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Abstract

There is increasing demand for green technologies to produce high-solubility and low-toxicity
compounds with potential application in the food industry. This study aimed to establish a clean,
synthetic route for preparing the bitter-taste dipeptide Ala-Phe, a potential substitute for caffeine
as a food additive. Synthesis of Z-Ala-Phe-OMe starting from Z- Ala-OH and HCI.Phe-OMe was
catalysed by thermolysin at 50 °C in buffer (Step 1). Z-Ala-Phe-OMe ester hydrolysis to give Z-
Ala-Phe-OH at 37 °C in 30% acetonitrile/buffer was catalysed by a-bovine chymotrypsin (aCT),
protease with esterase activity (Step 2). Hydrogenation of Z-Ala-Phe to give the desired Ala-Phe
was catalysed by C/Pd in methanol (Step 3). Steps 2 and 3 were optimized by using the
magnetically recoverable recycling enzyme Fe;0,@silica-aCT and the magnetically recoverable
metal nanocatalyst Fe;O,@silica-Pd, respectively. This inspiring combination of technologies
and original results demonstrate the suitability of using enzymes, metal catalyst and magnetic
nanoparticles for easy, economical, stereoselective, clean production of an important target

compound. Besides, they add to the development of peptide chemistry and catalysis.
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Introduction

Peptides found in natural sources or produced in laboratories are structurally and
functionally versatile compounds. They are formed by two, a few or dozens of amino-acid
residues. They contain only proteinogenic amino acids or, also, pyroglutamic acid, D-amino
acids and/or unusual amino acids. In addition, they are: 1) amidated or esterified at the C-
terminus; 2) acetylated at the N-terminus; 3) phosphorylated, glycosylated or sulfated in serines,
threonines or tyrosines; 4) cyclized through disulfide bonds and 5) lactam-bridged involving
amino-acid side-chains or the C- and N-ends'2 They can act as hormones, hormone-releasing
factors, neuromodulators, neurotransmitters, toxins, analgesics, antimicrobial agents, flavoring
agents, cell-cycle regulators, mitogenic agents, drug carriers, image agents, protease substrates or
inhibitors™**2.

The discovery of such diversity has made peptides valuable tools for the biosciences in
general, for synthetic organic chemistry, development of novel materials® and for the food

industry****

, creating high demand for methods, procedures and protocols for peptide isolation,
purification, separation, identification, quantification and/or synthesis. Consequently, there is
continuous need to improve existing methods and need for more productive, more selective and
greener methods to prepare peptides in the laboratory.

Increasingly, biocatalysis has been used in the chemistry of amino acids, peptides,
proteins, carbohydrates and other biomolecules, due to the enzyme’s ability to catalyse chemical
reactions chemoselectively, regioselectively and enantioselectively®™. Indeed, depending on

catalytic reactivity and mass transport limits, enzyme-catalysed synthesis can be faster than

chemical synthesis. Also, it does not require hazardous substances and may reduce wastes
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drastically'®%°. Therefore, it has been included among the clean, or environmentally friendly,
technologies.

In the 1980s, the main advantages of enzyme-catalysed peptide synthesis, including
efficiency, high product yields, high selectivity, use of mild reaction conditions and waste
minimization, were demonstrated® . Nevertheless, since then, its main limitation has become
apparent: it is mostly applicable to the production of peptides containing up to 5 amino-acid
residues’®®?, In addition, it is well known that the technology has disadvantages that make it
impractical for reuse and recovery from reaction media, including use of purified proteases and
expensive autolytic enzymes with short half-lives in solution. To overcome these limitations and
reduce costs, many researchers have immobilized the proteases using a large variety of solid

27-30

supports®*°, including nanoparticles®**.

Research involving nanoparticles and peptide
synthesis can be classified as follows: 1) peptide synthesis followed by interaction of resulting
synthetics with nanoparticles to create peptide-nanoparticles for multiple applications®***; 2) use
of nanoparticles as supports for solid-phase chemical peptide synthesis®**": 3) peptide-mediated
syntheses of nanoparticles, which can be used for a variety of applications®:; and 4) peptide
syntheses catalysed by proteases or esterases immobilized on nanoparticles®2*%°, Recently, we
have shown that silica-coated superparamagnetic nanoparticles (Fe;O,@silica) can be an
excellent support for immobilizing bovine a-chymotrypsin (aCT) and that Fe;O,@silica-aCT
can be reused as a catalyst of peptide ester hydrolysis. In addition, we have demonstrated that
Fe;0,@silica-aCT can be recovered from reaction media easily and quantitatively by using a
magnet™.

In enzyme-catalysed peptide synthesis and in chemical synthesis, the benzyloxycarbonyl

(2) group (formerly carbobenzoxy (Cbz) group) has been used widely to block amino groups*.
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Z-group removal has been achieved by high-pressure catalytic hydrogenation catalysed by 10%
palladium on activated carbon (C/Pd) because this is a clean, relatively fast and, usually,
quantitative reaction****. Nevertheless, C/Pd frequently ignites when it first comes into contact
with methanol and to a lesser extent, any flammable organic solvent, thereby representing a
significant safety risk. In addition, separation of C/Pd after reaction can be problematic and can
result in contamination of the products with metal ions, a serious problem in the pharmaceutical
and food industries®. Use magnetically responsive nanoparticle catalyst is a safer alternative for
catalyst handling, separation and reuse.

Magnetic separation is highly efficient, specific, fast and more advantageous than
filtration to isolate a catalyst from simple or complex mixtures*®. The present study revisited
enzyme-mediated peptide synthesis using an approach never used before for preparation of Ala-
Phe: a combination of biocatalysis, heterogeneous metal catalysis, superparamagnetic
nanoparticles and environmentally friendly solvents. Following is a detailed description of the
clean, three-step route developed for this purpose.

Stepl: Z-Ala-OH + Phe-OMe. HCI = Z-Ala-Phe-OMe + H,0
free thermolysin, acetate buffer, pH 6, 50 °C, 6 h

Step2: Z-Ala-Phe-OMe + H,0 - Z-Ala-Phe-OH + MeOH

30% ACN/Tris-HCI buffer, pH 8, 37 °C, 10 min

free bovine aCT (Step 2a, Step 2b) or Fe;0,@silica-aCT (Step 2c)
Step3: Z-Ala-Phe-OH + H, = Ala-Phe + CO, + toluene

1 atm, MeOH, 27 °C, 2 h
C/Pd (Step 3a) or Fe;0,@silica-Pd (Step 3b)

Results and Discussion
In this study, the bitter-taste dipeptide Ala-Phe was used as the target compound based on

previous studies on the bitterness of amino acids, amino-acid derivatives, dipeptides and

tripeptides and because of their high solubility in aqueous solution, low toxicity and potential
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application in the food industry. For instance, Kikuchi et al.” demonstrated that L-Phe, L-Phe-
OMe and peptides containing phenylalanine exhibited a bitter taste. In addition, they compared
the bitterness of such peptides with that of caffeine, widely used as food additive, and concluded
that bitterness increased when L-Phe was the C-terminal amino acid. The dipeptide L-Ala-L-Phe,
herein called Ala-Phe, was among those peptides.
Synthesis of the precursor catalysed by free thermolysin (Step 1)

Our search for a cleaner and more cost-effective synthetic route to obtaining Ala-Phe
began with synthesis of Z-Ala-Phe-OMe. The choice of thermolysin (metalloprotease produced
by the Bacillus thermoproteolyticus) as catalyst was based on our previous work on enzymatic

24849 and on earlier reports of Z-Ala-Phe-OMe synthesis in the

synthesis of protected dipeptides
presence of organic solvents. In fact, Trusek-Holownia® made this protected dipeptide in a two-
phase ethyl acetate-water system using thermolysin as a catalyst. Later, other researchers
synthesized the peptide and its amidated analogue Z-Ala-Phe-NH, in various organic or
agueous-organic mixtures using other proteolytic enzymes as catalysts; in such conditions, the
product was soluble in the reaction media® .

In the present study, Step 1 employed free thermolysin at 50 °C, because other studies
indicated that thermolysin was reasonably stable in the aqueous-organic solutions employed (in
the presence of calcium ions, it is significantly less autolytic than other proteases used in
enzymatic peptide synthesis®) and there are reports on its impressive thermostability (it can
catalyse reactions at elevated temperatures)®. The experimental conditions used were very
similar to those we optimized previously for efficient thermolysin-catalysed synthesis of R*-Asn-

X-OR? (where R' is an amino-protecting group, X is a hydrophobic amino acid and R?is an

ester®*9). The solvent used was acetate buffer containing calcium acetate (which would keep
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thermolysin chemically stable®® and thus, fully active) and ammonium sulfate (which would help
insolubilize Z-Ala-Phe-OMe formed in the reaction medium). Besides being greener than the

aqueous-organic mixtures previously used*®>2

, this condition allowing product precipitation is
one of the experimental approaches used for driving the reactions R*-CO-NH-R" + H,O § R’-
COOH + HyN-R" § R*-COO™ + "H3N-R™ (where R' and R" represent two peptide chains or
two amino acids) toward peptide-bond formation®>®. Product precipitation also makes synthesis
more economical, as it saves the time, water and electric energy usually required to separate
soluble products from reaction media. It also reduces wastes.

Figure 1 shows the time course of peptide-bond formation. In 6 h at 50 °C, it yielded 66%
of the Z-Ala-Phe-OMe precipitated in the reaction medium. The solid was simply filtered,
washed with distilled water and shown to be homogeneous by LC/ESI-MS (Fig. 2) and salt-free.
The yields of the two additional reactions carried out at 25 or 70 °C were 43% and 48%,
respectively, indicating that the optimum temperature is about 50 °C. The lower yield observed
for the reaction performed at 70 °C may be explained by higher solubility of the dipeptide
formed in the reaction medium and/or increased enzyme autolysis and/or enzyme denaturation.
Actually, thermolysin denaturing via refolding of the secondary structure was detected by
circular dichroism after its incubation for 6 h at 70 °C in the buffer used as solvent for the
reactions cited above (data not shown).

In summary, we established environmentally friendly conditions (only buffer) to produce
Z-Ala-Phe-OMe efficiently with good yield and high purity.

Ester hydrolysis catalysed by free aCT (Step 2a) or Fe;0,@silica-aCT (Step 2b)

Because oCT is a well-known enzyme that catalyses hydrolysis of peptide bonds and

esters involving the carboxyl group of aromatic amino acids®®, it was chosen as the biocatalyst
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for step 2 of the synthetic route, described above. Reactions were not done at temperatures
higher than 37 °C because bovine oCT is significantly more autolytic and not as

thermostable®®®

as thermolysin.

At first, a micro-scale reaction starting from Z-Ala-Phe-OMe and using 1 g L™ of free
enzyme in reasonably clean conditions (minimum percentage of ACN required for dissolution of
Z-Ala-Phe-OMe and buffer, 30%: 70%, v:v) yielded 77% of Z-Ala-Phe-OH in 10 min (Step 2
a). The product, isolated with 92% purity as determined by RP-HPLC, had its identity confirmed
by LC/ESI-MS (m/z [M+H "] calculated/found = 371.15/371.2). A subsequent reaction scaled-up
300 times and using an enzyme concentration of 50 g L™ produced 93% of Z-Ala-Phe-OH in 15
min. These results agreed with those of a simultaneous study performed in our laboratories on
binding bovine oCT to silica-coated superparamagnetic nanoparticles/examination of the
properties of the Fe;O,@silica-o.CT obtained. That study* demonstrated that among other
improved properties, the immobilized aCT was able to catalyse peptide ester hydrolysis with the
key advantage of being magnetically recoverable and reusable (Primarily due to our interest in
establishing the new synthetic route reported here, in that study we also used Z-Ala-Phe-OMe as
substrate.).

Then, we attempted to optimize Step 2 by performing two new reactions using
significantly less enzyme (25 times less; 0.04 g L™): one with free aCT (Step 2b) and one with
Fe;0,@silica-aCT (Step 2¢), both stored in suspension at room temperature, as that would allow
comparing performance, advantages and disadvantages. As shown in Figure 3C, in 2 h, the new

reaction catalysed by the free enzyme was not as efficient as that catalysed by Fe;O,@silica-

oCT (55% and 99% of ester hydrolysis, respectively), which was associated with a higher
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autolysis of free aCT. Therefore, the new experimental conditions using Fe;O,@silica-aCT
(Step 2c) proved to be even better then Step 2b for Step 2 of the synthetic route.

Overall, these results are comparable to those obtained previously in enzyme-mediated L-
phenylalanine ester hydrolysis® and to those reported by Cerovsky and coworkers.®®, who used a
Z-Ala-Phe-OMe as acyl donor for tripeptide synthesis catalysed by subtilisin Carlsberg.
Considering this and the fact that acetonitrile can be recycled and reused easily, we have found
reasonably clean, cost-effective conditions under which a magnetically recoverable and reusable
enzymatic catalyst efficiently mediates conversion of Z-Ala-Phe-OMe in Z- Ala-Phe.

Z group removal catalysed by C/Pd (Step 3a) or Fe;O,4@silica-Pd (Step 3b)

Initially, Z-group removal, Step 3 of the synthetic route was done by hydrogenation

catalysed by C/Pd (Step 3a) because this is clean, selective, very productive and, generally,

#44and in organic synthesis®. After 2 h, no Z-Ala-Phe,

broadly employed in peptide chemistry

but only the desired product, Ala-Phe, and toluene were detected in the reaction medium. RP-

HPLC analysis (Figs. 4a and 4b) confirmed this and gave an excellent yield of 99% (Table 1).
Because our previous study showed that Fe;O,@silica-Pd was very efficient as a catalyst

6465 and triple® C-C bonds, this study examined the possibility of

of hydrogenation of double
replacing C/Pd by Fe;0,@silica-Pd® in Step 3 (Step 3b). If effective, such a step could be even
greener than Step 3a because such a nanocatalyst does not ignites when it first comes into
contact with methanol and is magnetically recoverable from the reaction medium, minimizing
time and energy costs compared to C/Pd. In addition, it would be the first proposal of this
alternative nanocatalyst for Z-group removal by hydrogenation in peptide synthesis.

At first, the amino acid derivative Z-Phe-OMe was used as a model under the conditions

cited above (solvent, nmol of Pd, time) for the reaction catalysed by C/Pd. Figure 5 and Table 1
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show that Fe;O,@silica-Pd was equally efficient, as, in 2 h, 99% of the esterified amino acid
derivative was converted to the unprotected product, H-Phe-OMe. Likewise, hydrogenation of Z-
Ala-Phe to give the unprotected dipeptide Ala-Phe was nearly quantitative (Fig. 4c), as, in 2 h,
99% of the desired dipeptide was formed (Table 1). In addition, with the help of a magnet, the
Fe;0,@silica-Pd mostly was recovered from the reaction media.

In summary, we found a new, efficient, clean, safe condition to perform Step 3 of the
synthetic route quantitatively based on heterogeneous metal catalysis. The nanocatalyst, never
before used for such a purpose, has the potential to be recycled and to be functional for amino
acids and peptide chemistry in general.

Experimental
Materials

The amino acid derivatives Z-Ala-OH and HCI-Phe-OMe were from Bachem (California,
USA). The thermolysin and a-chymotrypsin were from Sigma Chemical Company (USA) and
Biobras Diagnosticos (Brazil), respectively. The acetonitrile (ACN; Vetec Fine Chemicals Ltd.,
Brazil) and trifluoroacetic acid (TFA; Merck KGaA, Germany) used to prepare solvents A and B
used in RP-HPLC analysis were of spectroscopic grade. The tris(hydroxymethyl)aminomethane
(Tris-HCI), calcium acetate, ammonium sulphate, sodium dihydrogen phosphate, hydrochloric
acid and methanol (MeOH) were of analytical grade and were purchased from Merck KGaA
(Germany). Pd on activated carbon 10 wt% was purchased from Merck Schuchardt OHG
(Germany). Tris(dibenzylideneacetone)dipalladium(0) [Pd,(dba)s] was purchased from Strem
Chemicals. (Germany). Other reagents were of analytical grade and commercially available
(Aldrich). The synthesis of the catalyst support, Fe;O,@silica, was carried out under open-air
conditions. The synthesis of the Pd nanocatalyst was carried out under an argon or dinitrogen

atmosphere using vacuum-line techniques or a glove box. The hydrogenation reactions were
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performed with Fischer-Porter glass reactors connected to a dihydrogen reservoir to maintain
pressure.
Synthesis of Z-Ala-Phe-OMe catalysed by free thermolysin

This synthesis was performed using experimental conditions based on our previous
studies using thermolysin as a catalyst of peptide bond formation?*%4°, Briefly, 0.1 mol L ! of
acyl donor (Z-Ala-OH), 0.1 mol L of acyl acceptor (Phe-OMe. HCI) and 1 g L* of enzyme
were dissolved in 0.2 mol L™ acetate buffer of pH 6, containing 0.05 mol-L™* of calcium acetate
and 200 g L* of ammonium sulphate reacted for 6 h at 50 °C and 200 rpm. The reaction ended
by cooling and separating the insoluble dipeptide formed by centrifugation at 12000 rpm for 6
min in a centrifuge (Model 5415C; Brinkmann Instruments, Inc., Westbury, USA). The
supernatant was removed and the insoluble dipeptide washed 3 times with deionized water and
dried.
Preparation of superparamagnetic nanoparticle support

The superparamagnetic nanoparticle support comprised preparation of silica-coated

magnetite nanoparticles, Fe;O4@silica, by a reverse microemulsion and functionalization with

% 1.4,

amino groups, as previously reported by Rossi et al. °*and Machini et a
Immobilization of aCT on superparamagnetic nanoparticles support

Immobilization of aCT on Fe;O4@silica, characterization of an enzyme-nanoparticle
hybrid Fe;0,@silica-aCT in protein content, amidase activity, chemical and thermal stabilities,
efficiency of recovery from the reaction media, reuse potential and ability to catalyse peptide
ester hydrolysis all were done as previously described by Machini et al.*.

Ester hydrolysis of Z-Ala-Phe-OMe catalysed by free aCT or Fe;0,@silica-aCT

a) Micro-scale reactions
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The oCT (1 g L't or 0.04 g L™) was incubated with Z-Ala-Phe-OMe (0.02 mol L™) in a 30%
ACN/NaH,PO, buffer (pH 8) for 120 min at 37 °C and 300 rpm. The reaction was ended by the
addition of 6 mL of 50% ACN/0.1% TFA/water. The aliquots were taken in 0, 15, 30, 60 and
120 min for analysis by RP-HPLC, as described below.

b) Milli-scale reaction

Free oCT: The enzyme (50 g L™) was incubated with Z-Ala-Phe-OMe (0.02 mol L™) in a 30%
ACN/NaH,PO, buffer (pH 8) for 120 min at 37 °C and 300 rpm. The reaction was ended by the
addition of 6 mL of 50% ACN/0.1% TFA/water. The aliquots were taken in 0, 15, 30, 60 and
120 min for analysis by RP-HPLC, as described below. This solution was lyophilized, and the
solid was washed with 20 mL ethyl acetate for precipitation of enzymes and salts, which were
filtered and washed with 5 mL ethyl acetate. The 2 organic fractions were pooled in a separation
funnel to extract water-soluble by-products with 1 mol L"*HCI solution (3 x 5 mL) followed by
washing with brine (3 x 5 mL) and removal of the residual water with Na,SO,. To finish, the
ethyl acetate was evaporated and the product weighed. Most of these steps were monitored by
reverse-phase, high-performance liquid chromatography RP-HPLC and/or RP-HPLC coupled to

mass spectrometry with electrospray ionization (LC/ESI-MS).

Immobilized aCT: The Fe;0,@silica-a.CT suspension (0.2 mL) stored at room temperature was
placed in a flask, the solid was retained magnetically and the buffer removed. Then, 3.0 mL of a
30% ACN/NaH,PO, buffer (pH 8) and Z-Ala-Phe-OMe (0.04 mol L) were added to the
reaction flask. The mixture was stirred at 37 °C and 300 rpm. Diluted aliquots were taken at 0,
15, 30, 60 and 120 min of reaction for analysis by RP-HPLC and LC/ESI-MS, as described
below.

Preparation of Pd on superparamagnetic nanoparticle support
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The catalyst Fe;O,@silica-Pd was prepared by the simple approach recently described by
Rossi et al.%®. Briefly, Pd NPs were prepared through direct decomposition of the organometallic
precursor [Pd,(dba)s] in the presence of the magnetic support. Initially, 25 mL of a toluene
solution of [Pd,(dba)s] (0.45 mol L™) was prepared in a Schlenk tube under argon conditions.
The solution was transferred under argon with a syringe to a Fischer-Porter reactor containing 1
g of Fe;04@silica-propylamina that had been dried 1 h under vacuum conditions. The mixture
was submitted to 3 bars of hydrogen at 25 °C under magnetic stirring for 1 h. After the reaction
time, the solid was magnetically recovered, washed with toluene (4 x 6 mL) and dried 1 h under
vacuum conditions. The catalyst, denoted as Fes;O,@silica-Pd, was stored under open-air
conditions. The palladium content of 3.6 wt% was determined by flame atomic absorption
spectroscopy (FAAS).
Removal of the Z-group from Z-Phe-OMe and from Z-Ala-Phe-OH catalysed by
traditional catalyst or by a superparamagnetic nanoparticle catalyst

The hydrogenation reaction occurred in a Fischer-Porter glass reactor loaded with Z-Phe-
OMe or Z-dipeptide (65 mmol L), Pd catalyst, (2.3 mg of Pd on activated carbon [C/Pd] or 5.8
mg of Fe;0,@silica-Pd, 2 pmmol Pd) and MeOH (1 mL). The reaction mixtures were submitted
to 1 bar of H, for 2 h at 27 °C and stirring at 700 rpm. Then, catalysts were separated either by
centrifugation (C/Pd, 10 min, 13000 rpm) or magnetic separation (Fe;O,@silica-Pd, permanent
magnet 3500 G). The solution was transferred to another flask for isolation of the deprotected
dipeptide, and the catalyst was washed twice with MeOH (1 mL) and once with H,O (1 mL).
After each washing, the catalyst was separated as described above and the supernatant was
placed into a single flask. An aliquot of final solution was analyzed by RP-HPLC and LC/MS, as

described below.



RSC Advances

14

RP-HPLC and LC/MS analysis

RP-HPLC analyses were done using a Grace C18 Vydac™ column (0.46 cm x 25.00 cm,
5 umol L% 300 A, USA) connected to a system composed of Constametric 3500 and 3200
pumps from Thermo Separation Products (TSP, USA), an automatic sampler SpectraSYSTEM®
AS3000 (TSP, USA), a SpectroMonitor 3100 detector (LDC Analytical, USA) or a Tunable
Absorbance Detector 486 (Waters, USA) and a Data Jet integrator (TSP, USA). Separation of
compounds (reactants and products) occurred in linear gradients (5-95% B) using 0.1% TFA in
water as solvent A and 60% ACN/0.09% TFA in water as solvent B. The flow used was 1
mL/min, and the wavelength (1) for compound detection was 210 nm.

The LC-MS analyses used the following systems:
1) A Shimadzu liquid chromatographer (Shimadzu Corporation, Kyoto, Japan) composed of 2
LC-10AD pumps, a SDP-10AV detector and a C18 Vydac/Grace column (0.46 cm x 25.00 cm, 5
umol L™, 300 A, USA) coupled to a Micromass Quatro Il triple quadrupole mass spectrometer
(Altrincham, UK) was used. The capillary voltage was 2kV, the cone voltage was 15kV and
MassLynx™ for Windows NT® software was used to analyse mass spectra obtained.
2) A Shimadzu liquid chromatographer (Shimadzu Corporation, Kyoto, Japan) composed of a
degasser model DGU-20A3, 2 pumps (model LC-20AD), an injector Rheodyne® 8125, an oven
for column (model CTO-20A), a pre-column C18 (5 x 2 mm, 4.6 mm), Shim-pack GVP-ODS
and the column C18 (150 x 2 mm, 4.6 um) Shim-pack VP-ODS coupled to a Bruker Daltonics
amaZon® X mass spectrometer (Fahrenheitstrasse, Germany) with ionization source
electrospray type, mode ESI positive and an ion-trap analyzer were used. Capillary voltage was
3.5 kV, and the software used for the MS spectra was HyStar 3.2.

In both cases, the results found were comparable to those expected.
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Conclusions

Despite using enzyme-peptide synthesis, an older technology, this interdisciplinary study
offers original experimental evidence that the combination of biocatalysis, heterogeneous metal
catalysis and superparamagnetic nanoparticles is a promising, new tool for peptide chemists. In
fact, the study shows that besides being specific and safe, this powerful combination yields green
conditions that may be applied to prepare amino acid derivatives, short peptides and other
organic compounds derived from them. Fe;O,@silica successfully supported both a protease and
a metal to furnish the nanocatalysts Fes;O,@silica-aCT and Fe;O,@silica-Pd and has the
potential to be recovered easily from the reaction media by an external magnet and recycled,
contributing to development of new, green, synthetic routes of great interest to academia and

industry.
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Table 1 Catalytic hydrogenation of Z-Ala-Phe or Z-Phe-OMe for 2 h

Z-Compound  Solvent Catalyst Reaction yield (%)
Z-Phe-OMe MeOH C/pd 99
Z-Phe-OMe MeOH Fe;0,@silica-Pd 99
Z-Ala-Phe MeOH C/Pd 99
Z-Ala-Phe

MeOH Fe;0,@silica-Pd 99
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Fig. 1. Reaction course for the synthesis of Z-Ala-Phe-OMe catalyzed by free thermolysin
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Fig. 2. RP-HPLC monitoring of Z-Ala-Phe-OMe synthesis catalyzed by free thermolysin. a: RP-
HPLC profile of the reaction medium at 50 °C for 6h; conditions: column Vydac Cyg, solvent A:
0.1% TFA/H,0, B: 80% ACN/0.09% TFA/H,0, flow rate: 1 mL.min™, gradient: 5-95% of B in
30 min, A: 210 nm. b: Mass (ESI-MS) spectrum of the component eluted from column at ~21
min; conditions: capillary voltage: 2 kV, cone voltage: 15 kV, ionization mode: ES®. Z-Ala-Phe-
OMe, m/z [M+H"] (obtained/calculated): 384.9/385.2
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Fig. 3. RP-HPLC monitoring of Z-Ala-Phe-OMe ester hydrolysis catalyzed by aCT to give Z-
Ala-Phe. (a) standard Z-Ala-Phe-OMe, (b) reaction catalyzed by free aCT after 2 h, (c) reaction
catalyzed by Fe3;O0,@silica-aCT after 2 h. (1) Z-Ala-Phe-OMe and (2) Z-Ala-Phe. RP-HPLC
conditions: column Vydac Cyg, solvent A: 0.1% TFA/H,0, B: 50% ACN/0.09% TFA/H,0, flow

rate: 1 mL.min?, gradient: 5-95% of B in 30 min, A: 210 nm
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Fig. 4. RP-HPLC monitoring of Z-Ala-Phe hydrogenation catalyzed by C/Pd to give Ala-Phe. (a)
0 h, (b) catalysis by C/Pd after 2 h of reaction, (c) catalysis by Fe;O,@silica-Pd after 2 h of
reaction. (1) Z-Ala-Phe, (2) Ala-Phe, (3) Toluene. RP-HPLC conditions: column Vydac Cgg,
solvent A: 0.1% TFA/H20, B: 60% ACN/0.09% TFA/H,O, flow rate: 1 mL.min™, gradient: 5-
95% of B in 30 min, A: 210 nm. MS conditions for the identification of the reaction components:
capillary voltage: 4.5 KV, ionization mode: ES’. Z-Ala-Phe-OH, m/z [M+H+]
(obtained/calculated): 371.4/370.4; Ala-Phe, m/z [M+H+] (obtained/calculated): 237.4/236.3
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Fig. 5. RP-HPLC monitoring of Z-Phe-OMe hydrogenation to give Phe-OMe. (a) 0 h, (b)
catalysis by C/Pd after 2 h of reaction, (c) catalysis by Fe;O,@silica-Pd after 2 h of reaction. (1)
Z-Phe-OMe, (2) Phe-OMe, (3) Toluene. RP-HPLC conditions: column Vydac Cyg, solvent A:
0.1% TFA/H,0, B: 60% ACN/0.09% TFA/H,0, flow rate: 1 mL. min™, gradient: 5-95% of B in
30 min, A: 210 nm. Mass Spectrometry conditions for the identification of the reaction
components: capillary voltage: 4.5 kV, ionization mode: ES’. Z-Phe-OMe, m/z [M+H"]
(obtained/calculated): 314.4/313.4, Phe-OMe, m/z [M+H"] (obtained/calculated): 180.3/179.2
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Fig. 1. Reaction course for the synthesis of Z-Ala-Phe-OMe catalyzed by free thermolysin
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Fig. 2. RP-HPLC monitoring of Z-Ala-Phe-OMe synthesis catalyzed by free thermolysin. a: RP-HPLC profile of
the reaction medium at 50 °C for 6 h; conditions: column Vydac C18, solvent A: 0.1% TFA/H;0, B: 80%
ACN/0.09% TFA/H,0, flow rate: 1 mL min™, gradient: 5-95% of B in 30 min, A: 210 nm. b: Mass (ESI-MS)
spectrum of the component eluted from column at ~21 min; conditions: capillary voltage: 2 kV, cone
voltage: 15 kV, ionization mode: ES*. Z-Ala-Phe-OMe, m/z [M+H™"] (obtained/calculated): 384.9/385.2
83x54mm (96 x 96 DPI)
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Fig. 3. RP-HPLC monitoring of Z-Ala-Phe-OMe ester hydrolysis catalyzed by aCT to give Z-Ala-Phe. (a)
standard Z-Ala-Phe-OMe, (b) reaction catalyzed by free aCT after 2 h, (c) reaction catalyzed by
Fe3;04@silica-aCT after 2 h. (1) Z-Ala-Phe-OMe and (2) Z-Ala-Phe. RP-HPLC conditions: column Vydac C18,
solvent A: 0.1% TFA/H,0, B: 50% ACN/0.09% TFA/H,0, flow rate: 1 mL min’}, gradient: 5-95% of B in 30
min, A: 210 nm
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Fig. 4. RP-HPLC monitoring of Z-Ala-Phe hydrogenation catalyzed by C/Pd to give Ala-Phe. (a) 0 h, (b)
catalysis by C/Pd after 2 h of reaction, (c) catalysis by Fes04@silica-Pd after 2 h of reaction. (1) Z-Ala-Phe,
(2) Ala-Phe, (3) Toluene. RP-HPLC conditions: column Vydac C18, solvent A: 0.1% TFA/H,0, B: 60%
ACN/0.09% TFA/H 0, flow rate: 1 mL min™, gradient: 5-95% of B in 30 min, A: 210 nm. MS conditions for
the identification of the reaction components: capillary voltage: 4.5 kV, ionization mode: ES*. Z-Ala-Phe-
OH, m/z [M+H*] (obtained/calculated): 371.4/370.4; Ala-Phe, m/z [M+H"] (obtained/calculated):
237.4/236.3
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Fig. 5. RP-HPLC monitoring of Z-Phe-OMe hydrogenation to give Phe-OMe. (a) 0 h, (b) catalysis by C/Pd
after 2 h of reaction, (c) catalysis by Fe;04@silica-Pd after 2 h of reaction. (1) Z-Phe-OMe, (2) Phe-OMe, (3)
Toluene. RP-HPLC conditions: column Vydac C18, solvent A: 0.1% TFA/H,0, B: 60% ACN/0.09% TFA/H,0,
flow rate: 1 mL min?, gradient: 5-95% of B in 30 min, A: 210 nm. MS conditions for the identification of the

reaction components:: capillary voltage: 4.5 kV, ionization mode: ES*. Z-Phe-OMe, m/z [M+H"]
(obtained/calculated): 314.4/313.4, Phe-OMe, m/z [M+H*] (obtained/calculated): 180.3/179.2
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