%), being the unwanted oligomer
N-Boc-Phe-Phe-Gly-NH2 a side product (<5%) (Supplementary Figure 8).

The efficacy of using DMSO as solvent was confirmed by reacting N-Boc-Phe-OH with H-D-Val-OMe - HCl

(entry 8), and N-Boc-Trp-OH with H-Phe-NH2 + HCl under the same conditions (Table 2, entry 9). As it turned
out, these reactions afforded better yields of 3h (crude reaction mixtures: 91 and 93%, respectively) and purity
(>95%) when compared with solvent-free reaction conditions (compare Table 2 and Table 1). As it was the case
in the solvent-free protocol, the HAp powder recovered after the work-up from the reaction corresponding to

entry 9 in Table 2 proceeded with little loss of efficiency, when reused to promote the reaction between the
same,

fresh reagents (compare with entry 10 in Table 2). Finally, the reaction between N-Fmoc-Lys(N-Cbz)-OH and
10



H-Ser-NH2 (Table 2, entry 11) proceeded with slightly higher efficiency (70% of crude peptide) with respect to
the

solvent-free variant (entry 21 in Table 1). Nevertheless, the desired dipeptide 3q was obtained with much higher
purity (91%). The analysis of the reaction mixture by RP-HPLC and ESI-MS showed only traces (<5%) of the
depsitripeptide N-Fmoc-Lys(N-Cbz)-D-Ser[N-Fmoc-Lys(N-Cbz)]-OMe (Supplementary Figure 9).

The optimized reaction conditions in the previous section are in line with the principles of green chemistry.
Waste prevention is the main focus of our methodology. Atom economy: Compared with SPPS, for which a 3-4

equivalents excess of reagents is advisable, our protocol utilizes a circa 1:1 ratio between all reactants, and
reaction

yields are in several cases almost quantitative. Hence, most of the mass of the reactants atoms are incorporated
in

the desired peptides. Less hazardous chemical syntheses: The reagents utilized are the distinct amino acids,
which

are in general totally safe. The mechanochemistry approach consents to avoid or to strongly limit the volumes of

organic solvents. Designing safer chemicals: Intrinsically, bioactive peptides show much less toxicity as
compared

with nonpeptide drugs. We have introduced the unprecedented use of HAp as a totally biocompatible inorganic

base to replace harmful organic bases. Safer solvents and auxiliaries: The reactions are conducted under solvent-
free

or minimal-solvent conditions. In the latter case, good results have been obtained with DMPU and DMSO; albeit
having a yellow coding meaning ‘usable with some concerns’, these aprotic polar solvents have been proposed
as greener alternatives to the red coded hazardous DMF [9-11]. The work-up procedures utilize only the green
solvents ethanol and EtOAc. Design for energy efficiency: The mechanochemistry approach consents to conduct
reactions at ambient temperature and pressure. The limitation of the volume of solvents also allows a significant
reduction of the energy consumption in the process. Use of renewable feedstocks: The only solvents utilized in
gram scale in our protocol are the green solvents EtOH and EtOAc [9-11,48]. Bioethanol can be produced from

sugarcane, molasses, sugar beets, corn kernels, wheat, cassava and sweet potatoes. The main method to
manufacture

EtOAc involves the esterification of ethanol with acetic acid. In turn, acetic acid can be conveniently prepared by
aerobic fermentation of ethanol. As for DMSO, it can be made by oxidizing the dimethyl sulphide by-product of

wood pulping operations. Reduce derivatives: Traditionally, the chemical synthesis of peptides requires
repetitive

protection/deprotection steps. In this regard, our protocol has been optimized for using the Boc protecting group
(MW =100 gmol-1) rather than the bulky Fmoc (MW = 222 gmol-1); Boc group is cleaved with gaseous HCl,

and the cleavage by-products are tert-butanol and CO2. Catalysis: This is a fundamental issue of our
methodology;

HAp has been reutilized for up to five reaction cycles with little loss of efficacy. Design for degradation: This is
a major advantage in the use of bioactive peptides as drugs, compared with small-molecule drugs: at the end of

their function, peptides are metabolized into innocuous products and do not persist in the environment. Real-
time

analysis for pollution prevention: Traditional mechanochemistry devices such as mills or grinders consent
limited

real-time, in-process monitoring and control. In this regard, our reactions can be conducted also into normal
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laboratory reactors, making the connection to any sensors much easier. Inherently safer chemistry for accident

prevention: There are several aspects in our protocol to intrinsically reduce risks. The reactor operates under
very

mild conditions (rt, ambient pressure, low-speed milling, etc.), making the risk of accidental release very limited.
The process needs no excess of any reagents; most of reagents are nontoxic, the base HAp is fully biocompatible;

reaction solvents are absent or are utilized in microliter scale; the bulky solvents are in the green solvents list.
Hence,

even in case of accidental release the mixture could safely be disposed-off.

Solvent-free synthesis of H-Tyr-Pro-Trp-Phe-NH2 (endomorphin-1)
We exploited the solvent-free protocol for the preparation of a relevant bioactive peptide. As a continuation of

our efforts in the area of opioid peptides [49-52], we opted for the tetrapeptide endomorphin-1 (EM1), H-Tyr-
Pro-

Trp-Phe-NH2, the endogenous ligand of the p-opioid receptor [53], currently regarded as a fundamental lead for
the design of painkillers devoid of harmful side effects. Previously, EM1 was synthesized under green chemistry
conditions by a combination of enzymatic and chemical methods. Peptide Boc-Trp-Phe-NH2 was synthesized

in a 20% methanol medium using the protease WQ9-2, while Boc-Tyr-Pro-OH was synthesized chemically. The

tetrapeptide was obtained in good yield by the protease PT121 in an organic-aqueous biphasic system [54]. EM1
was

also obtained with acceptable yield and purity in aqueous conditions by SPPS on a polyethylene glycol (PEG)-
based

ChemMatrix peptide amide resin, using N-carboxyanhydrides as activated/protected derivatives of the amino
acids,

without the need of coupling reagents nor protecting groups [13].

The dipeptide N-Boc-Trp-Phe-NH2 (3h, Table 1, entry 14) was treated with gaseous HCI for the removal of

the N-Boc protecting group [25], to quantitatively yield the salt H-Trp-Phe-NH2 - HCl (4), which was coupled to
Boc-Pro-OH (Figure 4). After the usual work-up, the crude tripeptide N-Boc-Pro-Trp-Phe-NH2 (5) was obtained
in satisfactory amount (65%) and chromatographic purity (77%). The removal of N-Boc protecting group as
before, and subsequent coupling with N-Boc-Tyr-OH, afforded N-Boc-protected EM1 (5, Figure 4) in reasonable

amount (68%) and purity (89%; Supplementary Figure 10). After Boc deprotection, to remove the residual
organic

impurities, the resulting tetrapeptide salt 7 was suspended in EtOAc and sonicated; EM1 + HCl was collected by

centrifuge in almost quantitative yield and excellent purity (94%; Supplementary Figure 11).

Conclusion

In this paper, we report the unprecedented use of nanocrystalline HAp powder to promote the reaction between
N-protected amino acids and a variety of amino + HCl partners, in the presence of the coupling agentsEDC *
HCI/HOBL.

The peculiar structure of HAp allowed smooth mechanochemical solvent-free condensation reactions under mild
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Figure 4. Solvent-free synthesis of endomorphin-1. Reagents and conditions: (A) HOBt (1.2 eq), EDC (1.2 eq), HAp (50
mg), rt, 2 h. (B) Gaseous HCl, rt, 3 h. The percentages refer to the amount of crude peptides recovered after standard
aqueous work-up; chromatographic (RP-HPLC) purities (%) are reported in brackets. Boc: Tert-butyloxycarbonyl; EDC:
N-ethyl-N_-(3-dimethylaminopropyl)carbodiimide; ESI-MS: Electrospray ionisation mass spectrometry; HAp:
Hydroxyapatite; HOBt: HCl/hydroxybenzotriazole; RP-HPLC: Reverse phase high-performance liquid chromatography;
rt: Room temperature.

conditions, as well as minimal solvent-assisted reactions conducted in common laboratory glassware. Compared

with pre-existing methods based on inorganic bases [18,19,25,27], our protocol utilizes a totally biocompatible
material.

Furthermore, the mineral powder can be reutilized for several cycles with little loss in efficiency. Plausibly, HAp
acts as a sort of chemical sponge capable to passively absorb anhydrous HCl into its open channels, leaving the

crystalline structure intact, as confirmed by the comparison of the x-ray analyses of fresh and recycled powders.

Future perspective

To substantiate the practical efficacy of HAp, we were able to obtain the native opioid tetrapeptide EM1 by
solventfree

ball-milling in satisfactory yield and purity. In perspective, the method can find application to the synthesis of

a variety of bioactive oligopeptides under environmentally benign conditions. This gratifying result contributes
to

assert the green transition also in the field of peptide application programming interfaces.

Summary points

e Synthetic stoichiometric nanocrystalline hydroxyapatite (HAp) is a fully biocompatible calcium phosphate mineral with similar
composition to bone-forming apatites.

¢ HAp nano powder was positively tested as inorganic base to foster peptide bond formation by ‘dry’ ball-milling.

e Excellent results were obtained under minimally ‘wet’ conditions with N,N’-dimethylpropylene urea or dimethyl sulfoxide,
acceptable greener alternatives for hazardous dipolar aprotic solvents.

e Compared with Boc, Fmoc protecting group gave inferior yields; besides, the unreacted Fmoc-amino acids were recovered much
less efficiently by basic water extraction of the crude reaction mixtures.

¢ Solvent-free reactions of hydroxy-unprotected serine gave some depsipeptides, while under minimal solvent grinding conditions
the depsipeptides were observed in traces.

¢ Thanks to the peculiar crystal structure, HAp acts as an HCl sponge, which can be reused for several cycles.
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¢ The proposed protocol meets the requisites of green chemistry.

e The use of HAp allowed the expedient green preparation of endomorphin-1, the endogenous ligand of p-opioid receptor.
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