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process with Alcalase® yielded a weight of amino acids 2.5 times higher than the control extraction,
and 3.1 times higher than the extraction with the other protease (Flavourzyme®). From 1 g biomass,
the Alcalase® extraction method obtained 1426 μmol amino acids, a quantity 2.5–6.1 times higher
than the total amount obtained with the other methods (control without enzyme and enzyme-assisted
methods). The control extraction obtained only 573 μmol amino acids/g biomass.

Liquid chromatography coupled to an electrospray ionization mass spectrometer in positive
ionization mode (LC ESI-MS/MS) analyses revealed that the most abundant peptides in the
spirulina extracts obtained with four enzymes and without an enzyme pre-treatment (control)
were all different from one extract to another. More specifically, the eight peptides present
in Alcalase® extract were: MKKIEAIIRPF, LPPL, ALAVGIGSIGPGLGQGQ, TTAASVIAAAL,
DFPGDDIPIVS, LELL, WKLLP, and CHLLLSM (438–1493 Da). By contrast, the control
extract contained 12 peptides, namely: NGDPFVGHL, VFETGIKVVDL, DFFVDKL, SGPPLDIKL,
DVNETVLDNLPKTRTQI, DVNETVLDNLP, DSLISGAAQAVY, GIGNDPLEIQF, GLILLPHLATL,
GLILLPHLA, AVLGAGALFHTF, and DVNETVLDNLP (851–1955 Da).

2.4. Biomass Analyses by TEM

Structural changes in the spirulina were investigated by TEM analysis (Figures 4 and 5).

  

 

 

Figure 4. Micrographs of Arthrospira (Spirulina) platensis dry biomass, neither treated with any enzyme
nor extracted by any solvent; (A) a longitudinal cut trichome and several transversally cut trichomes;
(B) three contiguous cyanobacteria of a trichome separated by their cell walls; (C) detail of the cell wall.

Figure 4A is a micrograph of commercial dry biomass not treated with enzymes nor extracted with
any solvent, where a longitudinal section through a trichome with twelve cells is visualized. Complete
integrity of the cellular material, including the membrane, is clearly visualized in Figure 4B,C. The four
layers of cell membrane were identified (Figure 4C). In the starting spirulina, the cytoplasm and
thylakoid system were compressed against the internal cell membrane.

113



Catalysts 2019, 9, 145

  

  

Figure 5. Transmission electron microscope (TEM) micrographs of residual biomasses of Arthrospira
p., obtained after the control extraction (A) and the extractions with Alcalase® (B), Ultraflo® (C), and
Vinoflow® (D) pre-treatments. Extracts were obtained in their optimal conditions (pH 6.5, 1% v/w
Alcalase® and 30 ◦C; pH 7.0, 1% v/w Ultraflo® and 30 ◦C; pH 6.5, 2% v/w Vinoflow® and 40 ◦C), and
the control experiment was done with milli-Q water instead of the enzyme solution at 30 ◦C and 24 h.

In Figure 5, the micrographs of residual biomass obtained after the control extraction (Figure 5A),
and residual biomasses obtained after extraction with Alcalase® (Figure 5B), Ultraflo® (Figure 5C), and
Vinoflow® (Figure 5D) assistance are compared at the same scale. Trichomes were still observed after the
control extraction of the biomass, although their thylakoid system was not any more compressed against the
internal cell membrane (Figure 5A). Cells after the control extraction exhibited a swelling phenomenon, and
a few were detached from the trichome. By contrast, after all the enzyme extractions studied, the number
of trichomes observed was minimal and cellular degradation was evident (Figure 5B–D). A dispersion of
remaining (non-extracted) intracellular material and membrane rests was obtained after biomass treatment
with Alcalase® (Figure 5B). After extraction with Alcalase® assistance, most of the cellular material
disappeared. Consequently, the residual biomass is more transparent (Figure 5B) than the other ones
(Figure 5A,C,D). This fact is due to the higher recovery of biocomponents with Alcalase® than with the
control and other enzyme extractions (Figure 5A,B). These observations agree with previous studies, where
cyanobacteria cells modified their shape and size, swelling after a Lysozyme treatment [32]. Less cellular
material remained in the residual biomasses extracted with Ultraflo® and Vinoflow® (Figure 5C,D) than in
the control experiment (lower observed electronic density). However, in all these cases the amount of cell
residues was significantly greater than in the case of the Alcalase® extraction (Figure 3B). These findings
are in good correspondence with the values of extraction yields obtained (Table 1), where the Alcalase®

extraction process was the most effective one for biocomponent recovery of spirulina.
The micrographs of this study show that Alcalase® pre-treatment of the biomass is the most

efficient, resulting in most of trichomes and spheroplasts degraded. Vladimirescu revealed the
existence of differences in enzymatic sensitivity of cells [33]. Compared with other bacteria, Spirulina
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sp. has a thicker cell membrane that makes more difficult to detach the cells or spheroplasts from the
trichome. Because of that, cell disintegration is not efficiently achieved with lysozyme treatment [34].

The comparative inspection of micrographs of residual biomasses obtained with the different
enzyme-assisted extraction processes (Figure 5) reveals that the enzyme pre-treatment of the biomass
that allowed the highest biocomponent recovery (Alcalase®) produces the greatest cellular degradation.
Compared with the other enzyme-assisted extraction types, the biomass extracted after Alcalase®

treatment appeared nearly completely disintegrated and with very low electronic density, as a result of
the greater extraction of its biocomponents (Figure 5B–D).

The results here described support the implementation of enzyme technology to replace
conventional extraction processes. The Alcalase® extraction herein reported significantly increased the
yield and quality of aqueous extracts from A. (Spirulina) platensis biomass. The enzyme technology
developed uses food grade enzymes and hexane, which are accepted by regulatory agencies for
food and drug safety. This enzyme technology looks promising for a more efficient, safe, and
environmentally clean industrial production of cyanobacteria extracts with high value in the nutrition,
cosmetic, and pharmaceutical industries [14]. The potential of this extraction method will be further
clarified once the extracted biocomponents are molecularly and functionally characterized. A complete
characterization of the different aqueous extracts obtained with all the enzymes in their respective
optimal operation conditions will be reported.

3. Materials and Methods

3.1. Materials

Arthrospira (Spirulina) platensis dry biomass was purchased from ASN Leader S.L. (Murcia,
Spain). Composition of the cyanobacteria biomass provided by the manufacturer is given in Table 2.
The cyanobacteria biomass was a lyophilized dry powder for nutrition use. Solvents were HPLC
grade. N-Hexadecane was used as an internal standard, and sodium sulfate as a desiccant. All of
them were from Sigma-Aldrich (Madrid, Spain). Buffer solutions used were CH3COONa/CH3COOH
(pH 5-6), Na2HPO4/NaH2PO4 (pH 6.5-8), and NaCO3/ NaHCO2 (pH 8.5-9). Alcalase® 2.4 L FG,
Flavourzyme®, Ultraflo® L, and Vinoflow® Max A were generously donated by Novozymes A/S
(Kalundborg, Denmark). Alcalase® has an activity of 2.4 AU A/g. Flavourzyme® has at least 1000
LAPU/g (leucine aminopeptidase units/g determined with Leu-pNA), not being the single activity
type in this preparation. The main activity of Ultraflo® L is β-glucanase (45 fungal β -glucanase (FBG)
per g). In addition, it contains approximately 470 Farbe xylanase units (FXU) per g. Vinoflow® Max A
has a declared activity of 46 BGXU/ml.

Alcalase® is a commercial preparation of a serine endo-peptidase (EC. 3.4.21.62) from Bacillus
licheniformis (mainly subtilisin A). Alcalase® acts as an esterase, catalyzing the stereoselective hydrolysis
of esters, and hydrolyzes amino esters including heterocyclic amino esters. Flavourzyme® is a peptidase
preparation from Aspergillus oryzae, widely and diversely used for protein hydrolysis in industrial and
research applications. Eight enzymes have been identified in Flavourzyme®, namely two aminopeptidases,
two dipeptidyl peptidases, three endopeptidases, and one α-amylase. Purified Flavourzyme® enzymes
were biochemically characterized with regard to pH and temperature profiles and molecular sizes [35].
Ultraflo® L is a multicomponent enzyme preparation that contains 5–10% (w/w)β-glucanase (endo-1,3(4)-)
and 1–5% (w/w) xylanase (endo-1,4-) as the main active components (EC 3.2.1.6 and EC 3.2.1.8), produced
by a strain of Humicola insolens. The enzyme preparation is used in the brewing industry to hydrolyze
polysaccharide gums and to break down cell wall materials in cereals like beta-glucan and xylans [36].
These two types of enzymatic activities in Ultraflo® are cellulose action and catalysis of the hydrolysis
of complex sugars in the amorphous regions of the cellular membrane. Ultraflo® L is also marketed
within the European Union as a feed-additive under the name of ‘Pentopan/Biofeed Plus.’ There is a
more abundant enzyme, while a second activity is due to other two enzymes. Vinoflow® Max A is a
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β-glucanase (exo-1,3-) preparation, used on wine to speed up the aging process [37]. All these enzyme
preparations are GRAS type hydrolases.

3.2. Enzyme-Assisted Extraction of Spirulina Biocomponents

The enzyme-assisted extraction methods of the cyanobacteria biomass studied using Alcalase®

2.4 L FG, Flavourzyme®, Ultraflo® L, and Vinoflow® Max A differ in the cell degradation step (protein
or sugar hydrolysis). All degraded biomasses were next extracted with solvents. These extractions
were compared with the same solvent extraction procedure carried out without any enzyme assistance
(control experiment).

The influence of the more important parameters of the enzymatic step was studied: pH 5.5–8,
temperature 30–50 ◦C, and enzyme loading 0.5–2 (v/w, volume of enzyme preparation/weight of
enzyme + biomass suspension). Optimal operation conditions of the four enzyme-assisted extraction
processes were determined.

A suspension of the biomass (0.2 g/mL aqueous buffer) containing the corresponding loading of
enzyme preparation (or an equivalent volume of milli-Q water, in the case of the control experiment),
was kept under magnetic agitation for the indicated time at a controlled temperature. Unless indicated,
the study was carried out in triplicate at the short and long reaction times (duration of enzyme
pre-treatment: 4 and 24 h), as follows:

• Effect of pH: This study was carried out at 40 ◦C and 1% (v/w) enzyme solution
• Effect of temperature: This study was carried out at relatively mild temperatures (30–50 ◦C) at the

optimal pH value previously determined.
• Effect of enzyme loading: This study was performed at the optimal values of pH and temperature

previously determined in the range of 0.5–2% (v/w) enzyme solution. The process extraction was
followed at 1, 2, 4, 6, 8, and 24 h.

• Solvent extraction step: Each aliquot (0.5 mL) of the enzyme–biomass suspension was dissolved
in 1 mL hexane–isopropanol mixture (3:2, v/v). The resultant solution was centrifuged for 15 min
at 10,000 rpm, and allowed to completely separate into the two liquid (aqueous and oil) phases.
The residual biomass was then separated from the liquid phase. The liquid solution was then
placed in a decantation funnel. After separation of the oil and aqueous phases, the oil phase was
collected. Next, the oil phase extraction protocol was repeated two more times by adding 0.25 mL
hexane-isopropanol mixture to the decantation funnel. Finally, the two liquid (aqueous and oil)
extracts obtained were freeze-dried.

• Scaled up extraction: In order to obtain greater amounts of extracts, all the extraction processes
(enzyme-assisted and control extractions) were carried out at a scale factor of 2.5 at their respective
optimal conditions for 24 h enzyme pre-treatment under magnetic agitation (500 rpm). Scaled up
extraction processes were carried out as follows: pH 6.5, 30 ◦C and 1% v/w Alcalase®; pH 6.0,
30 ◦C and 1% v/w Flavourzyme®; pH 7.0, 30 ◦C; and 1% v/w Ultraflo®; pH 6.5, 40 ◦C and 2% v/w
Vinoflow®. The extraction without enzyme digestion (control) was carried out using milli-Q water
instead of the enzymatic preparation in buffer at 30 ◦C and 24h. After the indicated time, the
enzyme–biomass mixture was centrifuged for 30 min at 14,000 rpm and 10 ◦C. All corresponding
aqueous extracts were lyophilized for 4 days and then weighed. All dry weight values of the
aqueous extracts were corrected by subtraction of the corresponding weight of the buffer enzyme
solution (lower than 1% w/w). Residual biomasses obtained were dried under nitrogen. All the
experiments were carried out in triplicate.

3.3. Analysis and Characterization of Aqueous Extracts

3.3.1. HPLC Analyses

A high-performance liquid chromatography apparatus coupled to an evaporative light scattering
detector (HPLC-ELSD) was used for optimization of the enzymatic extraction process. These analyses
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allowed determination of relative changes of the biocomponent concentrations in the aqueous extracts
obtained at different times of enzyme treatment.

Analyses were carried out with a Hitachi D-7000IF apparatus (Germany) with a silica column
from Kromasil C18 (5 μm, 250 × 4.6 mm) connected to a Sedex 55 ELSD detector (SEDERE, France).
Aqueous solution of the lyophilized samples (20 μL of 50 mg/mL) was injected and analyzed at 30 ◦C
for 83 min with a gradient mobile phase at 1.5 mL/min, phase A being milliQ water (100% v/v) and
phase B being acetonitrile/milliQ water (80:20 v/v). The composition of the phases (A:B) varied as
follows: 96:4 for the first 5 min, increasing to 60:40 in 60 min, followed by a linear increase of Phase
B up to 95% in 1 min. Composition was then maintained for the next 7 min (up to min 23), then the
mobile phase returned to the first composition (96:4) and remained constant for the rest of the analysis.
Analysis of each sample was replicated three times. For analyses of liquid aqueous extracts obtained
after 4 h enzyme pre-treatment, 0.5 mL of aqueous phase was mixed with 1 mL distilled water, and
20 μL of the resultant solution was injected into the HPLC.

3.3.2. Amino Acid and Peptide Composition

The extracts obtained in the respective optimal conditions were analyzed to determine their
composition in amino acids, using a chromatography procedure developed by Spackman et al. [38].
Solutions of the different aqueous extracts (1–2.6 mg/mL) were prepared in triplicate and placed
in the hydrolysis tubes. Norleucine was used as the internal standard in this assay. The analyzer
apparatus was calibrated with three tubes of hydrolysis containing known amounts of the standard
and norleucine. Standard solutions were submitted to the same hydrolysis treatment as the extract
solutions. Finally, all the hydrolysis tubes were vacuum dried in a Speed Vac.

The hydrolysis tubes containing the sample solutions were placed in glass bottles with a valve to
make a vacuum, and purged with inert nitrogen gas. To each flask, 200 μL HCl 6N and 50 mg phenol
were added. Next, a vacuum was applied to each flask for 20 sec and then they were purged with
nitrogen inert gas for 20 sec. This process was repeated three times. Each flask was introduced into
an oven at 110 ◦C for 21 h. After that, the hydrolysis tubes were dried in the Speed Vac. Hydrolyzed
samples and standard were dissolved in buffer, and then injected into the analyzer.

Quantitative analysis of amino acids mixtures was carried out in a Biochrom 30 Series Amino
Acid Analyzer, with a reproducibility >0.5 CV at 10 nmoles. Biochrom 30 uses the classic methodology
for amino acid analysis, based on ion exchange liquid chromatography and a post-column reaction
made continuous with ninhydrine, with a sensitivity of ∼10 pmol.

All the aqueous extracts were analyzed by liquid chromatography coupled to an electrospray
ionization mass spectrometer in positive ionization mode (LC ESI-MS/MS) to identify their respective
peptide components. Prior to analysis, the samples were cleaned with C18 tips. LC ESI-MS/MS
analyses were carried out in an Ultimate 3000 nanoHPLC (Dionex, Sunnyvale, California) coupled to
an ion trap mass spectrometer AmaZon Speed (Bruker Daltonics, Bremen, Germany). The reversed
phase analytic column used was an Acclaim C18 PepMap of 75 μm × 15 cm, 3 μm particle size and
100 Å pore size (ThermoScientific, USA). The trap column was a C18 PepMap of 5 μm particle diameter,
100 Å pore size, connected in series with the analytical column. The loading pump flushed a solution
of 0.1% trifluoroacetic acid in 98% water/2% acetonitrile (ScharLab, Barcelona, Spain) at 3 μL/ min
The nanopump operated at a flow of 300 nL/min in gradient conditions, using 0.1% formic acid (Fluka,
Buchs, Switzerland) in water (phase A), and 0.1% formic acid in 80% acetonitrile/20% water (phase B).
The scheme of the elution gradient was: isocratic mode with 96% A, 4% B for 5 min, a linear increase to
40% B in 60 min, a linear increase to 95% B in 1 min, isocratic conditions of 95% B for 7 min, and return
to initial conditions in 10 min. Five μL of extract solutions (4 μg/μL) were injected, and detected at
214 y 280 nm wavelengths. In a second analysis, 5 μL of extract solutions (10 μg/μL) were injected.
The LC system was connected by a CaptiveSpray source (Bruker Daltonics, Bremen, Germany) to the
ion trap spectrometer, operating in positive mode with a capillary voltage set of 1400 V. The automatic
data acquisition allowed sequential observation of both MS spectra (m/z 350–1500) and the MS CID
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spectra of the 8 more abundant ions. In the analyses of 10 μg/μL samples, the MS spectra range was
100–1000 m/z. Exclusion dynamics were applied to prevent the isolation of the same m/z for 1 min
after its fragmentation.

For peptide identification, MS and MS/MS data of individual fractions of HPLC were processed
with DataAnalysis 4.1 (Bruker Daltonics, Bremen, Germany). MS/MS spectra (in the form of
generic Mascot files) were analyzed against a data base obtained from NCBInr (National Center
for Biotechnology Information) containing 68623 entries of proteins from both Spirulina and Arthrospira.
The database search was carried out with Mascot v.2.6.0 (Matrix Science, London, UK) [39].
Search parameters were set as follows: oxidized methionine as the modification variable without
enzyme restriction. Tolerance for peptide mass of 0.3 Da and 0.4 Da in MS and in MS/MS modes,
respectively. In most of the cases, a precision of ±0.1–0.2 Da was obtained for both MS and
MS/MS spectra.

Additionally, in the case of Alcalase® extract all MS and MS/MS spectra were analyzed using
the ‘de novo’ tool of the Peaks software (Bioinformatics solutions, Inc).This program combines both
the unconditioned ‘de novo’ analysis of MS/MS spectra with the more conventional search against
organism-specific (i.e., Arthrospira–Spirulina) sequence databases. Only sequence assignments with
confidence values equal or superior to 80 have been included, to avoid doubtful sequences. Note that
this approach cannot distinguish the following identities: I and L, K and Q, F and M.

3.3.3. Statistical Analyses

The experiments were carried out in triplicate, reporting the results as their corresponding mean
values with their standard errors, which were compared at confidence level of 95% (p ≤ 0.05) using the
SPSS program.

3.4. Transmission Electronic Microscopy Analyses, TEM

Fresh and residual (extracted) biomass samples were visualized in a transmission electronic
microscope. Morphological changes of the residual biomass after the enzyme-assisted extraction
process were visualized and compared by TEM analyses. A Jeol Jem 1010 apparatus (100Kv, Yokyo,
Japan), coupled to a digital camera Orius SC200 (Gatan Inc., Pleasanton, CA, USA) and the Digital
Micrograph v 3.4 software for image acquisition, was used. Prior to analysis, all the samples were
treated as follows: first they were washed three times with 0.1 M sodium phosphate buffer, pH 7.2,
then transferred into 2% w/w bacteriological agar in buffer and fixed in glutaraldehyde (2.5% w/w)
for 2 h 40 min, and finally washed with cacodylate buffer 0.1M (pH 7.3). Post-fixation of samples
was done on 1–2 mm agar blocks with osmium tetroxide (1% w/w) for 1 h 40 min. Samples were
then dehydrated in an oven with absolute ethanol and embedded in a durcupan resin, and then were
polymerized at 60 ◦C over 48 h. Samples were cut into ultrafine layers (60 nm) with a Leica ultracut S.
Finally the sample slices were dyed with uranyl and lead acetates.

4. Conclusions

Different extraction methods of high value hydrophilic spirulina biocomponents were
implemented via four selective enzyme degradations of spirulina biomass. Comparison of the
extracts obtained in their optimal operation conditions demonstrated that different products can
be obtained through spirulina degradation by different enzyme types. The four enzyme-assisted
extraction processes were superior to the corresponding extraction process without enzyme-assistance
for prior biomass degradation. Among the two proteases and the endo- and exoglucanases, Alcalase®

gave the highest extraction yield of hydrophilic extract, as a result of its effective degradation of
membrane proteins, lipoproteins, and peptidoglucan. Both the extract composition and the amount of
extracted biocomponents depended on the temperature, enzyme charge and type, pH, and duration
of enzymatic pre-treatment of the biomass. Compared to conventional extraction processes, higher
extraction yields were obtained in mild conditions; Alcalase® extract was the one with the highest
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protein content. All the protein extracts obtained could be applied for satiety and muscle building in
sports/active nutrition, for geriatric population, convalescent patients, etc.
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Abstract: Preparation of optically-pure derivatives of 2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetic
acid of general structure 2 was accomplished by enzymatic hydrolysis of the
correspondent esters. A screening with commercial hydrolases using the methyl ester of
2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetic acid (1a) showed that crude pig liver esterase
(PLE) was the only preparation with catalytic activity. Low enantioselectivity was observed with
substrates 1a–d, whereas PLE-catalysed hydrolysis of 1e proceeded with good enantioselectivity
(E = 28), after optimization. Enhancement of the enantioselectivity was obtained by chemical
re-esterification of enantiomerically enriched 2e, followed by sequential enzymatic hydrolysis with
PLE. The preparation of optically-pure (S)-2e was validated on multi-milligram scale.

Keywords: esterase; stereoselective; ester hydrolysis; antimuscarinic agents; pig liver esterase (PLE)

1. Introduction

Enzymatic hydrolysis of chiral esters using carboxylesterases is an established method for
obtaining kinetic and dynamic resolution [1–5]. A number of stereoselective carboxylesterases
is nowadays available, and troublesome application such as the hydrolysis of spatially bulky
substrates can be solved by screening and protein engineering [6]. Esters of carboxylic acids with
sterically-demanding α-substitutions are not easily hydrolysed by most of the lipases, and protein
engineering for making natural enzymes able to accept these substrates is still limited to relatively
bulky carboxylic acids [7]. Enzymatic hydrolysis of carboxylic acid esters having an α-quaternary
or α-tertiary centre is still a difficult task [8]; in contrast to the broad spectrum of esters with
bulky alcohol moieties accepted as substrates [9,10]. Activation by electron-withdrawing (EW)
hetero-atoms (e.g., O and N) or by EW-functional groups (e.g., -NO2, -CN, -CF3) is often required
to observe enzymatic hydrolytic activity [11–13]. α-,α-Disubstituted malonate diesters are among
the few α-,α-,α-trisubstituted carboxylic esters accepted by carboxylesterases; in particular, pig
liver esterase (PLE) is particularly suited for catalyzing the enantioselective monohydrolysis
of differently substituted malonate diesters [14], including ester derivatives, such as dimethyl
3,3-dimethyl-2-methylenecyclohexane-1,1- dicarboxylate, a chiral building block used for the
enantioselective total synthesis of ent-kauranoids [15].

In this work, we have studied the enzymatic hydrolysis of esters 1, derivatives of sterically
demanding 2,2-diaryl-2-hydroxy acids 2 (Figure 1); these molecules attract great attention for
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pharmaceutical applications as they can be useful chiral building blocks for the synthesis of compounds
exerting muscarinic M3 receptor antagonist activity [16,17]. Antimuscarinic agents have a variety
of applications but one of the most well established is their use as inhaled bronchodilators for the
treatment of obstructive airway diseases such as asthma and chronic obstructive pulmonary disease
(COPD) [18]. The enzymatic hydrolysis of ester 1 has been therefore investigated as a possibly
suitable, affordable and sustainable method alternative to classical liquid (LC)/supercritical fluid
chromatography (SFC) chiral separation of racemic mixtures or diastereomeric salt crystallization,
to obtain the desired active (S)-enantiomer 2.

Figure 1. Kinetic resolution of esters of 2,2-diaryl-2-hydroxy acids; optically pure acids are building
blocks for the synthesis of muscarinic receptor antagonists.

2. Results

2.1. Screening of Biocatalysts and Substrates

The synthesis of esters 1a-e, used in this work, was realized as described in Scheme 1.

Scheme 1. Synthesis of esters 1a-e. Reaction conditions: a: THF, RT, 16 h; b: dihydrotoluene, 10% Pd/C,
EtOH, reflux, eight hours; c: (i) LiOH, THF/water, RT, 2 h; (ii) CDI, 2-(dimethylamino)ethanol, CH2Cl2,
60 ◦C, 4 h; d: N-(benzyloxycarbonyl)-3-amino-1-propyl methanesulfonate, CsCO3, DMF, RT, 16 h.

Hydrolysis of 1a-b was firstly investigated using 20 commercial hydrolases and 15 enzymatic
preparations from our laboratory [19–24]; only commercial PLE gave hydrolysis of 1a,b (Scheme 2)
with conversions ranging between 50 and 100% after 24 h (Table 1).

Scheme 2. Enzymatic hydrolysis of esters 1a-b with pig liver esterase (PLE).
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Table 1. Hydrolysis of 1a-b with pig liver esterase (PLE); Conditions: [S] = 2.5 mM, [PLE] = 7.5 mg/mL
in 100 mM phosphate buffer at pH = 7.0 and DMSO (5%), 30 ◦C.

Entry Substrate
Conv.
(%)

ee (R)-ester (%) ee (S)-acid (%) E Time (h)

1 1a 52 67 63 8 5
2 1a >97 <5 <5 - 24
3 1b 50 67 67 10 5
4 1b > 97 <5 <5 - 24

The reactions occurred with excellent rates, but low enantioselectivity, furnishing the S-acid
with enantiomeric ratio (E) ranging between 8 and 10. Absolute configurations were assigned by
comparison with enantiomerically pure sample previously synthesized [16]. Different (bulkier) alcohol
moieties were introduced with the aim of increasing the enantioselectivity, therefore esters 1c,d were
synthesized as shown before and used as substrates for the enzymatic hydrolysis with commercial
PLE, but enantioselectivity remained quite low (E < 8 in both the cases).

As a strategy for improving enantioselectivity, we synthesized 1e, where a benzyloxy
propylcarbamate was introduced as meta-substituent for boosting the structural diversity of the
two aromatic groups (Scheme 3).

Scheme 3. Enzymatic hydrolysis of ester 1ewith pig liver esterase (PLE).

In fact, the kinetic resolution of 1e occurred with higher enantioselectivity (E = 21, entry 1, Table 2)
than what observed with 1a–d. Commercial PLE preparation is extracted from animal tissues and
composed by 6 different isoenzymes, each one potentially leading to different stereoselectivity [14,25];
therefore, we also tested the six isoforms as single recombinant enzymes (commercially available and
named ECS-PLE 01–06) for the hydrolysis of 1e (Table 2, entries 2-7).

Table 2. Hydrolysis of 1e with PLE; conditions: [S] = 2.5 mM, [PLE] 7.5 mg/mL in 100 mM phosphate
buffer at pH = 7.0 and DMSO (5%), 30 ◦C.

Entry Substrate Conv. (%) ee (R)-ester (%) ee (S)-acid (%) E Time (h)

1 Crude PLEs 30 37 87 21 5
2 ECS-PLE01 <5 - - - 24
3 ECS-PLE02 <5 - - - 24
4 ECS-PLE03 19 8 30 <5 24
5 ECS-PLE04 8 - n.d. - 24
6 ECS-PLE05 <5 - - - 24
7 ECS-PLE06 37 51 87 24 24

The highest enantioselectivity was observed with the recombinant isoform ECS-PLE06 (entry 7,
Table 3), comparable with the one obtained with crude PLE, which, in turn, showed higher
specific activity.

2.2. Optimization

Crude PLE was therefore used for further optimization, carried out using an experimental design
(Multisimplex v2.0 (Multisimplex AB, Karlskrona, Sweden), previously used for optimizing the
conditions of different biotransformations [26]. The control variables were substrate and enzyme
concentration, pH, co-solvent (DMSO) concentration, and temperature. Productivity at 24 h and
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enantioselectivity were chosen as response parameters. Under optimized conditions ([S] = 3.5 mg/mL
(8 mM); [Enz] = 5.0 mg/mL; solvent 0.1 M phosphate buffer/DMSO 8%, pH = 7.0 at 25 ◦C), where the
ratio between substrate and enzyme was reduced, the highest enantioselectivity (E = 28) was obtained,
but reaction rate slowed down. Under these conditions, enzymatic hydrolysis gave 2e with an ee of
90% after 24 h, in correspondence of 30% conversion.

As previously reported, the addition of co-solvents, which alter the solubility of the substrate,
may affect the enantioselectivity and the reaction rate of reactions catalyzed by crude PLE [14,27].
Consequently, we investigated the activity and the enantioselectivity on the hydrolysis of 1e with
crude PLE carried out under optimized conditions in the presence of the solvents listed in Table 3.

Table 3. Hydrolysis of 1e with PLE in the presence of different co-solvents. Conditions: [S] = 8 mM,
[PLE] = 5.0 mg/mL in 100 mM phosphate buffer at pH = 7.0 and co-solvents (amounts as indicated in
Table), 25 ◦C. Results after 24 h.

Entry Co-solvent (% v/v) Conv. (%) ee (R)-ester (%) ee (S)-acid (%) E

1 none 30 23 90 23
2 EtOH (8) <5 - - -
3 iPrOH (8) <5 - - -
4 DMSO (8) 30 39 90 28
5 THF (8) 10 9 79 10
6 acetone (8) <5 - - -
7 Et2O (30) <5 - - -
8 toluene (30) <5 - - -
9 n-heptane (30) 22 25 90 21

10 isooctane (30) 25 30 88 21

Protic water-soluble co-solvents (EtOH and iPrOH, entries 2 and 3, Table 3) suppressed enzymatic
activity, whereas, DMSO (firstly chosen as co-solvent) was the only polar co-solvent with beneficial
effects (entry 4, Table 3). Detected activity and enantioselectivity in the presence of highly hydrophobic
solvents (n-heptane and isooctane, entries 9 and 10, Table 3) were lower than the ones obtained in water
containing 8% DMSO. Reactions performed in the presence of different concentrations of hydrophobic
solvents (10, 30, 50% v/v) did not show any significant differences.

Another way to influence the overall reactivity of organic substrates in aqueous enzymatic
reactions involves the use of cyclodextrins (CDX) [28]. CDX can modify the solubility of organic
compounds in water, while establishing diastereoisomeric interactions with chiral substrates; for these
reasons, different CDX were tested as additive in the enzymatic hydrolysis of 1e (Table 4).

Table 4. Hydrolysis of 1e with PLE in the presence of β-cyclodextrins; conditions: [S] = 8 mM,
[PLE] = 5.0 mg/mL, [CDX] 10 mM in 100 mM phosphate buffer and DMSO (8%) at pH = 7.0, 25 ◦C.
Results after 24 h.

Entry β-Cyclodextrin Conv. (%) eeester (%) eeacid (%) E

1 underivatized 45 70 86 28
2 triacetyl 40 59 88 28
3 methyl 33 44 88 24
4 trimethylammonium 25 31 91 28

Cyclodextrins generally improved the reaction rates, with β-CDX showing the highest acceleration
(entry 1, Table 4). The screening shown in Table 5 was carried out using a slight excess of CDX over
the substrate, so we decided to explore the effect of different stoichiometric ratios between β-CDX
and substrate (Table 5), observing that no significant improvements were obtained above 1.25 ratio
β-CDX/substrate.
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Table 5. Hydrolysis of 1e with PLE in the presence of different amounts of β-cyclodextrin (β-CDX);
conditions: [S] = 8 mM [PLE] = 5.0 mg/mL, different amounts of β-CDX in 100 mM phosphate buffer
and DMSO (8%) at pH = 7.0, 25 ◦C. Results after 24 h.

Entry Ratio [β-CDX]/[S] Conv. (%) eeester (%) eeacid (%) E

1 1 41 60 86 24
2 1.25 45 70 86 28
3 1.5 45 70 86 28
4 2 48 78 84 28

2.3. Preparative Biotransformation

A preparative biotransformation was thus performed starting from 150 mg of 1e (Figure 2) using
the best reaction conditions (entry 2, Table 5).

Figure 2. Preparative kinetic resolution of 1e. Conditions. [S] = 8 mM, [PLE] = 5.0 mg/mL,
[β-CDX] = 10 mM in phosphate buffer (100 mM) and DMSO (8%) at pH = 7.0, 25 ◦C.

The reaction was stopped in correspondence of 54% conversion (after 40 h), allowing for the
recovery and purification of 2e (67 mg) with an ee of 80%. This batch of optically-enriched 2e was
chemically methylated to give optically enriched 1e, which was subsequently hydrolysed with PLE,
furnishing 50 mg of optically pure (S)-2e. The overall results of this sequential kinetic resolution are
given in Scheme 4.

 
Scheme 4. Preparation of optically pure 2e after sequential enzymatic hydrolysis of 1e with PLE.

3. Discussion

Sterically demanding 2,2-diaryl-2-hydroxy carboxylic acids are valuable chiral building blocks for
the synthesis of antimuscarinic agents [9]. Two major problems were encountered in the enzymatic
kinetic resolution of these bulky substrates. Firstly, esters having α-quaternary or α-tertiary center
show severe steric hindrance that hampers the approach to the active site; in fact, among the
different enzymes tested, PLE was the only enzyme active on these substrates. Besides, esters
of 2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetate (the ones considered here as key precursors
for antimuscarinic agents preparation) display poor stereo-discrimination due to the presence of
two aromatic groups, directly bound to the stereocenter, which differ only for the presence of
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a meta-substituent on one of the two aromatic rings. Derivative 1e, which bears a benzyloxy
propylcarbamate substituent in meta-position, gives sufficient stereo-differentiation for achieving
moderate-to-good enantioselectivity (E = 28). Moreover, the biotransformation was optimized by
choosing suited co-solvents (DMSO) and additives (β-CDX).

The preparative significance of this method was established by the expedient preparation of
optically pure (S)-2e on multi-milligram scale, using a sequential kinetic resolution approach.

4. Materials and Methods

All chemicals were from Sigma-Aldrich (Milano, Italy) and/or VWR International (Milano, Italy)
and used without further purification unless otherwise stated. Pig liver esterase was purchased
from Sigma-Aldrich (Milano, Italy). PLE isoforms were from Enzymicals (Greifswald, Germany).
β-Cyclodextrins were provided by Wacker-Chemie GmbH (Munchen, Germany). Anhydrous solvents
were purchased from Aldrich and used as received. “Brine” refers to a saturated aqueous solution
of NaCl. Unless otherwise specified, solutions of common inorganic salts used in workups are
aqueous solutions. Optically pure/enriched compounds, used as HPLC standards, were synthesised
as previously described [17].

4.1. Analyticals

HPLC analyses were performed with a Jasco PU-980 pump equipped with a UV–VIS detector
Jasco UV-975 (Easton, MD, USA). The NMR of 1H and 13C spectra were recorded in DMSO using
Bruker 600 MHz or 400 MHz spectrometer (Karlsruhe, Germany), equipped with a self-shielded
z-gradient coil 5 mm 1H/nX broad band probehead for reverse detection, deuterium digital lock
channel unit, quadrature digital detection unit with transmitter offset frequency shift. Chemical shifts
are reported as δ downfield in parts per million (ppm) and referenced to tetramethylsilane (TMS) as
the internal standard in the 1H measurements. Coupling constants (J values) are given in hertz (Hz)
and multiplicities are reported using the following abbreviation (s = singlet, d = doublet, t = triplet,
q = quartet, m = multiplet, br = broad, nd = not determined). The pulse programs were taken from
the Varian and Bruker software libraries. The HRMS spectra were recorded on an Agilent instrument
(Santa Clara, CA, USA) using the Time-of-Flight Mass Spectrometry (TOF MS) technique. Specific
rotation of compounds was measured with a Polarimeter Perkin Elmer (model 241 or 341, Waltham,
USA) at sodium D-line (589 nm), 25 ◦C, 1 dm path length. Reactions were monitored by TLC using
0.25 mm Merck silica gel plates (60 F254, Darmstadt, Germany). For chiral analysis the samples were
analysed using a chiral column for the separation of the enantiomers. HPLC analyses were carried
out on a Kromasil 5-Amycoat column 4.6 × 250 mm (CPS Analitica, Milan, Italy), 5 μm; mobile
phase: n-hexane:isopropanol:TFA 8:2:0.1%, flow rate 1 mL/min, λ = 220 nm. Optically pure/enriched
compounds were chemically synthesised as chiral HPLC standards. Column chromatography was
performed on Merck silica gel 60 (0.063–0.2 mm).

4.2. Procedure for the Synthesis of methyl 2-(4-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1a)

To a solution of methyl 2-oxo-2-phenylacetate (12.83 mL, 91 mmol) in THF (Volume: 350 mL),
(4-(benzyloxy)phenyl)magnesium bromide (100 mL, 100 mmol) was added dropwise at 0 ◦C over
30 min and stirred overnight at RT. Reaction was partitioned between AcOEt and saturated NaCl,
organic phase dried over Na2SO4 and evaporated. The oily residue was crystalized in Et2O to afford
methyl 2-(4-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (15 g, 43.1 mmol, 47.4 % yield) as white
solid. 1H NMR (600 MHz, DMSO-d6; δ ppm 7.24–7.44 (m, 11 H) 6.94–6.98 (m, 2 H) 6.91 (dt, J = 8.08,
1.15 Hz, 1 H) 6.67 (s, 1 H) 5.06 (s, 2 H) 3.71 (s, 3 H); 13C NMR (151 MHz, DMSO-d6) δ ppm 173.97
(s, 1 C) 158.36 (s, 1 C) 145.33 (s, 1 C) 143.63 (s, 1 C) 137.45 (s, 1 C) 129.35 (s, 1 C) 128.88 (s, 1 C) 128.28
(s, 1 C) 128.25 (s, 1 C) 128.15 (s, 1 C) 127.92 (s, 1 C) 127.40 (s, 1 C) 120.06 (s, 1 C) 114.50 (s, 1 C) 113.84
(s, 1 C) 81.05 (s, 1 C) 69.70 (s, 1 C) 52.96 (s, 1 C). HRMS (ESI-TOF): Exact mass calculated for C22H20O4
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[M-H]- = 347.1289, Found: [M + NH4]+ = 366.1698. 1H NMR and 13C NMR spectra of 1a are reported
in Supplementary Materials (Figures S2 and S3, respectively).

4.3. Procedure for the Synthesis of methyl 2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetate (1b)

Methyl 2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1a) (200 mg, 0.574 mmol),
1-methylcyclohexa-1,4-diene (129 μl, 1.148 mmol) and Pd/C 10% wet (60 mg, 0.028 mmol) were
refluxed in EtOH (2870 μl) in a closed vessel at 80 ◦C for 8 h, then the mixture filtered on PTFE
membrane and evaporated under reduced pressure. The resulting oil was recrystallized in a
mixture of cyclohexane/iPr2O to give methyl 2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetate (130 mg,
0.503 mmol, 88% yield) as a white powder. 1H NMR (600 MHz, DMSO-d6) δ ppm 9.35 (s, 1 H) 7.32 (d,
J = 4.29 Hz, 4 H) 7.25–7.30 (m, 1 H) 7.11 (t, J = 7.87 Hz, 1 H) 6.74–6.77 (m, 1 H) 6.73 (dd, J = 1.67, 0.95 Hz,
1 H) 6.67 (ddd, J = 8.02, 2.41, 0.89 Hz, 1 H) 6.55 (s, 1 H) 3.71 (s, 3 H); 13C NMR ((151 MHz, DMSO-d6) δ
ppm 174.14 (s, 1 C) 157.33 (s, 1 C) 145.20 (s, 1 C) 143.82 (s, 1 C) 129.17 (s, 1 C) 128.15 (s, 1 C) 127.81 (s, 1 C)
127.50 (s, 1 C) 118.08 (s, 1 C) 114.89 (s, 1 C) 114.70 (s, 1 C) 81.10 (s, 1 C) 52.87 (s, 1 C); HRMS (ESI-TOF):
Exact mass calculated for C15H14O4 [M-H]- = 257.0819, Found: [M + Na]+ = 281.0783. 1H NMR and
13C NMR spectra of 1b are reported in Supplementary Materials (Figures S4 and S5, respectively).

4.4. Procedure for the Synthesis of 2-(dimethylamino)ethyl
2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1c)

Methyl 2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1a) (5 g, 14.35 mmol) and LiOH
(1.031 g, 43.1 mmol) were dissolved in THF (Volume: 15 mL)/Water (Volume: 15.00 mL) and
stirred for 2 h at RT. Reaction was quenched by the addition on 1M HCl and extracted with AcOEt,
the organic phase was washed with aqueous NaCl and dried over Na2SO4 before being evaporated
under reduced pressure. The desired product 2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetic
acid (2a) (5.1 g, 15.25 mmol, 106 % yield) was obtained as a yellowish foam, not isolated and used
as such for the following step. 2-(3-(Benzyloxy)phenyl)-2-hydroxy-2-phenylacetic acid (2a) (2.5 g,
7.48 mmol) and CDI (2.425 g, 14.95 mmol) were reacted for 5 min in DCM (Volume: 8 mL) prior the
addition of 2-(dimethylamino)ethanol (2.257 mL, 22.43 mmol). Reaction was stirred for 4 h at 60 ◦C,
then partitioned between AcOEt and sat NaHCO3aq, washed twice with water, dried over Na2SO4

and evaporated under reduced pressure. The crude was chromatographed on silica gel by gradient
elution from 100 % AcOEt to AcOEt/MeOH (7N NH3) 90/10 in 12 CV to give 2-(dimethylamino)ethyl
2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1c) (1.02 g, 2.52 mmol, 33.6 % yield) as a yellowish
oil. 1H NMR (600 MHz, DMSO-d6) δ ppm 7.23–7.44 (m, 12 H) 6.98–7.01 (m, 1 H) 6.92–6.96 (m, 2 H)
6.58 (s, 1 H) 5.05 (s, 2 H) 4.23 (t, J = 5.57 Hz, 2 H) 2.12 (s, 6 H); 13C NMR (151 MHz, DMSO-d6) δ
ppm 173.34 (s, 1 C) 158.33 (s, 1 C) 145.30 (s, 1 C) 143.63 (s, 1 C) 137.47 (s, 1 C) 129.25 (s, 1 C) 128.87
(s, 1 C) 127.88 (s, 1 C) 127.54 (s, 1 C) 127.43 (s, 1 C) 120.21 (s, 1 C) 114.69 (s, 1 C) 113.80 (s, 1 C) 81.06
(s, 1 C) 69.69 (s, 1 C) 63.47 (s, 1 C) 57.42 (s, 1 C) 45.54 (s, 1 C). HRMS (ESI-TOF): Exact mass calculated
for C25H27O4N [M]+ = 405.1940, Found [M-H]+ = 406.2011 1H NMR and 13C NMR spectra of 1c are
reported in Supplementary Materials (Figures S6 and S7, respectively). 1H NMR and 13C NMR spectra
of 1c are reported in Supplementary Materials (Figures S6 and S7, respectively).

4.5. Procedure for the Synthesis of (1-benzylpiperidin-4-yl)methyl
2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1d)

2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetic acid (2a) (2.5 g, 7.48 mmol) and CDI
(2.425 g, 14.95 mmol) were reacted for 5 min in DCM (Volume: 15 mL) prior the addition of
(1-benzylpiperidin-4-yl)methanol (2.3 g, 11.20 mmol). Reaction was stirred for 3 h at 60 ◦C, then DMF
was added and the mixture was stirred at 80 ◦C for 4 h. The mixture was partitioned between AcOEt
and an aqueous solution of NaHCO3, washed twice with water, dried over Na2SO4 and evaporated
under reduced pressure. The crude was chromatographed first on silica gel (gradient elution from
100 % AcOEt to AcOEt/MeOH (7N NH3) 90/10 in 10 CV), then by flash chromatography on a reverse
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phase: C18 column 60 g, from 100/0 A/B to 75/25 A/B, A: water/MeCN 95:5 + 0.1% HCOOH
B:MeCN/water 95:5 + 0.1% HCOOH, to obtain the desired product (1-benzylpiperidin-4-yl)methyl
2-(3-(benzyloxy)phenyl)-2-hydroxy-2-phenylacetate (1d) (715 mg, 1.371 mmol, 18.3 % yield) as a white
oil. 1H NMR (600 MHz, DMSO-d6) δ ppm 7.20–7.42 (m, 16 H) 6.93–6.97 (m, 2 H) 6.90–6.93 (m, 1 H)
6.60 (s, 1 H) 5.05 (s, 2 H) 3.99 (d, J = 6.44 Hz, 2 H) 3.40 (br s, 2 H) 2.73 (br d, J = 10.01 Hz, 2 H) 1.76–1.92
(m, 2 H) 1.49–1.58 (m, 1 H) 1.47 (br d, J = 12.92 Hz, 2 H) 1.12 (br d, J = 12.16 Hz, 2 H); 13C NMR
(151 MHz, DMSO-d6) δ ppm 173.40 (s, 1 C) 158.31 (s, 1 C) 145.33 (s, 1 C) 143.63 (s, 1 C) 137.46 (s,
1 C) 129.24 - 129.35 (m, 1 C) 129.16 (br s, 1 C) 128.85 (s, 1 C) 128.50–128.65 (m, 1 C) 128.23 - 128.31
(m, 1 C) 128.18 (s, 1 C) 128.04 (s, 1 C) 127.85–127.94 (m, 1 C) 127.42–127.56 (m, 1 C) 127.17–127.35 (m,
1 C) 120.14 (s, 1 C) 114.63 (s, 1 C) 113.84 (s, 1 C) 81.11 (s, 1 C) 69.79 (s, 1 C) 69.68 (s, 1 C) 62.75 (s, 1 C)
53.04 (s, 1 C) 40.58 (s, 1 C) 35.38 (s, 1 C) 28.62 (s, 1 C). HRMS (ESI-TOF): Exact mass calculated for
C34H35NO4 [M]+ = 521.2566, Found [M+H]+ = 522.2642-. To 1H NMR and 13C NMR spectra of 1d are
reported in Supplementary Materials (Figures S8 and S9, respectively).

4.6. Procedure for the Synthesis of methyl
2-(3-(3-(((benzyloxy)carbonyl)amino)propoxy)phenyl)-2-hydroxy-2-phenylacetate (1e)

Methyl 2-hydroxy-2-(3-hydroxyphenyl)-2-phenylacetate (2b) (570 mg, 2.207 mmol) and
3-(((benzyloxy)carbonyl)amino)propyl methanesulfonate (761 mg, 2.65 mmol) were dissolved
in DMF (6 mL), followed by the addition of CsCO3 (1079 mg, 3.31 mmol). The reaction
solution was stirred at room temperature overnight. The reaction mixture was quenched
adding water then extracted with EtOAc. The organic phase was dried over Na2SO4, filtered
and evaporated under reduced pressure. The crude was purified by flash chromatography
(25 g silica, from 20 to 50 % EtOAc in heptane) to obtain the desired product methyl
2-(3-(3-(((benzyloxy)carbonyl)amino)propoxy)phenyl)-2-hydroxy-2-phenylacetate (1e) (670 mg,
1.491 mmol, 67.5 % yield) as a colourless oil. 1H NMR (600 MHz, DMSO-d6) δ ppm 7.27–7.39
(m, 11 H) 7.24 (t, J = 8.27 Hz, 1 H) 6.88–6.92 (m, 2 H) 6.82–6.88 (m, 1 H) 6.67 (s, 1 H) 5.02 (s, 2 H) 3.94 (t,
J = 6.28 Hz, 2 H) 3.72 (s, 3 H) 3.16 (q, J = 6.54 Hz, 2 H) 1.85 (quin, J = 6.51 Hz, 2 H); 13C NMR (151 MHz,
DMSO-d6) δ ppm 173.97 (s, 1 C) 158.36 (s, 1 C) 145.33 (s, 1 C) 143.63 (s, 1 C) 137.45 (s, 1 C) 129.35 (s,
1 C) 128.88 (s, 1 C) 128.28 (s, 1 C) 128.25 (s, 1 C) 128.15 (s, 1 C) 127.92 (s, 1 C) 127.40 (s, 1 C) 120.06 (s,
1 C) 114.50 (s, 1 C) 113.84 (s, 1 C) 81.05 (s, 1 C) 69.70 (s, 1 C) 52.96 (s, 1 C). HRMS (ESI-TOF): Exact mass
calculated for C26H27NO6 [M-H]- = 448.1766, Found: [M+NH4]+ = 467.2177. 1H NMR and 13C NMR
spectra of 1a are reported in Supplementary Materials (Figures S10 and S11, respectively).

4.7. Enantiomeric Excess Determination

The enantiomeric excess (ee %) was determined by HPLC with a Kromasil 5-Amycoat column
4.6 × 250 mm, 5 μm, mobile phase: n-hexane:isopropanol:TFA 8:2:0.1%, flow rate 1 mL/min,
λ = 220 nm. Retention times: (R)-1a 10.1 min; (S)-1a: 11.5 min; (R)-2a 20.7 min; (S)-2a: 34.6 min;
(S)-1b: 11.3 min; (R)-1b: 11.5 min; (S)-2b: 14.1 min; (R)-2b: 16.1 min; (R)-1e: 16.3 min; (S)-1e:
17.4 min; (R)-2e: 23.8 min; (S)-2e 29.1 min. Representative HPLC chromatograms are reported in
Supplementary Materials (Figure S18).

4.8. General Procedure for Biotransformations

Screening and optimization were carried out by performing reactions in 5 mL screw-capped
test tubes with a reaction volume of 2 mL. Preparative biotransformations were carried out at 25
and 150 mL scale. Substrates (2.5–10 mM) were dissolved in DMSO (final concentration 5%) and
added to phosphate buffer (100 mM, pH = 7). The reactions were started by the addition of the
enzyme. The mixture was then kept at fixed temperature under magnetic stirring. Samples of the
biotransformation mixture were withdrawn, diluted with an equal volume of water, acidified with
1 N HCl and extracted with eight volumes of EtOAc. The organic extract was then concentrated and
analysed by HPLC.
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4.8.1. (S)-2-(3-(Benzyloxy)phenyl)-2-hydroxy-2-phenylacetic acid (2a)

1H NMR (600 MHz, DMSO-d6) δ ppm 12.20–13.89 (m, 1 H) 9.31 (s, 1 H) 7.36–7.39 (m, 2 H)
7.29–7.34 (m, 2 H) 7.24–7.29 (m, 1 H) 7.11 (t, J = 7.89 Hz, 1 H) 6.82 (br s, 1 H) 6.79–6.82 (m, 1 H) 6.66
(ddd, J = 8.05, 2.34, 1.03 Hz, 1 H) 5.48–6.50 (m, 1 H) 13C NMR (151 MHz, DMSO-d6) δ ppm 175.14 (s,
1 C) 157.22 (s, 1 C) 145.55 (s, 1 C) 144.17 (s, 1 C) 129.00 (s, 1 C) 128.01 (s, 1 C) 127.59 (s, 1 C) 118.21 (s,
1 C) 114.86 (s, 1 C) 114.66 (s, 1 C) 80.63 (s, 1 C). HRMS (ESI-TOF): Exact mass calculated for C14H12O4

[M-H]- = 243.0663; Found: [M+Na]+ = 267.0626.

4.8.2. (S)-2-Hydroxy-2-(3-hydroxyphenyl)-2-phenylacetic acid (2b)

1H NMR (600 MHz, DMSO-d6) δ ppm 13.21 (br s, 1 H) 7.41–7.45 (m, 2 H) 7.36–7.41 (m, 4 H)
7.23–7.35 (m, 5 H) 7.01–7.05 (m, 1 H) 6.93–7.00 (m, 2 H) 6.34 (s, 1 H) 5.05 (s, 2 H); 13C NMR (151 MHz,
DMSO-d6) δ ppm 175.01 (s, 1 C) 158.31 (s, 1 C) 145.68 (s, 1 C) 143.96 (s, 1 C) 137.47 (s, 1 C) 129.20 (s,
1 C) 128.88 (s, 1 C) 128.28 (s, 1 C) 128.18 (s, 1 C) 128.13 (s, 1 C) 127.71 (s, 1 C) 127.50 (s, 1 C) 120.23 (s,
1 C) 114.72 (s, 1 C) 113.50 (s, 1 C) 80.61 (s, 1 C) 69.70 (s, 1C). HRMS (ESI-TOF): Exact mass calculated
for C21H18O4 [M-H]+ = 333.1132, Found: [M+NH4]- = 352.1541.

4.8.3. (S)-2-(3-(3-(((Benzyloxy)carbonyl)amino)propoxy)phenyl)-2-hydroxy-2-phenylacetic acid (2e)

1H NMR (600 MHz, DMSO-d6) δ ppm 13.15 (br s, 1 H) 7.29–7.41 (m, 10 H) 7.25–7.29 (m, 1 H)
7.21–7.24 (m, 1 H) 6.92–6.97 (m, 2 H) 6.77–6.89 (m, 1 H) 6.31 (br s, 1 H) 5.01 (s, 2 H) 3.93 (t, J = 6.22 Hz,
2 H) 3.15 (q, J = 6.63 Hz, 2 H) 1.84 (quin, J = 6.51 Hz, 2 H); 13C NMR (151 MHz, DMSO-d6) δ ppm
174.98 (s, 1 C) 158.50 (s, 1 C) 156.61 (s, 1 C) 145.71 (s, 1 C) 144.13 (s, 1 C) 137.71 (s, 1 C) 129.05–129.19
(m, 1 C) 128.81 (s, 1 C) 128.15–128.36 (m, 1 C) 128.08 (s, 1 C) 127.60–127.69 (m, 1 C) 127.47–127.58 (m,
1 C) 119.97 (s, 1 C) 114.29 (s, 1 C) 112.27–113.50 (m, 1 C) 80.59 (s, 1 C) 65.85 (s, 1 C) 65.12–65.56 (m, 1
C) 37.45–38.24 (m, 1 C) 29.64 (s, 1 C). HRMS (ESI-TOF): Exact mass calculated for C26H27NO6 [M]+ =
435.1682, Found [M+H]+ = 436.1754; [α]D = −3.4 (CHCl3; c=1).

4.9. Procedure for the Synthesis of methyl
(S)-2-(3-(3-(((benzyloxy)carbonyl)amino)propoxy)phenyl)-2-hydroxy-2-phenylacetate (optically enriched 1e)

(S)-2-(3-(3-(((Benzyloxy)carbonyl)amino)propoxy)phenyl)-2-hydroxy-2-phenylacetic acid (100 mg,
0,23 mmol) obtained by biotranformation was dissolved in MeOH (1,5 mL) and slowly added SOCl2
(0,5 mL) at 0 ◦C. The reaction mixture was refluxed at 70 ◦C for 2 h, after which time it was cooled to RT.
MeOH was removed in vacuum and the resulting residue was poured onto ice-H2O and extracted with
EtOAc. The combined organic extracts were washed with 10% NaHCO3, brine, dried over Na2SO4,
and evaporated to provide the product as a white solid (101 mg, 98% yield). 1H NMR (600 MHz,
DMSO-d6) δ ppm 7.20–7.40 (m, 12 H) 6.84–6.86 (m, 1 H) 6.82–6.90 (m, 2 H) 6.65 (s, 1 H) 5.01 (s, 2 H)
3.93 (t, J = 6.22 Hz, 2 H) 3.72 (s, 3 H) 3.15 (q, J = 6.67 Hz, 2 H) 1.84 (quin, J = 6.54 Hz, 2 H); 13C NMR
(151 MHz, DMSO-d6) δ ppm 172.50–174.93 (m, 1 C) 158.11–159.19 (m, 1 C) 155.83–157.71 (m, 1 C)
144.39–146.14 (m, 1 C) 143.20–144.08 (m, 1 C) 137.30–137.95 (m, 1 C) 129.20–129.50 (m, 1 C) 128.80 (br d,
J = 27.51 Hz, 1 C) 128.24 (s, 1 C) 128.20 (br d, J = 3.30 Hz, 1 C) 127.82–127.98 (m, 1 C) 127.29–127.52 (m,
1 C) 119.48–120.06 (m, 1 C) 113.96–114.24 (m, 1 C) 113.42 (s, 1 C) 81.06 (s, 1 C) 65.65 (s, 1 C) 65.51 (s, 1 C)
52.40 - 53.57 (m, 1 C) 37.02 - 38.35 (m, 1 C) 28.67–29.99 (m, 1 C); HRMS (ESI-TOF): Exact mass calculated
for C26H27NO6 [M-H]- = 448.1766, Found: [M+H]+ = 450.1913. 1H NMR and 13C NMR spectra of
optically enriched 1e are reported in Supplementary Materials (Figures S12 and S13, respectively).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/2/113/s1,
Table S1: Control variables and initial levels considered for the optimization. Figure S1: Sequential optimization
of the PLE-catalysed hydrolysis of 1e. Figure S2: 1H NMR spectrum of 1a. Figure S3: 13C NMR spectrum of 1a.
Figure S4: 1H NMR spectrum of 1b. Figure S5: 13C NMR spectrum of 1b. Figure S6: 1H NMR spectrum of 1c.
Figure S7: 13C NMR spectrum of 1c. Figure S8: 1H NMR spectrum of 1d. Figure S9: 13C NMR spectrum of 1d.
Figure S10: 1H NMR spectrum of 1e. Figure S11: 13C NMR spectrum of 1e. Figure S12: 1H NMR spectrum of
(S)-2a. Figure S13. 13C NMR spectrum of (S)-2a. Figure S14: 1H NMR spectrum of (S)-2b. Figure S15. 13C NMR
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spectrum of (S)-2b. Figure S16: 1H NMR spectrum of (S)-2e. Figure S17. 13C NMR spectrum of (S)-2e. Figure S18:
Chiral HPLC of the hydrolysis of 1e to 2e catalysed by PLE.
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Abstract: Despite the impressive progress in nucleoside chemistry to date, the synthesis of
nucleoside analogues is still a challenge. Chemoenzymatic synthesis has been proven to overcome
most of the constraints of conventional nucleoside chemistry. A purine nucleoside phosphorylase
from Aeromonas hydrophila (AhPNP) has been used herein to catalyze the synthesis of Ribavirin,
Tecadenoson, and Cladribine, by a “one-pot, one-enzyme” transglycosylation, which is the transfer
of the carbohydrate moiety from a nucleoside donor to a heterocyclic base. As the sugar donor,
7-methylguanosine iodide and its 2′-deoxy counterpart were synthesized and incubated either
with the “purine-like” base or the modified purine of the three selected APIs. Good conversions
(49–67%) were achieved in all cases under screening conditions. Following this synthetic scheme,
7-methylguanine arabinoside iodide was also prepared with the purpose to synthesize the antiviral
Vidarabine by a novel approach. However, in this case, neither the phosphorolysis of the sugar
donor, nor the transglycosylation reaction were observed. This study was enlarged to two other
ribonucleosides structurally related to Ribavirin and Tecadenoson, namely, Acadesine, or AICAR,
and 2-chloro-N6-cyclopentyladenosine, or CCPA. Only the formation of CCPA was observed (52%).
This study paves the way for the development of a new synthesis of the target APIs at a preparative
scale. Furthermore, the screening herein reported contributes to the collection of new data about the
specific substrate requirements of AhPNP.

Keywords: Ribavirin; Tecadenoson; Cladribine; purine nucleoside phosphorylase; transglycosylation
reaction; 7-methylguanosine iodide; 7-methyl-2′-deoxyguanosine iodide; 7-methylguanine
arabinoside iodide

1. Introduction

Nucleoside analogues are well-established drugs in clinical practice; they are mainly used as
anticancer and antiviral agents. However, the search for new therapeutically active nucleosides is still
a vibrant research area, as witnessed by the approval of the pro-drug Sofosbuvir, marketed as Sovaldi®

in 2013, used in the treatment of hepatitis C as an alternative to peginterferon-combined therapies
(e.g., in association with Ribavirin and Daclatasvir, Ledipasvir or Simeprevir) [1].

Drug discovery stands alongside the set-up of new synthetic strategies aimed at circumventing the
typical constraints of nucleoside chemistry (e.g., multi-step processes, protection/deprotection reactions,
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lack of selectivity, etc.) [2]. Chemoenzymatic synthesis has been proven to overcome most of these
drawbacks. The main advantages of enzymatic methods include high catalytic efficiency, mild reaction
conditions (and thus environmentally friendly and safer syntheses), high stereo- and regioselectivity,
and fewer numbers of synthetic steps. However, a truly efficient synthesis of nucleoside analogues is
often the result of a combination of chemical methods and biochemical transformations [3].

Purine nucleoside phosphorylases (PNPs, EC 2.4.2.1) catalyze the reversible cleavage of the
glycosidic bond of purine nucleosides in the presence of inorganic orthophosphate as a co-substrate,
to generate the conjugated nucleobase and α-d-pentofuranose-1-phosphate. If a second purine base is
in the reaction medium, the formation of a new nucleoside can result by a regio- and stereoselective
transglycosylation reaction [3].

Accumulated data about a PNP from Aeromonas hydrophila (AhPNP) [4] have clearly shown
that this enzyme can be successfully used in the synthesis of a wide range of nucleoside analogues,
which are either routinely used as drugs (e.g., arabinosyladenine) [5,6] or can have promising
pharmacological activities, such as some 6-substituted purine ribonucleosides [7,8]. This PNP has
been shown to have a quite relaxed substrate tolerance toward the purine base, to recognize
ribo- and 2′-deoxyribonucleosides as the sugar donor, and, although to a lesser extent, to accept
d-arabinose-1-phosphate produced by the phosphorolysis of arabinosyluracil in a bi-enzymatic
transglycosylation reaction [4–9].

Ribavirin (Virazole®) is considered the “gold-standard” in the treatment of hepatitis C in
association with pegylated interferon-alpha (IFN-α) [10–13]. Tecadenoson and its congeners are
selective A1 receptor agonists, which have been investigated for their use against arrhythmia and
atrial fibrillation [14–16]. Cladribine (Litak®) has been approved for the treatment of symptomatic
tricoleukaemia (hairy-cell leukemia). It can act both as a chemotherapy drug and an immunosuppressive
agent. Clinical studies have also suggested its potential usefulness in the treatment of multiple
sclerosis [17,18]. Chemical structures of Ribavirin (1), Tecadenoson (2), and Cladribine (3) are reported
in Figure 1.

Figure 1. Ribavirin (1), Tecadenoson (2), Cladribine (3), 2-chloro-N6-cyclopentyladenosine or CCPA
(17), and Acadesine (18).

The synthesis of Ribavirin (1) has been achieved by both chemical and enzymatic approaches.
The established glycosylation route involves the reaction of peracetylated β-d-ribofuranose with methyl
1,2,4-triazole-3-carboxylate, followed by aminolysis. Despite the good yields (54–83%) as well as the
high regio- and stereoselectivity, high temperatures (135–170 ◦C) and high vacuum (15–55 mmHg) are
required for the formation of the glycosydic bond [19,20]. Interestingly, when the reaction was carried
out under slightly milder conditions (MW irradiation, 130 ◦C, 5 min and direct MPLC purification),
the overall yield of Ribavirin was only 35% [21].

The synthesis of Ribavirin (1) by enzymatic transglycosylation was performed both by using
whole cells (e.g., Escherichia coli, A. hydrophila, Enterobacter aerogenes, Enterobacter gergoviae) and isolated
PNPs [22–33]. Either natural nucleosides or the suitable sugar phosphates were used as the ribose
donor, resulting in variable yields (from 19% to 84%).

To date, the only synthetic strategy to obtain Tecadenoson (2) consists of nucleophilic substitution
on either 2′,3′,5′-tri-O-acetyl-6-chloroinosine or 6-chloroinosine with (R)-3-aminotetrahydrofurane or
its salts followed, when necessary, by deprotection with ammonia (reported yield: 68%) [34–36].
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The direct glycosylation of a proper purine base (typically 2,6-dichloropurine) with a protected
1-chloro or 1-acetate ribose is the key step in numerous chemical syntheses of Cladribine (3) which can
be obtained in variable yields ranging from 24% to 61% [37–39]. More elaborate multistep chemical
strategies were also reported: they are based on either the 2′-deoxygenation of preformed protected
adenosines [40,41], or the substitution with ammonia sources of purine nucleoside intermediates
activated in 6-position [42–46].

Also, for Cladribine, enzymatic glycosylation (i.e., enzyme-catalyzed formation of the glycosydic
bond) has been suggested as an alternative to the chemical route. Some examples of transglycosylation
based on the use of PNPs (from E. coli and Geobacillus thermoglucosidasius) in mono- or bi-enzymatic
processes have been reported [47,48].

While this research was ongoing, an E. coli PNP-catalyzed transglycosylation for the preparation
of 2′-deoxynucleosides, including Cladribine, was developed by Mikhailov and co-workers who
exploited a 7-methyl purine nucleoside iodide as the sugar donor [49].

The aim of this work was to enzymatically prepare Ribavirin, Tecadenoson, Cladribine, and
some congeners (2-chloro-N6-cyclopentyladenosine or CCPA, 17, and Acadesine or AICAR, 18,
see Figure 1), by exploiting the well-established relaxed substrate specificity of AhPNP [4–8]
through a “one-pot, one-enzyme” transglycosylation based on the use of 7-methylguanosine (7)
or 7-methyl-2′-deoxyguanosine iodide (8) as the sugar donor. It is worth noting that this route
represents the first enzymatic synthesis of Tecadenoson.

In this context, we explored the use of 7-methylguanine arabinoside iodide (9) (Scheme 1)
as the sugar donor for the synthesis of arabinosyl purine analogues such as the antiviral drug
Vidarabine, as an alternative scheme to both the conventional chemical synthesis and the bi-enzymatic
transglycosylation reaction [6].

Scheme 1. Reagents and conditions (yield): CH3I, DMF/DMSO (7: 87%; 9: 89%) or CH3I, DMSO, 20 ◦C
(8: 80%).

2. Results and Discussion

2.1. Synthesis of the Sugar Donors

The three sugar donors, i.e., 7-methylguanosine iodide (7), 7-methyl-2′-deoxyguanosine iodide
(8), and 7-methylguanine arabinoside iodide (9), were prepared by methylation of the corresponding
nucleosides (Scheme 1).

The choice of CH3I as the methylating agent and of the proper solvent (DMSO or a DMF/DMSO
mixture) led to the selective formation of the iodide salts at N-7 (Scheme 1). Light exposure during
the reaction at room temperature was avoided to prevent the decomposition of the final products,
which had to be stored at −20 ◦C until use. The stability of 7-methylated nucleosides in DMSO or
DMSO/DMF mixtures was found to depend on the nature of the sugar moiety, and posed a serious
issue in the synthesis of 7-methyl-2′-deoxyguanosine iodide (8), as highlighted by 13C NMR spectra
registered in DMSO-d6 (see Supplementary Materials, Figure S1). The methylation reaction was thus
performed by modifying a previously reported protocol [50] under controlled temperature (20 ◦C),
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short reaction time, and an excess of CH3I in order to avoid any decomposition of 8 in DMSO. Higher
temperatures (25–30 ◦C) and longer reaction times led to product decomposition.

No synthesis of 7-methylguanine arabinoside iodide (9) has been reported in the literature to date;
thus, the same strategy (CH3I in a DMSO/DMF mixture) was successfully applied to the methylation
of arabinosylguanine (6), thus affording 9 in 83% yield. In contrast to 8, 7-methylguanine arabinoside
iodide (9) was as stable as the corresponding ribo-derivative (7). No decomposition products were
detected both in DMSO/DMF and under bioconversion conditions (see below).

2.2. Synthesis of the Base Acceptors

The synthesis of 2-chloro-6-aminopurine (11), the base acceptor to prepare Cladribine (3),
was achieved by treatment of 2,6-dichloropurine (10) with NH3/MeOH under MW irradiation.
Following the same approach, the base acceptors of Tecadenoson (2) and its congener,
i.e., CCPA, were synthesized starting from 2,6-dichloropurine (10) or 6-chloropurine (13) and
(R)-3-aminotetrahydrofuran hydrochloride/LiOH/EtOH or cyclopentylamine/n-BuOH, respectively
(Scheme 2). Products were purified either by precipitation or by flash column chromatography in 35–69%
yield. 1,2,4-Triazole-3-carboxamide (15) and 5-amino-1H-imidazole-4-carboxamide (16) (see Scheme 3)
were commercially available.

Scheme 2. Synthesis of adenine acceptors (i: NH3, MeOH, 110 ◦C, MW, 66%; ii: c-C5H9NH2, n-BuOH,
reflux, 69%; iii: (R)-3-aminotetrahydrofuran hydrochloride, LiOH, EtOH, reflux, 35%).

 
Scheme 3. Synthesis of nucleoside analogues 1–3 and 17–18 by enzymatic transglycosylation.

2.3. “One-Pot, One-Enzyme” Transglycosylations

“One-pot one-enzyme” transglycosylations were carried out starting from either
7-methylguanosine iodide (7) or 7-methyl-2′-deoxyguanosine iodide (8) as the sugar donors for
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the synthesis of the APIs 1–2 and 3, respectively (see Scheme 3). As previously reported for nucleoside
7 [4,7], also the phosphorolysis reaction of 8 was almost complete and irreversible. In fact, the conjugated
nucleobase of these nucleosides (7-methylguanine, 19, see Scheme 3) was not recognized by AhPNP as
a substrate, thus assisting the shift of the reaction equilibrium toward the product formation.

Transglycosylation reactions occur under very mild conditions, generally in phosphate buffer
at room temperature. The typical drawback of enzymatic reactions is the need to conjugate the poor
solubility of substrates in aqueous media with the stability of the biocatalysts in organic solvent.
Starting from a reaction set-up established in our labs, glycerol was used as the co-solvent in
order to improve the substrate solubility and to preserve the enzyme activity (glycerol is routinely
used as a protein preservative). Only in the case of Cladribine (3), DMSO was added as a second
co-solvent besides glycerol (1 mL, 5% of the total volume) to overcome the very poor solubility of
2-chloro-6-aminopurine (11). As previously reported [8], the use of DMSO is quite well tolerated
by AhPNP.

As for the solubility issue, 7-methyl purine nucleosides are highly water soluble and their use
as the sugar donors is, indeed, a true advantage. On the other hand, the conjugated base of these
nucleosides (7–9), i.e., 7-methylguanine (19), is poorly water soluble and easily separates out the
reaction, thus giving a further contribution to drive the reaction equilibrium. No less important, a further
strength-point of 7-methyl purine nucleosides as the sugar donor relies on their straightforward and
high-yielding preparation (see Section 2.1).

All reactions were carried out in 50 mM phosphate buffer (pH 7.5) containing 20% of glycerol (v/v)
at room temperature (Scheme 3). Bioconversions were performed at an analytical scale (1 mM substrate
concentration) by using a 1:1 donor/acceptor ratio. Reactions were monitored both by measuring the
depletion of the nucleobase acceptor as well as the formation of the new nucleoside (see Materials
and Methods). Conversions (end-point: 24 h) are reported in Table 1. All the HPLC peaks were
assigned on the basis of the pure reference compounds, either purchased or synthesized (see Materials
and Methods).

Table 1. Synthesis of the target nucleosides 1–3 and 17–18 by enzymatic transglycosylation. 1

X 2 B-H 2 Product Conversion

OH 15 1 (Ribavirin) 67%
OH 14 2 (Tecadenoson) 49%
H 11 3 (Cladribine) 56% 3

OH 12 17 (CCPA) 52% 3

OH 16 18 (Acadesine) n.d.
1 Experimental conditions: 50 mM KH2PO4, pH 7.5, and glycerol (20%), (substrate) = 1 mM, 1:1 donor/acceptor
ratio, r.t., AhPNP (21.5 mg mL−1; 39 IU mg−1) = 1.15 IU or 80 IU; time monitoring (HPLC): 1, 3, 6, and 24 h, endpoint
= 24 h. 2 X and B-H as in Scheme 3. 3 For the synthesis of 3 and 17, DMSO (5% or 10% v/v, respectively) was used as
the second co-solvent besides glycerol. n.d. = not detected.

As recalled in the Introduction, the synthesis of nucleoside-based APIs by an enzymatic
transglycosylation reaction has been investigated by many authors (for a comprehensive review,
see References [3,51]; for a recent example see Reference [52]). However, the enzymatic synthesis of
Tecadenoson has been reported herein for the first time (see Supplementary Materials, Figure S7).
Taking into account this result and the evidence that AhPNP can accept a wide array of 6-substituted
purines as substrates, we also successfully synthesized CCPA (17), the congener of Tecadenoson
(Scheme 3). In this case, as the base acceptor (12) was not soluble in the buffer–glycerol mixture even
in the presence of 5% DMSO (as applied in the synthesis of Cladribine), the biotransformation was
carried out in a sort of “fed batch” mode. A 10 mM stock solution of 12 in DMSO was progressively
added to the reaction upon monitoring the rate of phosphorolysis and the transglycosylation reaction
(see Supplementary Materials, Figure S5). The final percentage of DMSO was 10% v/v. It is worth
reporting that a large excess of AhPNP was used in this case, as the formation of the target nucleoside
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was hardly detectable when using 1.15 U of enzyme. This result prompted us to further extend this
approach to the synthesis of other ribo-derivatives such as Acadesine (or AICAR, 18), a congener of
Ribavirin. This reaction was performed under standard conditions (glycerol–buffer) by using the same
excess of AhPNP as for CCPA. At this stage of the project, in fact, the goal was to assess whether the
biocatalyst could synthesize Acadesine. Surprisingly, whereas in the case of Ribavirin a conversion
of 67% was registered after 24 h, the formation of Acadesine was not observed (see Supplementary
Materials, Figures S4 and S6).

As it is well known, the chemical route to purine 2′-deoxyribonucleosides is even more challenging
than that to its ribo-counterparts [2]. Therefore, the availability of 7-methyl-2′-deoxyguanosine iodide
would represent a valuable tool for an alternative synthetic approach, as proven by the bioconversion of
Cladribine (see Table 1). However, this sugar donor was found to be less stable than 7-methylguanosine
iodide in aqueous medium, in agreement with a very recent report by Mikhailov et al. [49]. We have
found that this molecule is unstable also in DMSO at room temperature, as indicated from the
appearance of extra signals in the 13C NMR spectrum recorded at two-hour intervals in DMSO,
clearly showing that the decomposition of the nucleoside had occurred (see Supplementary Materials,
Figure S1). Dimethyl sulfoxide was used in the synthesis of Cladribine (3) as the second co-solvent.
The evidence of the poor stability of 7-methyl-2′-deoxyguanosine iodide both in buffer solutions and
in DMSO makes this molecule a substrate which is difficult to handle in preparative applications.

As a natural continuation of this study, our efforts were then focused on the synthesis of arabinosyl
purine nucleosides by using the newly prepared 7-methylguanine arabinoside iodide (9) as the sugar
donor. Vidarabine (arabinosyladenine) was selected as the target API as its enzymatic synthesis,
although through a bi-enzymatic approach [6,9], it was successfully achieved even at a preparative
scale with a good yield and purity (3.5 g/L, 53% yield, 98.7% purity). Surprisingly, when using
7-methylguanine arabinoside iodide (9), neither phosphorolysis, nor transglycosylation, thereof,
were observed. This result suggests the need for a deeper understanding of the structural requisites for
the enzyme-substrate molecular recognition; this is a necessary step to rationalize all the data collected
over the years about the substrate specificity of AhPNP as well as to further widen the exploitation of
this enzyme in the bio-catalyzed synthesis of modified nucleosides, also at a preparative scale. In this
regard, taking into account that the synthesis of Ribavirin (1), Tecadenoson (2), and Cladribine (3) were
performed under screening conditions by using a 1:1 donor/acceptor ratio, conversions values were
remarkable (≥50%) and foresee considerable room for improvement.

3. Materials and Methods

3.1. General

3.1.1. Chemicals

Solvents and reagents were purchased from Sigma–Aldrich (Milano, Italy), Fluorochem (Hadfield,
Derbyshire, UK), Fluka (Milwaukee, WI, USA), Merck (Darmstadt, Germany), and were used without
any further purification, unless stated otherwise. Dichloromethane (CH2Cl2), chloroform (CHCl3),
acetone, methanol (MeOH), and ethanol (EtOH) were distilled before use. All other solvents were of
HPLC grade.

Purine nucleoside phosphorylase from Aeromonas hydrophila (AhPNP) was provided by
Gnosis S.p.A. (Desio, MB, Italy). Specific activity toward inosine was 39 IU·mg−1 (stock solution
21.5 mg·mL−1) [4]. One IU corresponded with an amount of enzyme that converts one mmol of inosine
into hypoxanthine per min.

3.1.2. Methods

Analytical TLC was performed on silica-gel F254 precoated aluminum sheets (0.2 mm layers,
Merck, Darmstadt, Germany). Elution solvent: CH2Cl2–MeOH, 9:1. Detection: UV lamp (λ 254 nm)
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and 4.5% w/v CeSO4/(NH4)6Mo7O24·4H2O solution or 5% w/v ninhydrin solution in EtOH followed by
heating at 150 ◦C.

Flash column chromatography was performed using silica gel 60, 40–63 μm (Merck, Darmstadt,
Germany). Reaction performed by microwave (MW) irradiation (300 W) were run in a Biotage Initiator
+ apparatus (Biotage, Uppsala, Denmark).

1H and 13C spectra were recorded at 400.13 and 100.61 Hz, respectively, on a Bruker AVANCE
400 spectrometer equipped with a TOPSPIN software package (Bruker, Karlsruhe, Germany) at 300 K,
unless stated otherwise. 1H and 13C chemical shifts (δ) are given in parts per million and were
referenced to the solvent signals (δH 3.31–δC 49.00, δH 2.50–δC 39.52 ppm from tetramethylsilane
(TMS) for CD3OD and DMSO-d6, respectively). The 13C NMR signal multiplicities were based on APT
(attached proton test) spectra. The 13C NMR signals were assigned with the aid of 1H-13C correlation
experiments (heteronuclear multiple quantum correlation spectroscopy, HMQC, and heteronuclear
multiple bond correlation spectroscopy, HMBC).

Electrospray ionization mass spectra (ESI-MS) were recorded on a ThermoFinnigan LCQ
Advantage spectrometer (Hemel Hempstead, Hertfordshire, UK).

The pH measurements were performed by using a 718 Stat Titrino pHmeter from Metrohm
(Herisau, Switzerland).

Enzymatic reactions were monitored by HPLC using a Merck Hitachi L-7000 La-Chrom liquid
chromatographer equipped with a UV-Vis detector, an autosampler (injection volume: 20 μL),
and a column oven (instrument 1), or a Chromaster 600 bar system, Merck Hitachi VWR equipped
with a UV-Vis detector, an autosampler (injection volume: 20 μL), and a column oven (instrument 2).

Chromatographic conditions: column, Phenomenex Gemini C18 (5 μm, 250 × 4.6 mm, Supelco)
or SepaChrom C18-Extreme (5 μm, 250 × 4.6 mm); flow rate: 1.0 mL·min−1; λ: 260 nm
(225 nm for Ribavirin synthesis); temperature: 35 ◦C; eluent: 50 mM K2HPO4 buffer pH 4.5
(A) and MeOH (B); method: from 3% to 65% B (20 min), 65% B (5 min), from 65% to 3% B
(0.1 min), 3% B (15 min). Under these conditions the following retention times (tR) were
registered: 7-methylguanosine iodide (7) (6.64 min); 7-methyl-2′-deoxyguanosine iodide (8) (7.20 min);
Ribavirin (1) (4.53 min); 1,2,4-triazole-3-carboxamide (15) (3.25 min); Tecadenoson (2) (19.32 min);
6-(3-aminotetrahydrofuranyl)purine (14) (17.46 min); Cladribine (3) (18.62 min); 2-chloro-6-aminopurine
(11) (15.16 min); CCPA (17) (26.39 min); 2-chloro-N6-cyclopentyladenine (12) (27.60 min); Acadesine
or AICAR (18) (6.47 min); 5-amino-1H-imidazole-4-carboxamide (16) (3.72 min); 7-methylguanine
(19) (7.97–8.06 min). Retention times of CCPA (17) and 7-methylguanine (19) were assigned by
exclusion, upon analyzing the profile of each chromatogram. The samples from the enzymatic
reactions were analyzed after filtering off the enzyme through centrifugal filter devices (10 kDa MWCO,
VWR International, Milano, Italy).

3.2. Chemical Synthesis of Sugar Donors

7-Methylguanosine iodide (7). The title compound was synthesized in 87% yield as previously
reported [4]. 7-Methyl-2′-deoxyguanosine iodide (8). The title compound was prepared following
a published procedure with some modifications [50]. Under inert atmosphere, a solution of 5 (160 mg,
0.60 mmol, 1.00 equivalent), and CH3I (0.30 mL, 4.82 mmol, 8.03 equivalent) in dry DMSO (1.20 mL)
was stirred at 20 ◦C for 4 h 30′. The mixture was continuously protected from light exposure, and as the
solution slowly turned brown-red, the substrate disappearance was monitored by TLC (EtOH–H2O,
4:1; Rf = 0.80). Cold CHCl3 (15 mL) was added to precipitate a pale-yellow powder and the suspension
was decanted at 0 ◦C for 2 h. The precipitate was filtered, washed with cold CHCl3, and dried to get 8 as
an off-white powder, which was stored at −20 ◦C (197 mg, 0.48 mmol, 80%). Rf: 0.21 (EtOH–H2O, 4:1).
HPLC tR: 7.20 min. 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 11.67 (s, 1H, NH1), 9.28 (s, 1H, H8),
7.18 (br s, 2H, N2H2), 6.20 (t, J = 6.0 Hz, 1H, H1′), 5.40 (br s, 1H, OH3′), 4.98 (br s, 1H, OH5′), 4.37
(dd, J = 9.1, 4.6 Hz, 1H, H3′ ), 4.00 (s, 3H, N7CH3), 3.93 (q, J = 3.9 Hz, 1H, H4′ ), 3.62 (dd, J = 12.1, 4.2 Hz,
1H, H5′a, partially overlapped with H5′b), 3.57 (dd, J = 12.1, 4.2 Hz, 1H, H5′b, partially overlapped with
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H5′a), 2.55–2.47 (m, 1H, H2′a, partially covered by DMSO), 2.40 (ddd, J = 13.4, 6.2, 4.8 Hz, 1H, H2′b).
13C NMR (DMSO-d6, 100 MHz): δ (ppm) 156.0 (C2), 153.9 (C6), 149.3 (C4), 136.7 (C8), 108.1 (C5), 89.1
(C4′ ), 85.8 (C1′ ), 70.2 (C3′ ), 61.3 (C5′ ), 40.5 (C2′ , partially covered by DMSO), 36.1 (N7CH3). MS (ESI+):
m/z calcd. for [C11H16N5O4]+: 282.12; found: 166.3 [M-2′-deoxyribosyl]+, 282.1 [M]+, 305.3 [M + Na]+,
563.7 [2M]+. MS (ESI−): m/z calcd. for [I]−: 126.91; found: 127.2 [M]−.

7-Methylguanine arabinoside iodide (9). Under inert atmosphere, a solution of 6 (100 mg,
0.35 mmol. 1.00 equivalent), synthesized as previously reported [53], and CH3I (0.14 mL, 2.25 mmol,
6.43 mmol) in a dry DMF/DMSO mixture (3:1 v/v, 1.00 mL) was stirred at room temperature for 6 h.
The mixture was continuously protected from light exposure, and as the solution slowly turned yellow,
the substrate disappearance was monitored by TLC (EtOH–H2O, 7:3; Rf = 0.83). The mixture was
diluted with H2O (50 mL) and freeze-dried until complete removal of DMSO. The resulting pale-yellow
crude was suspended in dry acetone (2.5 mL), filtered, washed with few cold dry acetone, and dried
to get 9 as an off-white powder, which was stored at −20 ◦C (133 mg, 0.31 mmol, 89%). Rf: 0.53
(EtOH–H2O, 7:3). 1H NMR (DMSO-d6, 400 MHz):δ (ppm) 11.68 (br s, 1H, NH1), 9.22 (s, 1H, H8),
7.21 (br s, 2H, N2H2), 6.17 (d, J = 4.3 Hz, 1H, H1′), 5.82 (d, J = 5.3 Hz, 1H, OH2′), 5.64 (d, J = 4.3 Hz,
1H, OH3′), 5.04 (t, J = 5.4 Hz, 1H, OH5′), 4.17 (dd, J = 8.6, 4.4 Hz, 1H, H2′), 4.11 (dd, J = 7.5, 3.7 Hz,
1H, H3′), 4.06 (s, 3H, N7CH3), 3.90 (dd, J = 8.9, 5.1 Hz, 1H, H4′), 3.70 (dd, J = 11.5, 5.0 Hz, 1H, H5′a,
partially overlapped with H5′b), 3.64 (dd, J = 11.6, 5.4 Hz, 1H, H5′b, partially overlapped with H5′a).
13C NMR (DMSO-d6, 100 MHz): δ (ppm) 156.2 (C2), 153.8 (C6), 149.6 (C4), 137.8 (C8), 107.6 (C5), 86.5
(C4′ ), 86.0 (C1′ ), 75.5 (C2′ ), 75.4 (C3′ ), 61.3 (C5′ ), 36.1 (N7CH3). MS (ESI+): m/z calcd. for [C11H16N5O5]+:
298.11; found: 166.2 [M-arabinosyl]+, 297.1 [M −H]+, 298.0 [M]+. MS (ESI−): m/z calcd. for [I]−: 126.91;
found: 127.1 [M]−.

3.3. Chemical Synthesis of Base Acceptors and Tecadenoson

2-Chloro-6-aminopurine (11). The title compound was prepared following a published procedure
with some modifications [54]. Under inert atmosphere, a solution of 10 (113 mg, 0.60 mmol,
1.00 equivalent) in a 30% aq. NH3–MeOH mixture (2:3 v/v, 11.3 mL) was stirred under MW irradiation
at 110 ◦C for 14 h. The solution was evaporated and the resulting light-blue solid was suspended in H2O.
The precipitate was filtered and dried to get 11 as a white powder (67 mg, 0.40 mmol, 66%).1H NMR
(DMSO-d6, 400 MHz): δ (ppm) 8.13 (s, 1H, H2), 7.62 (s, 2H, NH2). 13C NMR (DMSO-d6, 100 MHz):
δ (ppm) 156.1, 153.8, 140.8. MS (ESI+): m/z calcd. for [C5H4ClN5]+: 169.02; found: 507.31 [3M]+.
MS (ESI−): m/z calcd. for [C5H4ClN5]−: 169.02; found: 168.13 [M − H]−.

2-Chloro-N6-cyclopentyladenine (12). The title compound was prepared following a published
procedure with some modifications [55]. Under inert atmosphere, a suspension of 10 (142 mg,
0.75 mmol, 1.00 equivalent), cyclopentylamine (0.22 mL, 2.25 mmol, 3.00 equiv) in dry n-BuOH
(1.50 mL) was refluxed for 4 h. The solvent was evaporated and the resulting crude was purified
by flash chromatography (CH2Cl2–MeOH, 9.7:0.3) to get 12 as a white powder (191 mg, 0.52 mmol,
69%). Rf: 0.33 (CH2Cl2–MeOH, 9.7:0.3). 1H NMR (CD3OD, 400 MHz): δ (ppm) 8.04 (s, 1H, H8),
4.56 (br s, 1H, Ha), 2.33–2.05 (m, 2H, Hb), 1.83 (qd, J = 10.5, 8.8, 5.0 Hz, 2H, Hb), 1.78–1.68 (m, 2H, Hc),
1.63 (ddt, J = 14.0, 8.1, 5.2 Hz, 2H, Hc). 13C NMR (CD3OD, 100 MHz): δ (ppm) 153.5, 139.6, 112.2, 52.0,
32.4, 23.9. MS (ESI+): m/z calcd. for [C10H12ClN5]+: 237.08; found: 259.99 [M + Na]+.

6-(3-Aminotetrahydrofuranyl)purine (14). Under inert atmosphere, a suspension of 13 (154 mg,
1.00 mmol, 1.00 equivalent), (R)-3-aminotetrahydrofuran hydrochloride (595 mg, 6.00 mmol,
6.00 equivalent) and LiOH (250 mg, 6.00 mmol, 6.00 equivalent) in EtOH (3.5 mL) was refluxed for 6 h.
The solution was evaporated and the residue was purified by flash chromatography (CH2Cl2–MeOH,
9.3:0.7) to get 14 as a white powder (72 mg, 0.35 mmol, 35%). 1H NMR (CD3OD, 400 MHz): δ (ppm)
8.28 (s, 1H, H2), 8.10 (s, 1H, H8), 4.92–4.79 (m, 1H, Ha), 4.16–3.99 (m, 2H, Hb, Hc), 3.91 (td, J = 8.4, 5.5 Hz,
1H, Hc), 3.81 (dd, J = 9.2, 3.4 Hz, 1H, Hb), 2.41 (ddt, J = 13.0, 8.2, 7.2 Hz, 1H, Hd), 2.04 (dddd, J = 13.0,
7.6, 5.4, 3.7 Hz, 1H, Hd). 13C NMR (CD3OD, 100 MHz): δ (ppm) 152.3, 73.0, 66.7, 51.4, 32.4. MS (ESI+):
m/z calcd. for [C9H11N5O]+: 205.10; found: 206.05 [M + H]+, 228.06 [2M + Na]+.
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Tecadenoson (2). The title compound was prepared following a published procedure with some
modifications [35]. Under inert atmosphere, a suspension of 6-chloroinosine (143 mg, 0.50 mmol,
1.00 equivalent), (R)-3-aminotetrahydrofuran hydrochloride (148 mg, 1.50 mmol, 3.00 equivalent) and
triethylamine (0.21 mL, 1.50 mmol, 3.00 equivalent) in EtOH (4.0 mL) was refluxed for 4 h. The solution
was evaporated and the residue was purified by flash chromatography (CH2Cl2–MeOH, 9:1) to get 2

as a white powder (93 mg, 0.28 mmol, 55%). 1H NMR (DMSO-d6, 400 MHz): δ (ppm) 8.39 (s, 1H, H2),
8.24 (s, 1H, H8), 8.14–7.93 (m, 1H, N6H), 5.90 (d, J = 6.1 Hz, 1H, H1′ ), 5.45 (s, 1H, OH2′ ), 5.37 (t, J = 5.6 Hz,
1H, OH5′), 5.19 (s, 1H, OH3′), 4.72 (s, 1H, NH6), 4.61 (t, J = 5.5 Hz, 1H, H2′), 4.15 (s, 1H, H3′), 4.10
(q, J = 5.2 Hz, 3H, Ha, Hb, Hc), 4.01–3.83 (m, 1H, H3′ ), 3.84–3.43 (m, 3H, H4′ , Hb, Hc), 2.20 (dq, J = 14.6,
7.6 Hz, 1H, Hd), 2.04 (br, 1H, Hd). 13C NMR (DMSO-d6, 100 MHz): δ (ppm) 153.2, 151.9, 87.5, 85.9, 72.4,
71.0, 66.5. MS (ESI+): m/z calcd for [C14H19N5O5]+: 337.14; found: 360.04 [M + Na]+.

3.4. Enzymatic Synthesis of Nucleoside Analogues: General Procedure of Transglycosylation Reactions

Purine nucleoside phosphorylase from A. hydrophila (1.15 or 80 IU) was added to a solution of
50 mM KH2PO4 buffer pH 7.5 and 20% (v/v) glycerol containing 7 or 8 (1 mM) and the modified
nucleobase B-H (1 mM, see Table 1). In the case of Cladribine (3) and CCPA (17), DMSO was added
as the second co-solvent (5% or 10% v/v, respectively). The final reaction volume was 20 mL or 5 mL.
The mixture was gently stirred (rolling shaker) at room temperature. Aliquots (200 μL) of the reaction
mixture were withdrawn at fixed times (1, 3, 6, 24 h), and filtered by centrifugation (MWCO 10 kDa,
5 min, 12,000 rpm). The supernatant was diluted 1:4 with the mobile phase and analyzed by HPLC
(injection volume: 20 μL). Conversions were estimated by Equations (1) and (2):

Base consumption (%) =
base area

base area + nucleoside area
×100 (1)

Nucleoside formation (%) =
nucleoside area

base area + nucleoside area
×100 (2)
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enzymatic synthesis of CCPA (17), Figure S6: HPLC monitoring of the enzymatic synthesis of Acadesine (18),
Figure S7: HPLC monitoring of the enzymatic synthesis of Tecadenoson (2).

Author Contributions: Conceptualization, G.S. and D.U.; Methodology, M.R., T.B., R.S., G.C., G.S., D.U.;
Investigation, M.R., T.B., R.S., G.C., M.M., C.F.M.; Resources, G.S. and D.U.; Data Curation, M.R., T.B., R.S., G.S.,
D.U.; Writing-Original Draft Preparation, G.S. and D.U. with the assistance of M.R.; Writing-Review and Editing,
G.S. and D.U. with the assistance of M.R., T.B., and R.S.; Supervision, G.S. and D.U.

Funding: This research received no external funding.

Acknowledgments: This manuscript is dedicated to A. M. Albertini.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. McConachie, S.M.; Wilhelm, S.M.; Kale-Pradhan, P.B. New direct-acting antivirals in hepatitis C therapy:
A review of sofosbuvir, ledipasvir, daclatasvir, simeprevir, paritaprevir, ombitasvir and dasabuvir. Expert Rev.
Clin. Pharmacol. 2016, 9, 287–302. [CrossRef]

2. Vorbrueggen, H.; Ruh-Pohlenz, C. Synthesis of nucleosides. Org. React. 2000, 55. [CrossRef]
3. Mikhailopulo, I.; Miroshnikov, A.I. Biologically important nucleosides: Modern trends in biotechnology and

application. Mendeleev Commun. 2011, 21, 57–68. [CrossRef]
4. Ubiali, D.; Serra, C.D.; Serra, I.; Morelli, C.F.; Terreni, M.; Albertini, A.M.; Manitto, P.; Speranza, G. Production,

characterization and synthetic application of a purine nucleoside phosphorylase from Aeromonas hydrophila.
Adv. Synth. Catal. 2012, 354, 96–104. [CrossRef]

140



Catalysts 2019, 9, 355

5. Serra, I.; Ubiali, D.; Piškur, J.; Christoffersen, S.; Lewkowicz, E.S.; Iribarren, A.M.; Albertini, A.M.; Terreni, M.
Developing a collection of immobilized nucleoside phosphorylases for the preparation of nucleoside
analogues: Enzymatic synthesis of arabinosyladenine and 2′,3′-dideoxyinosine. ChemPlusChem 2013, 78,
157–165. [CrossRef]

6. Serra, I.; Daly, S.; Alcantara, A.R.; Bianchi, D.; Terreni, M.; Ubiali, D. Redesigning the synthesis of Vidarabine
via a multienzymatic reaction catalyzed by immobilized nucleoside phosphorylases. RSC Adv. 2015, 5,
23569–23577. [CrossRef]

7. Ubiali, D.; Morelli, C.F.; Rabuffetti, M.; Cattaneo, G.; Serra, I.; Bavaro, T.; Albertini, A.; Speranza, G. Substrate
specificity of a purine nucleoside phosphorylase from Aeromonas hydrophila toward 6-substituted purines
and its use as a biocatalyst in the synthesis of the corresponding ribonucleosides. Curr. Org. Chem. 2015, 19,
2220–2225. [CrossRef]

8. Calleri, E.; Cattaneo, G.; Rabuffetti, M.; Serra, I.; Bavaro, T.; Massolini, G.; Speranza, G.; Ubiali, D.
Flow-synthesis of nucleosides catalyzed by an immobilized purine nucleoside phosphorylase from Aeromonas
hydrophila: Integrated systems of reaction control and product purification. Adv. Synth. Catal. 2015, 357,
2520–2528. [CrossRef]

9. Cattaneo, G.; Rabuffetti, M.; Speranza, G.; Kupfer, T.; Peters, B.; Massolini, G.; Ubiali, D.; Calleri, E. Synthesis of
adenine nucleosides by transglycosylation using two sequential nucleoside phosphorylase-based bioreactors
with on-line reaction monitoring by using HPLC. ChemCatChem 2017, 9, 4614–4620. [CrossRef]

10. Leyssen, P.; De Clercq, E.; Neyts, J. Molecular strategies to inhibit the replication of RNA viruses. Antivir. Res.
2008, 78, 9–25. [CrossRef]

11. Broder, C. Henipavirus outbreaks to antivirals: The current status of potential therapeutics. Curr. Opin. Virol.
2012, 2, 176–187. [CrossRef]

12. Lau, J.Y.N.; Tam, R.C.; Liang, T.J.; Hong, Z. Mechanism of action of ribavirin in the combination treatment of
chronic HCV infection. Hepatology 2002, 35, 1002–1009. [CrossRef]

13. Chung, R.T.; Gale, M., Jr.; Polyak, S.J.; Lemon, S.M.; Liang, T.J.; Hoofnagle, J.H. Mechanisms of action
of interferon and ribavirin in chronic hepatitis C: Summary of a workshop. Hepatology 2008, 47, 306–320.
[CrossRef] [PubMed]

14. Joosen, M.J.; Bueters, T.J.; van Helden, H.P. Cardiovascular effects of the adenosine A1 receptor agonist
N6-cyclopentyladenosine (CPA) decisive for its therapeutic efficacy in sarin poisoning. Arch. Toxicol. 2004,
78, 34–39. [CrossRef] [PubMed]

15. Peterman, C.; Sanoski, C.A. Tecadenoson: A novel, selective A1 adenosine receptor agonist. Cardiol. Rev.
2005, 13, 315–321. [CrossRef] [PubMed]

16. Balakumar, P.; Singh, H.; Reddy, K.; Anand-Srivastava, K.; Madhu, B. Adenosine-A1 receptors activation
restores the suppressed cardioprotective effects of ischemic preconditioning in hyperhomocysteinemic rat
hearts. J. Cardiovasc. Pharm. 2009, 54, 204–212. [CrossRef] [PubMed]

17. Juliusson, G.; Samuelsson, H. Hairy cell leukemia: Epidemiology, pharmacokinetics of cladribine, and
long-term follow-up of subcutaneous therapy. Leuk. Lymphoma 2011, 52, 46–49. [CrossRef]

18. Giovannoni, G.; Comi, G.; Cook, S.; Rammohan, K.; Rieckmann, P.; Sørensen, P.S.; Vermersch, P.; Chang, P.;
Hamlett, A.; Musch, B.; et al. A placebo-controlled trial of oral cladribine for relapsing multiple sclerosis.
N. Eng. J. Med. 2010, 362, 416–426. [CrossRef]

19. Liu, W.Y.; Li, H.Y.; Zhao, B.X.; Shin, D.S.; Lian, S.; Miao, J.Y. Synthesis of novel ribavirin hydrazone derivatives
and anti-proliferative activity against A549 lung cancer cells. Carbohydr. Res. 2009, 344, 1270–1275. [CrossRef]

20. Li, Y.S.; Zhang, J.J.; Mei, L.Q.; Tan, C.X. An improved procedure for the preparation of Ribavirin. Org. Prep.
Proced. Int. 2012, 44, 387–391. [CrossRef]

21. Bookser, B.C.; Raffaele, N.B. High-throughput five minute microwave accelerated glycosylation approach to
the synthesis of nucleoside libraries. J. Org. Chem. 2007, 72, 173–179. [CrossRef]

22. Shirae, H.; Yokozeki, K.; Kubota, K. Enzymatic production of Ribavirin. Agric. Biol. Chem. 1988, 52, 295–296.
[CrossRef]

23. Shirae, H.; Yokozeki, K.; Uchiyama, M.; Kubota, K. Enzymatic production of Ribavirin from purine
nucleosides by Brevibacterium acetylicum ATCC 954. Agric. Biol. Chem. 1988, 52, 1777–1783. [CrossRef]

24. Hennen, W.J.; Wong, C.H. A new method for the enzymic synthesis of nucleosides using purine nucleoside
phosphorylase. J. Org. Chem. 1989, 54, 4692–4695. [CrossRef]

141



Catalysts 2019, 9, 355

25. Shirae, H.; Yokozeki, K.; Kubota, K. Adenosine phosphorolyzing enzymes from microorganisms and ribavirin
production by the application of the enzyme. Agric. Biol. Chem. 1991, 55, 605–607. [CrossRef]

26. Barai, V.N.; Zinchenko, A.I.; Eroshevskaya, L.A.; Kalinichenko, E.N.; Kulak, T.I.; Mikhailopulo, I.A.
A universal biocatalyst for the preparation of base- and sugar-modified nucleosides via an enzymatic
transglycosylation. Helv. Chim. Acta 2002, 85, 1901–1908. [CrossRef]

27. Trelles, J.A.; Fernandez, M.; Lewkowicz, E.S.; Iribarren, A.M.; Sinisterra, J.V. Purine nucleoside synthesis from
uridine using immobilized Enterobacter gergoviae CECT 875 whole cells. Tetrahedron Lett. 2003, 44, 2605–2609.
[CrossRef]

28. Konstantinova, I.D.; Leont’eva, N.A.; Galegov, G.A.; Ryzhova, O.I.; Chuvikovskii, D.V.; Antonov, K.V.;
Esipov, R.S.; Taran, S.A.; Verevkina, K.N.; Feofanov, S.A.; et al. Ribavirin: Biotechnological synthesis and
effect on the reproduction of Vaccinia virus. J. Bioorg. Chem. 2004, 30, 553–560. [CrossRef]

29. Nobile, M.; Terreni, M.; Lewkowicz, E.; Iribarren, A.M. Aeromonas hydrophila strains as biocatalysts for
transglycosylation. Biocatal. Biotransfor. 2011, 28, 395–402. [CrossRef]

30. Ding, Q.B.; Ou, L.; Wei, D.Z.; Wei, X.K.; Xu, Y.M.; Zhang, C.Y. Enzymatic synthesis of nucleosides by
nucleoside phosphorylase co-expressed in Escherichia coli. J. Zhejiang Univ. Sci. B 2010, 11, 880–888. [CrossRef]

31. De Benedetti, E.C.; Rivero, C.W.; Trelles, J.A. Development of a nanostabilized biocatalyst using
an extremophilic microorganism for ribavirin biosynthesis. J. Mol. Catal. B Enzym. 2015, 121, 90–95. [CrossRef]

32. Rivero, C.W.; De Benedetti, E.C.; Lozano, M.E.; Trelles, J.A. Bioproduction of ribavirin by green microbial
biotransformation. Process Biochem. 2015, 50, 935–940. [CrossRef]

33. Shirae, H.; Yokozeki, K.; Kubota, K. Enzymic production of Ribavirin from pyrimidine nucleosides by
Enterobacter aerogenes AJ 11125. Agric. Biol. Chem. 1988, 52, 1233–1237. [CrossRef]

34. Palle, V.P.; Varkhedkar, V.; Ibrahim, P.; Ahmed, H.; Li, Z.; Gao, Z.; Ozeck, M.; Wu, Y.; Zeng, D.; Wu, L.; et al.
Affinity and intrinsic efficacy (IE) of 5′-carbamoyl adenosine analogues for the A1 adenosine receptor—Efforts
towards the discovery of a chronic ventricular rate control agent for the treatment of atrial fibrillation (AF).
Bioorg. Med. Chem. Lett. 2004, 14, 535–539. [CrossRef] [PubMed]

35. Ashton, T.D.; Aumann, K.M.; Baker, S.P.; Schiesser, C.H.; Scammells, P.J. Structure-activity relationships of
adenosines with heterocyclic N6-substituents. Bioorg. Med. Chem. Lett. 2007, 17, 6779–6784. [CrossRef]

36. Petrelli, R.; Scortichini, M.; Belardo, C.; Boccella, S.; Luongo, L.; Capone, F.; Kachler, S.; Vita, P.; Del Bello, F.;
Maione, S.; et al. Structure-based design, synthesis, and in vivo antinociceptive effects of selective A1
adenosine receptor agonists. J. Med. Chem. 2018, 61, 305–318. [CrossRef]

37. Robins, M.J.; Robins, R.K. Purine nucleosides. XI. The synthesis of 2′-deoxy-9-α- and -β-d-ribofuranosylpurines
and the correlation of their anomeric structure with proton magnetic resonance spectra. J. Am. Chem. Soc.
1965, 87, 4934–4940. [CrossRef]

38. Christensen, L.F.; Broom, A.D.; Robins, M.J.; Bloch, A. Synthesis and biological activity of selected
2,6-disubstituted-(2-deoxy-α-and-β-d-erythro-pentofuranosyl) purines. J. Med. Chem. 1972, 15, 735–739.
[CrossRef]

39. Kazimierczuk, Z.; Cottam, H.B.; Revankar, G.R.; Robins, R.K. Synthesis of 2′-deoxytubercidin,
2′-deoxyadenosine, and related 2′-deoxynucleosides via a novel direct stereospecific sodium salt glycosylation
procedure. J. Am. Chem. Soc. 1984, 106, 6379–6382. [CrossRef]

40. Xia, R.; Chen, L.S. Efficient synthesis of Cladribine via the metal-free dioxygenation. Nucleosides Nucleotides
Nucleic Acids 2015, 34, 729–735. [CrossRef]

41. Xu, S.; Yao, P.; Chen, G.; Wang, H. A new synthesis of 2-chloro-2′-deoxyadenosine (Cladribine), CdA.
Nucleosides Nucleotides Nucleic Acids 2011, 30, 353–359. [CrossRef] [PubMed]

42. Matyasovsky, J.; Perlikova, P.; Malnuit, V.; Pohl, R.; Hocek, M. 2-Substituted dATP derivatives as building
blocks for polymerase-catalyzed synthesis of DNA modified in the minor groove. Angew. Chem. Int. Ed.
2016, 55, 15856–15859. [CrossRef] [PubMed]

43. Matsuda, A.; Shinozaki, M.; Suzuki, M.; Watanabe, K.; Miyasaka, T. A convenient method for the selective
acylation of guanine nucleosides. Synthesis 1986, 1986, 385–386. [CrossRef]

44. McGuinness, B.F.; Nakanishi, K.; Lipman, R.; Tomasz, M. Synthesis of guanine derivatives substituted in the
O6 position by Mitomycin C. Tetrahedron Lett. 1988, 29, 4673–4676. [CrossRef]

45. Zhong, M.; Nowak, I.; Robins, M.J. Regiospecific and highly stereoselective coupling of 6-(substituted-imidazol-1-yl)
purines with 2-deoxy-3,5-di-O-(p-toluoyl)-α-d-erythro-pentofuranosyl chloride. Sodium-salt glycosylation
in binary solvent mixtures: Improved synthesis of Cladribine. J. Org. Chem. 2006, 71, 7773–7779. [CrossRef]

142



Catalysts 2019, 9, 355

46. Satishkumar, S.; Vuram, P.K.; Relangi, S.S.; Gurram, V.; Zhou, H.; Kreitman, R.J.; MartínezMontemayor, M.M.;
Yang, L.; Kaliyaperumal, M.; Sharma, S.; et al. Cladribine analogues via O6-(benzotriazolyl) derivatives of
guanine nucleosides. Molecules 2015, 20, 18437–18463. [CrossRef] [PubMed]

47. Hironori, K.; Araki, T. Efficient chemo-enzymatic syntheses of pharmaceutically useful unnatural
2′-deoxynucleosides. Nucleosides Nucleotides Nucleic Acids 2005, 24, 1127–1130. [CrossRef]

48. Zhou, X.; Szeker, K.; Jiao, L.Y.; Oestreich, M.; Mikhailopulo, I.A.; Neubauer, P. Synthesis of 2,6-dihalogenated
purine nucleosides by thermostable nucleoside phosphorylases. Adv. Synth. Catal. 2015, 357, 1237–1244.
[CrossRef]

49. Drenichev, M.S.; Alexeev, C.S.; Kurochkin, N.N.; Mikhailov, S.N. Use of nucleoside phosphorylases for the
preparation of purine and pyrimidine 2′-deoxynucleosides. Adv. Synth. Catal. 2018, 360, 305–312. [CrossRef]

50. Voegel, J.J.; Altorfer, M.M.; Benner, S.A. The donor-acceptor-acceptor purine analog: Transformation of
5-aza-7-deaza-1H-isoguanine (=4-aminoimidazo-[1,2-α]-1,3,5-triazin-2(1H)-one) to 2′-deoxy-5-aza-7-deaza-
isoguanosine using purine nucleoside phosphorylase. Helv. Chim. Acta 1993, 76, 2061–2069. [CrossRef]

51. Kamel, S.; Yehia, H.; Neubauer, P.; Wagner, A. Enzymatic synthesis of nucleoside analogues by nucleoside
phosphorylases. In Enzymatic and Chemical Synthesis of Nucleic Acid Derivatives, 1st ed.; Fernández-Lucas, J.,
Camarasa Rius, M.J., Eds.; Wiley-VCH Verlag GmbH & Co. KGaA: Weinheim, Germany, 2018; Chapter 1;
pp. 1–20.

52. Acosta, J.; del Arco, J.; Martinez-Pascual, S.; Clemente-Suárez, V.X.; Fernández-Lucas, J. One-pot
multi-enzymatic production of purine derivatives with application in pharmaceutical and food industry.
Catalysts 2018, 8, 9. [CrossRef]

53. Gruen, M.; Becker, C.; Beste, A.; Siethoff, C.; Scheidig, A.J.; Goody, R.S. Synthesis of 2′-iodo- and 2′-bromo-ATP
and GTP analogues as potential phasing tools for X-ray crystallography. Nucleosides Nucleotides Nucleic Acids
1999, 18, 137–151. [CrossRef]

54. Borrmann, T.; Abdelrahman, A.; Volpini, R.; Lambertucci, C.; Alksnis, E.; Gorzalka, S.; Knospe, M.;
Schiedel, A.C.; Cristalli, G.; Mueller, C.E. Structure-activity relationships of adenine and deazaadenine
derivatives as ligands for adenine receptors, a new purinergic receptor family. J. Med. Chem. 2009, 52,
5974–5989. [CrossRef] [PubMed]

55. Thompson, R.D.; Secunda, S.; Daly, J.W.; Olsson, R.A. N6-9-Disubstituted adenines: Potent, selective
antagonists at the A1 adenosine receptor. J. Med. Chem. 1991, 34, 2877–2882. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

143



catalysts

Article

Development of Biotransamination Reactions
towards the 3,4-Dihydro-2H-1,5-benzoxathiepin-3-
amine Enantiomers

Daniel González-Martínez 1, Nerea Fernández-Sáez 2, Carlos Cativiela 3, Joaquín M. Campos 2,4,*

and Vicente Gotor-Fernández 1,*

1 Organic and Inorganic Chemistry Department, University of Oviedo, Avenida Julián Clavería 8,
33006 Oviedo, Spain; daniel.dgm9@gmail.com

2 Departamento de Química Farmacéutica y Orgánica, Facultad de Farmacia, c/Campus de Cartuja s/n,
18071 Granada, Spain; nefdez_p73@hotmail.com

3 Departamento de Química Orgánica, Instituto de Síntesis Química y Catálisis Homogénea (ISQCH),
CSIC–Universidad de Zaragoza, 50009 Zaragoza, Spain; cativiela@unizar.es

4 Instituto de Investigación Biosanitaria ibs.GRANADA, Complejo Hospitalario Universitario de
Granada/Universidad de Granada, 18071 Granada, Spain

* Correspondence: jmcampos@ugr.es (J.M.C.); vicgotfer@uniovi.es (V.G.-F.);
Tel.: +34-958-243-850 (J.M.C.); +34-985-103-454 (V.G.-F.)

Received: 7 September 2018; Accepted: 16 October 2018; Published: 19 October 2018

Abstract: The stereoselective synthesis of chiral amines is an appealing task nowadays. In this
context, biocatalysis plays a crucial role due to the straightforward conversion of prochiral and
racemic ketones into enantiopure amines by means of a series of enzyme classes such as amine
dehydrogenases, imine reductases, reductive aminases and amine transaminases. In particular,
the stereoselective synthesis of 1,5-benzoxathiepin-3-amines have attracted particular attention
since they possess remarkable biological profiles; however, their access through biocatalytic
methods is unexplored. Amine transaminases are applied herein in the biotransamination of
3,4-dihydro-2H-1,5-benzoxathiepin-3-one, finding suitable enzymes for accessing both target amine
enantiomers in high conversion and enantiomeric excess values. Biotransamination experiments have
been analysed, trying to optimise the reaction conditions in terms of enzyme loading, temperature
and reaction times.

Keywords: amine transaminases; asymmetric synthesis; benzoxathiepins; biocatalysis; biotransamination;
stereoselective synthesis

1. Introduction

We have reported several (RS)-benzo-fused seven-membered rings with oxygen and sulfur atoms
in 1,5 relative positions with interesting anti-proliferative activities against the MCF-7 cancer cell line.
The most active compounds are 1 and 2 [1] (Figure 1). Other compounds, such as 3 [2] and 4 [3], exhibited
more potent anti-ischemic effects than reference compounds, whilst 5 can be the prototype for the design of
more potent anti-proliferative agents [4] (Figure 1). The (3R)-3,4-dihydro-2H-1,5-benzoxathiepin-3-amine
core appears in red in compounds 3–5 (Figure 1). Such a (3R)-amino-1,5-benzoxathiepin scaffold has been
obtained from L-cystine ((2R)-2-amino-3-[[(2R)-2-amino-2-carboxyethyl]disulfanyl]propanoic acid) [4,5].
The incorporation of α-amino acids into heterocyclic structures is an effective strategy for generating
numerous peptidomimetics and combinatorial library scaffolds.

Catalysts 2018, 8, 470; doi:10.3390/catal8100470 www.mdpi.com/journal/catalysts144
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Figure 1. Benzo-fused seven-membered rings with oxygen and sulphur atoms in 1,5 relative positions
(1–5) with interesting biological properties [1–5]. The (3R)-3,4-dihydro-2H-1,5-benzoxathiepin-3-amine
core appears in red in compounds 3–5.

Due to the fact that the primary amine is a key functional group in all areas of chemistry,
methods to generate molecules containing primary amine groups are of intense interest and
impact on many research fields. The use of enzymes in organic synthesis has gained maturity
in the last few decades, since the advances in enzyme immobilisation, modification and rational
design allow for the application of improved biocatalysts for the development of a wide variety of
stereoselective transformations [6–10]. In this context, the synthesis of chiral amines is particularly
challenging, with the conversion of prochiral ketones into optically active amines receiving great
attention in recent years [11–14] by using mainly imine reductases [15–17] and amine transaminases
(ATAs) [18–23]. Taking into account the potential of ATAs in the single biotransamination of cyclic
ketones [24–32], even as part of multienzymatic sequences [33–38], but especially since they have
served as valuable biocatalysts in the production of pharmacologically active products [39–43],
we have focused herein our efforts in the pursuit of an efficient biotransamination protocol for
3,4-dihydro-2H-1,5-benzoxathiepin-3-one (6).

2. Results and Discussion

The synthesis of the benzo-fused seven-membered ketone 6 is depicted in Scheme 1.
2-Mercaptophenol was alkylated with two equivalents of ethyl bromoacetate in refluxing acetone in the
presence of dry potassium carbonate to give diester 7 (83%). Examination of the Dieckmann reaction
of 3 showed that the reaction occurred smoothly when sodium ethoxide/ethanol was used as a base
in dry tetrahydrofuran (THF) to give ethyl 3-oxo-3,4-dihydro-2H-1,5-benzothiepin-4-carboxylate 8

as the sole cyclised product in 90% yield. Decarboxylation of the β-ketoester 4 in boiling acetic
acid containing aqueous sulfuric acid gave the 3,4-dihydro-2H-1,5-benzothiepin-3-one (6, 60%).
Regioselectivity of the Dieckmann cyclisation was deduced based on the 1H-NMR (CDCl3) spectral
data of the resulting product 8, which exhibited two doublets (integrating each one for 1H) at
δ 4.88 and 4.59 ppm (J = 17.5 Hz) assignable to the geminal methylene protons adjacent to the oxygen
atom in the seven-membered ring. Compounds 7 and 8 have not been described previously, whilst
ketone 6 was reported formerly by Sugihara et al. [44].
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Scheme 1. Chemical synthesis of 3,4-dihydro-2H-1,5-benzoxathiepin-3-one 6.

Due to the amine transaminases catalytic mechanism, which involves two pairs of ketones
and amines in equilibrium, the reductive amination of the substrate must be thermodynamically
favoured in order to obtain high yields of the desired product [45,46]. In order to displace the
equilibrium towards amine formation, the removal of the generated co-products by coupling different
multienzyme networks is often required [20], but also worth noting is the use of sacrificial substrates,
which normally range from the use of a large excess of a commercially available amine donor, typically
isopropylamine [47], to “smart cosubstrates”, mainly diamines, in a stoichiometric amount that are able
to drive equilibrium by spontaneous cyclisation or aromatisation reactions [31,48–50]. Promisingly,
we have found a favourable ΔG of -31.0 kJ/mol (calculated at M06-2X/6-311++G(3df,2p) level;
see Section 3.8) for the transamination of 6 to 9 when using isopropylamine and acetone is formed as a
by-product, probably due to ring strain instability. Figure 2 shows the charge density of the optimised
geometry of the ketone 6, where steric and electronic differences between the two substituents of the
carbonyl group can be observed. This prompted us to study the biocatalytic process in depth.

 
Figure 2. Optimised geometry of 3,4-dihydro-2H-1,5-benzoxathiepin-3-one (6): electronic isodensity
contour (left); colour-mapped with the electrostatic potential (right), where red and blue zones are
related to the electrophilic and nucleophilic zones of the molecule, respectively.

The biotransamination of 3,4-dihydro-2H-1,5-benzoxathiepin-3-one (6, 20 mM) was then studied
in standard conditions previously employed in our research group [46,51]. These settings include the
use of a large excess of isopropylamine as amine donor (1 M), pyridoxal 5’-phosphate (PLP, 1 mM) as
cofactor, a 100 mM phosphate buffer pH 7.5 with acetonitrile (5% v/v) as cosolvent to favour the ketone
solubility, at 30 ◦C and 250 rpm for 20 h (Scheme 2). Three different types of enzymes were employed:
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(a) lyophilised Escherichia coli cells containing overexpressed ATAs; (b) commercially available ATAs
from Codexis Inc.; (c) commercially available ATAs from Enzymicals AG.

 
Scheme 2. Biotransamination of 3,4-dihydro-2H-1,5-benzoxathiepin-3-one (6) into amine 9, using ATAs.

Initially, for the biotransamination experiments made in house ATAs were used, all of them
overexpressed in Escherichia coli. Some of them, such as the ones from Chromobacterium violaceum [52] or
Arthrobacter species [53], displayed very low activity (<5%), while others such as Arthrobacter citreus [54]
or the Arthrobacter species evolved variant named ArRmut11 [55] provided almost quantitative
conversion but moderate (74% ee) or negligible stereoselectivity, respectively. Trying to improve
both activity and selectivity values, commercially available ATAs were employed from two different
commercial sources (Codexis Inc. and Enzymicals AG).

To start with, 30 Codexis enzymes were employed (Table 1), and we found that 19 of them led to
the complete disappearance of the starting ketone. Remarkably, four enzymes from this kit provided
the desired amine 9 in optical purities over 80% ee, the ATA-200 conducting to the (S)-9 (entry 8), while
the TA-P1-B04, TA-P1-F03 and TA-P1-G05 gave access to its amine antipode (entries 23, 24 and 26).

Table 1. Biotransamination of ketone 6 using Codexis ATAs a.

Entry Enzyme Conversion (%) b ee (%) c

1 ATA-7 <1 n.d.
2 ATA-13 30 n.d.
3 ATA-24 93 <1
4 ATA-25 96 <1
5 ATA-33 >99 <1
6 ATA-113 13 n.d.
7 ATA-117 2 n.d.
8 ATA-200 >99 85 (S)
9 ATA-217 6 n.d.
10 ATA-234 4 n.d.
11 ATA-237 >99 41 (S)
12 ATA-238 4 n.d.
13 ATA-251 >99 72 (S)
14 ATA-254 >99 56 (S)
15 ATA-256 >99 63 (S)
16 ATA-260 >99 79 (S)
17 ATA-301 >99 7 (S)
18 ATA-303 >99 <1
19 ATA-412 >99 55 (S)
20 ATA-415 >99 <1
21 TA-P1-A01 >99 62 (R)
22 TA-P1-A06 >99 50 (R)
23 TA-P1-B04 >99 82 (R)
24 TA-P1-F03 >99 90 (R)
25 TA-P1-F12 >99 28 (R)
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Table 1. Cont.

Entry Enzyme Conversion (%) b ee (%) c

26 TA-P1-G05 >99 93 (R)
27 TA-P1-G06 >99 67 (R)
28 TA-P2-A01 4 n.d.
29 TA-P2-A07 60 16 (S)
30 TA-P2-B01 99 19 (R)

a For reaction details, see Section 3.6. b Conversion values measured by GC analyses of the reaction crudes.
c Enantiomeric excess (ee) of amine 9 determined by HPLC analyses after derivatisation of the reaction crude. These
ee values were calculated for those reactions with conversions over 30% (n.d.: not determined).

Using the best found enzyme, TA-P1-G05 (entry 26, >99% conversion and 93% ee), the transamination
of 6 was followed over time using two enzyme loadings (90% and 45% w/w enzyme vs. ketone); we
observed a very fast conversion in the first 2 h and then a slower rate until complete depletion of the
substrate occurred, after 6 h or 24 h, respectively (Figure 3).
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Figure 3. Study of the enzymatic transamination of ketone 6 with TA-P1-G05 over time employing:
( ) 90% of enzyme loading (w/w) or ( ) 45% of enzyme loading (w/w vs. 6).

Eight enzymes from Enzymicals AG were employed (Table 2), finding in three cases an amine
with over 90% ee (entries 3, 7 and 8). Interestingly, the ATA08 from Silicibacter pomeroyi allowed the
quantitative conversion of the ketone into the amine (R)-9 (entry 7).

Table 2. Biotransamination of ketone 6 using Enzymicals AG ATAs a.

Entry Enzyme Conversion (%) b ee (%) c

1 ATA01 Aspergillus fumigatus 9 n.d.
2 ATA02 Gibberella zeae <1 n.d.
3 ATA03 Neosartorya fischeri 29 90 (S)
4 ATA04 Aspergillius oryza 2 n.d.
5 ATA05 Aspergillius terreus 8 n.d.
6 ATA06 Penicillium chrysogenum <1 n.d.
7 ATA07 Mycobacterium vanbaalenii 20 95 (S)
8 ATA08 Silicibacter pomeroyi >99 91 (R)

a For reaction details, see Section 3.6. b Conversion values measured by GC analyses of the reaction crudes.
c Enantiomeric excess of amine 9 determined by HPLC analyses after derivatisation of the reaction crude. These
values were calculated for those reactions with conversions over 20% (n.d.: not determined).
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In order to improve the conversion values towards the amine (S)-9 the ATA03 Neosartorya fischeri
(entry 3) and ATA07 Mycobacterium vanbaalenii (entry 7) were selected for optimization studies. So,
new experiments were developed that includes the decrease of the substrate concentration, the use
of longer reaction times, higher temperatures and enzyme loadings, and the performance of the
biotransaminations without an organic cosolvent (Table 3). Interestingly, the best results were found
when no cosolvent was employed, suggesting a deactivation of both enzymes in the presence of even
low amounts of the organic solvent (MeCN, 5% v/v). In particular, the reduction of the substrate
concentration from 20 to 10 mM of ketone 6 allowed higher conversions, although this limited its
practical application. In addition, prolonged reaction times led to better conversions, while the use of
higher temperatures led to a significant deactivation of the enzyme.

Table 3. Optimisation of the biotransamination of ketone 6 using selected enzymes a.

Entry Enzyme [6] (mM) Cosolvent b T (◦C) t (h) c (%) c

1 ATA03 Neosartorya fischeri 20 MeCN (5%) 30 20 29
2 ATA03 Neosartorya fischeri 10 none 30 48 86
3 ATA07 Mycobacterium vanbaalenii 20 MeCN (5%) 30 20 20
4 ATA07 Mycobacterium vanbaalenii 10 none 30 20 73
5 ATA07 Mycobacterium vanbaalenii 20 none 45 48 43

6 d ATA07 Mycobacterium vanbaalenii d 20 none 30 65 91

a For reaction details, see Section 3.6. b Concentration values in v/v % indicated in brackets. c Conversion values
measured by GC analyses of the reaction crudes. d Double the amount of enzyme was used (4 mg, 180% w/w).

Focusing on the scaling up of the biotransformations, we decided to move to higher substrate
concentrations (50 mM of ketone) in order to produce a significant amount of the optically active
amine (R)-9, which is a precursor of organic molecules with interesting biological profiles [2–5]. In this
case, 225 mg of 6 were used, selecting TA-P1-G05 (entry 26, Table 1) as the ideal candidate since in
standard conditions the amine (R)-9 was formed in complete conversion and good selectivity (93% ee).
The enzyme loading was reduced from an initial 90% w/w enzyme vs. substrate ratio to 33% to improve
the economy of the process, and after 22 h quantitative conversion was also achieved, maintaining
the selectivity and isolating the desired amine in 98% yield after a simple liquid-liquid extraction
protocol (Scheme 3). Measurement of the optical rotation for the pure amine and its corresponding
hydrochloride salt allowed us to unequivocally assign the absolute configuration by comparison with
previously reported data [4,5].
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Scheme 3. Scale-up of the biotransamination towards the (3R)-3,4-dihydro-2H-1,5-benzoxathiepin-3-amine
(R-9).

3. Materials and Methods

3.1. General Materials and Methods

2-Mercaptophenol, ethyl bromoacetate and sodium ethoxide were purchased from Sigma-Aldrich,
now Merck (Madrid, Spain). PLP as enzyme cofactor, other chemical reagents and solvents were
obtained with the highest quality available from Sigma-Aldrich-Fluka (Steinheim, Germany). Amine
transaminases were obtained from Codexis Inc. (Redwood City, CA, USA) and Enzymicals AG
(Greifswald, Germany). Transaminases from Chromobacterium violaceum (2.1 U/mg), Arthrobacter citreus
(0.9 U/mg), Arthrobacter species (0.6 U/mg) and the evolved ArRmut11 were overexpressed in E. coli
and used as lyophilised cell lysates, as previously reported [26,56].

Melting point of compound 6 was measured in an open capillary in an Electrothermal digital
melting point IA9200 apparatus (Cole-Parmer, Stone, UK) and is uncorrected. Elemental analyses were
performed on a Thermo Scientific Flash 2000 analyzer (Thermo Flash & Carlo Erba Analyzers, Pennsauken,
NJ, USA) and the measured values were indicated with the symbols of the elements or functions within
±0.4% of the theoretical values. NMR spectra were recorded on a Bruker AV300 MHz spectrometer
(Bruker Co., Faellanden, Switzerland). All chemical shifts (δ) are given in parts per million (ppm) and
referenced to the residual solvent signal as internal standard. High-resolution mass spectroscopy (HRMS)
was performed on a VG AutoSpec Q high-resolution mass spectrometer (Fision Instrument, Milford,
MA, USA). Measurement of the optical rotation values was carried out at 590 nm on an Autopol IV
Automatic polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA).

Gas chromatography (GC) analyses were performed for the determination of conversion values
using a Hewlett-Packard HP-6890 chromatograph (Hewlett Packard, Palo Alto, CA, USA). A non-chiral
HP-1 column (Agilent Technologies, Inc., Wilmington, DE, USA) was used with the following
temperature programme: 90 ◦C (2 min) then 10 ◦C/minutes and finally 180 ◦C (0 min). The reaction
crudes were analysed, obtaining the following retention times: 9.3 min for ketone 6 and 10.5 min for
amine 9.

High-performance liquid chromatography (HPLC) analyses were performed for enantiomeric
excess value measurements using an Agilent 1260 Infinity chromatograph with UV detector at 210 nm
(Agilent Technologies, Inc., Wilmington, DE, USA). A Chiralpak IA (25 cm × 4.6 mm) was used as chiral
column at 30 ◦C (Chiral Technologies, Mainz, Germany), employing a mixture of n-hexane/2-propanol
(90:10) as eluent with a 0.8 mL/min flow. The reaction crudes were derivatised as acetamides, obtaining
the following retention times: 11.2 min for the (R)-10 and 12.6 min for the (S)-10 enantiomer (Figure 4).

 
Figure 4. Structures of (R)- and (S)-10.
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Thin-layer chromatography (TLC) analyses were conducted with Merck Silica Gel 60 F254
precoated plates (Merck KGaA, Darmstadt, Germany). They were visualised with UV and potassium
permanganate stain. Column chromatography purifications were performed using Merck Silica Gel 60
(230–400 mesh, Merck KGaA, Darmstadt, Germany).

3.2. General Procedure for the Synthesis of Ethyl 2-Ethoxycarbonylmethylthiophenoxyacetate (7)

A mixture of 2-mercaptophenol (1 g, 7.925 mmol), ethyl bromoacetate (1.93 mL, 17,4 mmol) and
dry K2CO3 (3.3 g, 23.8 mmol) in anhydrous acetone (20 mL) was added under argon atmosphere,
and then stirred under reflux. After 24 h the solvent was evaporated under reduced pressure and the
residue purified by column chromatography (EtOAc/n-hexane, 1:8), obtaining 7 as a colourless syrup.
Yield 83%. 1H NMR (300.13 MHz, CDCl3) δ 7.43 (dd, JHH = 7.7, 1.7 Hz, 1H), 7.21 (td, JHH = 7.9, 1.7 Hz,
1H), 6.95 (td, JHH = 7.5, 1.2 Hz, 1H), 6.76 (dd, JHH = 8.2, 1.2 Hz, 1H), 4.70 (s, 2H), 4.26 (q, JHH = 7.1 Hz,
2H), 4.11 (q, JHH = 7.1 Hz, 2H), 3.72 (s, 2H), 1.28 (t, JHH = 7.1 Hz, 3H), 1.18 (t, JHH = 7.1 Hz, 3H) ppm.
HRMS (ESI-TOF) (m/z) calcd. for C14H19O5S (M + H)+ 299.0953, found 299.0955. Anal. Calcd for
C14H18O5S: C, 56.36; H, 6.08; S, 10.75. Found: C, 56.45; H, 5.89; S, 10.55.

3.3. General Procedure for the Synthesis of Ethyl 3-Oxo-3,4-dihydro-2H-1,5-benzoxathiepin-4-carboxylate (8)

To a mixture of diester 7 (1.37 g, 4.59 mmol) in THF (40 mL) at 0 ◦C, a solution of NaOEt (21% wt,
1.78 g, 5.51 mmol) in EtOH (2.06 mL) was added. The mixture was stirred at 0 ◦C for 1 h and then
refluxed for 15 h. Solvent was evaporated under reduced pressure and the residue cooled to 0 ◦C,
quenched first with water, and later with an aqueous HCl 6 M solution up to pH 6. The mixture was
extracted with EtOAc (2 × 40 mL) and the organic fractions combined, dried over anhydrous Na2SO4,
filtered and the solvent was removed under reduced pressure. Compound 8 was purified by column
chromatography (EtOAc/n-hexane, 1:7) as a colourless oil. Yield, 90%. 1H NMR (300.13 MHz, CDCl3)
δ 7.22–7.12 (m, 1H), 7.08–6.85 (m, 3H), 4.88 (d, JHH = 17.5, 1H), 4.75 (s, 1H), 4.59 (d, JHH = 17.5, 1H),
4.29–4.15 (m, 2H), 1.21 (td, JHH = 7.1, 1.4 Hz, 3H) ppm. HRMS (ESI-TOF) (m/z) calcd. for C12H11O4S
(M - H)+ 251.0378, found 251.0376. Anal. Calcd for C12H12O4S: C, 57.13; H, 4.79; S, 12.71. Found: C,
56.99; H, 4.98; S, 12.72.

3.4. General Procedure for the Synthesis 3,4-Dihydro-2H-1,5-benzoxathiepin-3-one (6)

A mixture of keto ester 8 (2.5 g, 11.9 mmol), acetic acid (4.16 mL), H2SO4 concentrated (4.16 mL)
and H2O (23.8 mL) was refluxed for 1 h. The reaction was cooled to 0 ◦C, and water was added and
extracted with CH2Cl2 (2 × 40 mL). The organic fractions were combined, dried (anhydrous Na2SO4),
filtered and the solvent was removed under reduced pressure. Compound 6 was purified by column
chromatography (n-hexane and then, EtOAc/n-hexane 0.5:10) as a white solid, mp 29–31 ◦C, literature
28–31 ◦C [43]. Yield 60%. 1H NMR (300.13 MHz, CDCl3) δ 7.18 (dd, JHH = 8.0, 1.8 Hz, 1H), 7.14–7.07
(m, 1H), 7.01 (m, JHH = 8.1, 4.8, 1.5 Hz, 2H), 4.75 (s, OCH2, 2H), 3.93 (s, SCH2, 2H) ppm. HRMS
(ESI-TOF) (m/z) calcd. for C9H9O2S (M + H)+ 181.0323, found 181.0321.

3.5. General Procedure for the Biotransamination of 6 Using ATAs Overexpressed in Escherichia coli

The lyophilised cells of E. coli containing overexpressed transaminases (5 mg) were suspended in
a 100 mM phosphate buffer pH 7.5 (475 μL) containing PLP (1 mM) and 2-propylamine (1 M). Then,
a stock solution of ketone 6 in MeCN was added (25 μL of stock 0.4 M; final concentration 20 mM) and
the mixture was shaken at 30 ◦C and 250 rpm for 20 h. After this time, the reaction was quenched by
adding an aqueous 10 M NaOH solution (200 μL) and extracted with EtOAc (2 × 500 μL). The organic
phases were combined and dried over anhydrous Na2SO4. The reaction crudes were analysed by GC
to determine conversion values. Derivatisation were carried out in situ using acetic anhydride and
K2CO3 for the measurement of the enantiomeric excesses through HPLC.
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3.6. General Procedure for the Biotransamination of 6 Using Commercial ATAs

Transaminases from Codexis or Enzymicals AG (2 mg, 90% w/w) were suspended in a 100 mM
phosphate buffer pH 7.5 (475 μL) containing PLP (1 mM) and 2-propylamine (1 M). Then, a stock
solution of ketone 6 in MeCN was added (25 μL of stock 0.4 M; final concentration 20 mM) and the
mixture was shaken at 30 ◦C and 250 rpm for 20 h. After this time, the reaction was quenched by
adding an aqueous 10 M NaOH solution (200 μL) and extracted with EtOAc (2 × 500 μL). The organic
phases were combined and dried over anhydrous Na2SO4. Reaction crude was analysed by GC to
determine conversion values and in situ derivatisation was carried out using acetic anhydride and
K2CO3 for the measurement of the enantiomeric excesses by HPLC.

3.7. Preparative Biotransamination of 6 under Optimised Conditions

Ketone 6 (225 mg, 1.25 mmol) was dissolved in MeCN (1.25 mL) and 100 mM phosphate buffer pH
7.5 (25 mL), containing PLP (0.5 mM) and 2-propylamine (1 M), and the TA-P1-G05 (75 mg, 33% w/w)
were successively added. The mixture was shaken at 30 ◦C and 250 rpm for 22 h. The reaction was
quenched by adding an aqueous NaOH 4 M solution (5 mL) and extracted with EtOAc (3 × 15 mL).
The organic phases were combined, dried over anhydrous Na2SO4, combined and the solvent removed
under reduced pressure, affording the (R)-9 amine (220 mg).

(3R)-3,4-Dihydro-2H-1,5-benzoxathiepin-3-amine (R)-9. Yield: 220 mg (98%). 1H NMR (300.13 MHz,
CDCl3): δ 7.37 (dd, JHH = 7.7, 1.7 Hz, 1H), 7.15 (ddd, JHH = 8.1, 7.3, 1.7 Hz, 1H), 7.02–6.92 (m, 2H), 4.12–4.08
(m, 2H), 3.50–3.42 (m, 1H), 3.18 (dd, JHH = 14.2, 3.2 Hz, 1H), 2.80 (dd, JHH = 14.2, 5.7 Hz, 1H), 1.89 (br s,
2H) ppm. For the free amine (R)-9 in 93% ee [α]20

D = +32.6 (c = 0.1, MeOH), and for the hydrochloride
salt (R)-9·HCl in 93% ee [α]20

D = +41.2 (c = 0.1, MeOH); literature [α]20
D = +48.9 (c = 0.35, MeOH) for the

(R)-9·HCl in >99% ee [4].

3.8. Computational Methods

Calculations were performed using the Gaussian 09 package [57] at the M06-2X/6-311++G(3df,2p)
level [58]. Molecular geometries of the studied compounds were optimised with tight convergence criteria
and the frequencies were computed in order to obtain the thermal correction to the energy (298.15 K).

The molecular electrostatic potential of 3,4-dihydro-2H-1,5-benzoxathiepin-3-one (6) was
computed at M06-2X/6-311++G(3df,2p) level with tight SCF procedure and generating the density
and potential cubes to plot the isodensity surface, colour-coded with the electrostatic potential.

4. Conclusions

The synthesis of the 3,4-dihydro-2H-1,5-benzoxathiepin-3-amine enantiomers has been possible
by means of the stereoselective biotransamination of the 3,4-dihydro-2H-1,5-benzoxathiepin-3-one.
A broad panel of commercially available amine transaminases were employed, finding after
optimisation of parameters that affect the enzyme catalysis suitable reaction conditions for the
access to both amine antipodes in high conversions and good selectivities. A scale-up experiment
considering 50 mM substrate concentration was successfully achieved for the formation of the
(R)-3,4-dihydro-2H-1,5-benzoxathiepin-3-amine (R-9), a valuable precursor of anti-proliferative agents.
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Abstract: The consecutive photooxidation and reductive amination of various alcohols in a
cascade reaction were realized by the combination of a photocatalyst and several enzymes.
Whereas the photocatalyst (sodium anthraquinone-2-sulfonate) mediated the light-driven, aerobic
oxidation of primary and secondary alcohols, the enzymes (various ω-transaminases) catalyzed the
enantio-specific reductive amination of the intermediate aldehydes and ketones. The system worked
in a one-pot one-step fashion, whereas the productivity was significantly improved by switching to a
one-pot two-step procedure. A wide range of aliphatic and aromatic compounds was transformed
into the enantiomerically pure corresponding amines via the photo-enzymatic cascade.

Keywords: photooxidation; cascade; alcohol; reductive amination; ω-transaminase

1. Introduction

In recent years, significant attention has been devoted to the synthesis of amines [1]. Especially,
enantiomerically pure amines are of interest in natural product synthesis, as intermediates in
pharmaceutical synthesis, and for a variety of other chemical products [2–4]. Direct amination of
alcohols has been studied extensively [1,5]. The main advantage of prompt conversion of alcohols
to amines is that both the substrate and the product are in the same oxidation state, and, thus,
theoretically the additional use of any redox equivalents is not required [6,7]. Furthermore, many of
the required alcohols are already available on an industrial scale, which facilitates the mass application
of the technology [8]. On the other hand, most of the currently applied reactions either possess poor
chemo-selectivity and require harsh reaction conditions (e.g., the reaction of alcohol with ammonia over
various heterogeneous catalysts, such as tungsten, cobalt, nickel, chromium) [5] or have low efficiency
and produce toxic intermediates [9]. It is also worth mentioning that the majority of the current
methodologies either only accept symmetric substrates or produce racemic products. To synthesize
chiral amine moieties, ketones are one of the most commonly used precursors [1].

Various approaches have been reported to selectively oxidize alcohols to the corresponding
carbonyl products [10–13]. Compared to transition metal-based approaches [14], photooxidation
provides an atom-economic and environmentally benign alternative [10]. Commercially available TiO2

is used most commonly as a photocatalyst, but the applicability is restricted by its UV absorption [15].
However, efficient oxidation of 1-pentanol has been reported by irradiation up to 480 nm upon doping
TiO2 with Nb2O5 [16,17]. To further utilize visible light, numerous other heterogeneous catalysts
have been tested [18]. By using graphitic carbon nitride (g-C3N4) [19,20] and vanadium-oxide grafted
to numerous carriers [21,22], efficient alcohol oxidation mediated by visible light has been reported.
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Besides heterogeneous systems, water-soluble sodium anthraquinone-2-sulfonate (SAS) is also known
as an effective and inexpensive homogeneous photocatalyst [23–27]. Very recently we found that
SAS is also very active for the oxidation of C–H bonds [27] and, therefore, can be implemented in
photo-enzymatic cascades for the conversion of a very large substrate scope [28].

Even though photocatalysis provides an attractive approach to produce the carbonyl intermediate,
typically, tedious protection/de-protection steps are required for the synthesis of chiral amines. These
additional stages prolong the synthesis time and significantly decrease the atom efficiency of the
reaction. To aid these shortcomings, biocatalytic approaches have been extensively studied [29–32].
Pyridoxal-5-phosphate (PLP)-dependent ω-transaminases (ω-TAs) provide an elegant way to convert
a carbonyl group to an amine moiety at the expense of a sacrificial amine donor [31,33]. ω-TAs
have been increasingly applied in industrial chemical synthesis, in particular for the manufacturing
of active pharmaceutical ingredients (APIs) [29,34,35]. Other main applications deal with the
production of surfactants [36], amino acids [37], and plastic fiber monomers [36,38,39]. To reach
an acceptable conversion when L- or D-alanine is used as an amine donor, the reaction equilibrium
of the transamination reaction must be shifted towards the product. Thus, one of the most common
means to enhance the amine formation is to remove the pyruvate by-product through the addition of
another enzyme, such as lactate dehydrogenase (LDH), alanine dehydrogenase (AlaDH), pyruvate
decarboxylase (PDC), or an acetolactate synthase (ALS) [32]. On the other hand, the use of alternative
amine donors provides a more favorable thermodynamic equilibrium. However, these molecules are
either prohibitively expensive [39] or generate a co-product during the transamination that tends to
polymerize, thus complicating product isolation and lowering product yield [40,41]. Therefore, it is
not surprising that isopropylamine (IPA) has been used as the preferred amine donor, especially on an
industrial scale. IPA is inexpensive and provides a much more favorable thermodynamic equilibrium
compared to alanine [42], which can be further shifted via simple and selective evaporation of the low
boiling acetone co-product [35]. Consequently, IPA was selected as the amine donor in this study.

Recently, numerous reports have been published about the effective conversion of a plethora of
alcohols to (chiral) amines in multi-enzyme cascades [43,44]. Inspired by their results and the current
advances in the selective photochemical oxidation of alcohols [18], herein we present a photo-enzymatic
tandem reaction for the direct conversion of alcohols to (chiral) amines. Employing the consecutive
oxidation and reductive amination steps in one pot, a further reduction of the environmental impact of
the synthesis is possible (Scheme 1). As time-consuming intermediate isolation and purification steps
are omitted, the required amount of organic solvents is minimized, which results in a lower E-factor
(Environmental factor, defined as the mass of waste per mass of product) [45,46].

Scheme 1. Schematic representation of the photo-enzymatic cascade reaction and the
examined substrates.
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2. Results and Discussion

In the first set of experiments, we evaluated a range of homogeneous and heterogeneous
photocatalysts available in our laboratory. More specifically, water-soluble sodium
anthraquinone-2-sulfonate (SAS) and heterogeneous graphitic carbon nitride (g-C3N4),
niobium(V)-oxide-doped titanium-dioxide (TiO2-Nb2O5), and vanadium oxide (VO) deposited
on various carriers, such as alumina (VO-Al2O3), zirconium-dioxide (VO-ZrO2), and graphitic
carbon nitride (VO-g-C3N4), were evaluated. As a model reaction, we chose the oxidation of
rac-1-phenylethanol (5a) to acetophenone (5b) (Figure 1). Starting from 25 mM of the starting material,
SAS mediated the full conversion of 5a (TN = 30), while the best heterogeneous catalyst, g-C3N4,
produced only 6.2 mM of product with 20% conversion. The discrepancy between conversion and
product concentration in the case of SAS is probably due to the oxidative decomposition of the product.
Since the other photocatalysts fell back significantly in their performance (Figure 1), we focused our
attention on SAS and g-C3N4.

Figure 1. Alcohol oxidation using various photocatalysts. Reaction conditions: 1 mL MilliQ water with
[5a] = 25 mM, [sodium anthraquinone-2-sulfonate (SAS)] = 0.75 mM, or [heterogeneous photocatalyst]
= 10 mg/mL. Reactions were performed for 24 h at 30 ◦C under atmospheric conditions and irradiated
under visible light (λ > 400 nm). These experiments have been performed as single experiments.

We performed the cascade reaction shown in Scheme 1 using SAS and g-C3N4 in a one-pot
one-step fashion, i.e., adding the starting material and all catalysts at the beginning (Figure 2). For the
reductive amination of the intermediate ketone, two ω-transaminases were applied: the (R)-selective
ω-TA from Aspergillus terreus (ATωTA) and the (S)-selective ω-TA from Bacillus megaterium (BMωTA).
In the case of g-C3N4, virtually no alcohol conversion was observed. The trace amounts of rac-5c

originated from small acetophenone impurities within the commercial substrate. We attribute this lack
of catalytic activity to the absorption of the biocatalysts to the g-C3N4 surface, thereby passivating it
for the desired oxidation reaction.

The cascade reaction using SAS, however, produced 2.5 mM (S)- and 1.5 mM (R)-1-phenylethyl
amine in 48 h. Even though enantiomerically pure amines were obtained, the performance of this
system fell back behind our expectations. Therefore, we set out to investigate the limitations of
the one-pot one-step procedure. Further characterization of the reaction conditions revealed some
limitations of the one-pot one-step procedure to be as follows: (i) the catalytic activity decreased
steadily in the presence of light and SAS. This may be attributed to an oxidative inactivation and
degradation of the biocatalysts by photoexcited SAS and the used light (Figure S9); (ii) we found that
the rate of the first step (SAS-mediated oxidation of phenylethanol) was significantly slower in the
case of the one-pot one-step procedure. This may be attributed to SAS’s activity on the stoichiometric
amine donor and the product of the reductive amination step (Figures S11–S13).
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Figure 2. Results of the direct amination of 1-phenylethanol (5a) in a one-pot one-step fashion with SAS
(−) and g-C3N4 (−) photocatalysts, employing BMωTA (Bacillus megaterium ωTA �/�) and ATωTA
(Aspergillus terreus ωTA •/•) enzymes. (A) Conversion of 5a. As a comparison, the conversion of 20 mM
5a in MilliQ water containing 0.75 mM SAS is also shown (
); (B) Production of 1-phenylethyl amine 5c.
Reaction conditions: 1 mL reaction mixture containing sodium phosphate (NaPi) buffer (100 mM, pH 9),
[1-phenylethanol] = 15 mM, [SAS] = 0.75 mM, [isopropylamine, IPA] = 1 M, [Pyridoxal-5-phosphate,
PLP] = 1 mM, [crude cell extract overexpressed with ω-TA enzyme] = 10 mg/mL. Reaction mixtures
were incubated at 30 ◦C, irradiated with white light (λ > 400 nm).

Therefore, we turned our attention to a one-pot two-step procedure, wherein we first performed
the photochemical alcohol oxidation followed by supplementation of the reaction mixture containing
the reaction components needed for the reductive amination in a second step. Compared to the one-pot
one-step case, the rate of the oxidation increased meaningfully, and the amount of product 5c doubled
with excellent enantiomeric excess (>99%) (Figure 3).

Figure 3. Results of the direct amination of 1-phenylethanol (5a) in a one-pot two-step fashion. (A)
Conversion of 5a (�); (B) Production of 5c with BMωTA (�) and ATωTA (•) enzymes; Reaction
conditions: (A) 1 mL MilliQ water containing [5a] = 10 mM, [SAS] = 0.75 mM. Samples were incubated
at 30 ◦C and irradiated under visible light (λ > 400 nm); (B) 0.5 mL pH 9 reaction mixture containing
[NaPI] = 50 mM, [IPA] = 1 M, [PLP] = 1 mM, [crude cell extract overexpressed with ω-TA enzyme] =
10 mg/mL. Samples were incubated on a shaking plate at 30 ◦C at 600 rpm.

To gain more insight into the performance of the ω-transaminases, we varied the enzyme, amine
donor, and cofactor concentrations. An increase in the enzyme concentration resulted in a higher
initial reaction rate. However, approx. 2.9 mM of product was formed for all cases after 28 h using
1 M of IPA at pH 9 (Figure S23). Using the same concentration of IPA but increasing the pH to 10.2
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led to a progressive increase in the yield above 6 mM (Figure S26). These data are in agreement with
previous publications, which indicate that the deprotonated form of IPA in aqueous solution might
act as the actual amine donor [35,47,48]. Testing different concentrations of IPA at pH 9 (0.5, 1, 2 M)
resulted in both higher initial rate and final product concentration (Figure S24), as also the amount
of free IPA amino donor in solution increased accordingly. We concluded that the final obtained
conversion was determined by the actual concentration of free IPA in solution and the thermodynamic
equilibrium constant of the reaction [42], and not by the stability of the biocatalyst. Therefore, the
productivity of our system can be increased in the future by process engineering aimed at the selective
removal of the acetone co-product. Finally, varying the concentration of the cofactor PLP did not
show any noticeable influence on the product formation (Figure S25), which is also in agreement with
previous findings. Conversely, an excessively high concentration of PLP is not only inconvenient
economically but can also inhibit the ω-TA [49]. Based on the above findings, we chose the following
parameters for our next investigation: [with ω-TA enzyme] = 10 mg/mL, [IPA] = 1 M, and [PLP] =
1 mM. The reactions were performed at 30 ◦C, an optimal temperature for both the photooxidation
and reductive amination steps.

To further explore the scope of the one-pot two-step procedure, we investigated a broader scope
of starting materials including aliphatic, aromatic, chiral, and non-chiral substrates (Scheme 1 and
Table 1).

Table 1. Photocatalytic oxidation of various alcohols.

Substrate Conversion a (%) Yield b (%)

1a c 23 74
2a c 26 51
3a c 29 27
4a c 28 27
5a 99 94
6a >99 74
7a 98 59
8a 88 28
9a 98 88
10a >99 100

For analytical details see Supplementary Materials. a Conversion was determined by GC analysis and calculated as
X = (c0 − c)/c0, where X is the conversion, c0 is the in initial substrate concentration, and c is the final substrate
concentration. b Yield was determined by GC analysis and calculated as Y = (cp − cp,0)/(c0 − c), where Y is the yield,
cp,0 is the initial product concentration, cp is the final product concentration c0 is the initial substrate concentration,
and c is the final substrate concentration. c 1 mL reaction mixture was used in a 2 mL glass vial and irradiated for
24 h. Reaction conditions: 2 mL MilliQ water in a 4 mL vial, containing [SAS] = 0.75 mM and [substrate] = 10 mM.
Samples were incubated at 30 ◦C and irradiated under visible light (λ > 400 nm) for 9 h.

Aromatic substrates were oxidized with good (>80%) to excellent (>95%) conversion. However,
by increasing the length of the aliphatic side chain from 1-phenylethanol (5a) to 1-phenylbutanol
(7a), the yield decreased significantly. This is likely the result of oxidative decomposition, which is
enhanced by the inductive effect of the aliphatic side chain [47]. This is also supported by the results
for benzyl alcohol (9a) and 3-chlorobenzyl alcohol (10a). With the presence of an electron withdrawing
group on the aromatic ring, which slightly reduces the activity of the hydroxyl group, the selectivity
increased. It is also worth mentioning that besides oxidation, 1,2,3,4-tetrahydro-naphtol (8a) reacted
with SAS, which was indicated by the absence of the characteristic yellow color of the photocatalyst
after irradiation. In contrast to the aromatic substrates, aliphatic compounds demonstrated moderate
conversion (>30%). Interestingly, C5 compounds (1a, 2a) showed better yield than C6 compounds
(3a, 4a).

Following the photooxidation, the reductive amination step was carried out. The oxidized samples
were diluted as such that the reaction mixture contained approx. 5 mM aromatic (except α-tetralone
(8b) 1 mM) and 0.3–1.5 mM aliphatic substrate. In the reactions, the substrate scopes of five wild-type
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ω-TAs were examined, one (R)-selective from Aspergillus terreus (ATωTA), and four (S)-selective
ones from Bacillus megaterium (BMωTA), Chromobacterium violaceum (CVωTA), Pseudomonas fluorescens
(PFωTA), and Vibrio fluvialis (VFωTA). For all ω-TAs tested, alkaline reaction conditions were found
to be favorable for the reductive amination reaction (Figures S26–S30).

Amongst the prochiral compounds (Table 2), the entire range of substrates was transformed with
excellent stereoselectivity (>99% ee). Acetophenone (5b) was accepted by all enzymes. In the case
of aromatic compounds (5b–7b), the conversion decreased progressively with the increasing length
of the alkyl chain attached to the aromatic ring. However, VFωTA was an exception, as it similarly
mediated the reductive amination of both propiophenone (6b) and butyrophenone (7b) with 35%
conversion. Reductive amination of 8b was also feasible using BMωTA with excellent stereospecificity,
which has been challenging for other systems [47,50]. Amongst the aliphatic substrates, 2-pentanone
(2b) and 2-hexanal (4b) were converted to detectable levels of product only by ATωTA and VFωTA,
respectively. However, the modest performances of other enzymes are likely to be the result of the
mediocre initial concentration of the substrate, as both compounds have been reported to be efficiently
converted to the corresponding chiral amine [47].

Table 2. Reductive amination of ketones.

2b 3b 5b 6b 7b 8b

ATωTA
camine (mM) a 0.66 (R) n.d. 2.8 (R) n.d. n.d. n.d.

Conversion (%) b 36 n.d. 72 n.d. n.d. n.d.
ee (%) c >99 n.d. >99 n.d. n.d. n.d.

BMωTA
camine (mM) n.d. n.d. 4.93 (S) 10.75 (S) n.c 0.42 (S)

Conversion (%) n.d. n.d. 95 89 n.d. 20
ee (%) n.d. n.d. >99 >99% n.d. >99%

CVωTA
camine (mM) n.d. n.d. 1.29 (S) n.d. n.d. n.d.

Conversion (%) n.d. n.d. 34 n.d. n.d. n.d.
ee (%) n.d. n.d. >99 n.d. n.d. n.d.

PFωTA
camine (mM) n.d. n.d. 1.95 (S) 2.40 n.d. n.d.

Conversion (%) n.d. n.d. 43 35 n.d. n.d.
ee (%) n.d. n.d. >99 >99 n.d. n.d.

VFωTA
camine (mM) n.d. 2.25 (S) 3.73 (S) 2.44 1.20 (S) n.d.

Conversion (%) n.d. 100 72 35 35 n.d.
ee (%) n.d. >99 >99 >99 % >99 n.d.

For analytical details, see Supplementary Materials. a Amine concentration was determined by GC analysis b

Conversion was determined by GC analysis and calculated as indicated in Table 1. c Enantiomeric excess was
determined by GC analysis on a chiral stationary phase (see Supplementary Materials). d n.d.: Not determined due
to low concentration. Reaction conditions: 0.5 mL reaction mixture in a 2 mL glass vial containing [NaPi] 50 mM,
[crude cell extract overexpressed with ω-TA enzyme] = 10 mg/mL, [IPA] = 1 M, [PLP] = 1 mM, and [aromatic
ketone] ≈ 5 mM or [aliphatic ketone] ≈ 0.5 mM.

In the case of aldehydes, excellent conversions were achieved (Table 3). Besides VFωTA, all the
enzymes completely converted hexanal (3b) to hexylamine (3c). However, it is also important to
mention that similar to the other aliphatic compounds, the initial substrate concentration was low. Both
benzaldehyde (9b) and 3-chlorobenzaldehyde (10b) were fully converted to the corresponding amine.

Table 3. Reductive amination of aldehydes.

4b 9b 10b

ATωTA
camine (mM) a 2.21 6.03 8.20

Conversion (%) b 100 100 95

BMωTA
camine (mM) 2.21 6.86 11.97

Conversion (%) 100 100 98
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Table 3. Cont.

4b 9b 10b

CVωTA
camine (mM) 2.21 7.00 12.82

Conversion (%) 100 100 91

PFωTA
camine (mM) 2.21 6.84 11.79

Conversion (%) 100 100.00 91

VFωTA
camine (mM) n.d. c 7.19 11.83

Conversion (%) n.d. 100.00 98

For analytical details, see Supplementary Materials. a Amine concentration was determined by GC analysis b

Conversion was determined by GC analysis and calculated as indicated in Table 1. c n.d.: Not determined due to
low concentration. Reaction conditions: 0.5 mL reaction mixture in a 2 mL glass vial containing [NaPi] = 50 mM,
[crude cell extract overexpressed with ω-TA enzyme] = 10 mg/mL, [IPA] = 1 M, [PLP] = 1 mM, and [aromatic
ketone] ≈ 5 mM or [aliphatic ketone] ≈ 0.5 mM.

3. Materials and Methods

All chemicals were purchased Sigma-Aldrich (Zwijndrecht, The Netherlands), Fluka (Buchs,
Switzerland), Acros (Geel, Belgium) or Alfa-Aesar (Karlsruhe, Germany) with the highest purity
available and used without further treatment. The ω-transaminases were prepared via recombinant
expression in Escherichia coli as described in detail in the Supplementary Materials.

3.1. Reaction Conditions for the One-Pot One-Step Cascade

In a 2 mL glass vial, 1 mL pH 9 reaction mixture was prepared, containing 100 mM sodium
phosphate (NaPi), approx. 11 mM 1-phenylethanol (or one of the other alcohols investigated
here), 1 mM pyridoxal-5-phosphate (PLP), 0.75 mM sodium anthraquinone-2-sulfonate (SAS), 1 M
isopropylamine (IPA), and 10 mg lyophilized crude cell extract overexpressed with (R)- or (S)-selective
ω-transaminase (ω-TA). Samples were irradiated under visible light (Osram Halolux CERAM 205W
light bulb; λ > 400 nm) at 30 ◦C. The reaction mixture was stirred gently with a magnetic stirrer.
At intervals, aliquots were taken, extracted with ethyl acetate, derivatized, and analyzed by gas
chromatography (see Supplementary Materials).

3.2. Reaction Conditions for the One-Pot Two-Step Cascade

If not stated otherwise, in a 4 mL vial, 2 mL MilliQ water containing approx. 10 mM substrate and
0.75 mM SAS were irradiated with visible light (Osram Halolux CERAM 205W light bulb; λ > 400 nm)
at 30 ◦C. The reaction mixture was gently stirred with a magnetic stirrer. At intervals, aliquots were
taken, extracted with ethyl acetate, and analyzed by gas chromatography without derivatization (see
Supplementary Materials). After the irradiation, 250 μL reaction mixture was diluted to 500 μL by
using NaPi (100 mM) as such that the final samples contained NaPI (50 mM), IPA (1M), PLP (1 mM),
and 10 mg/mL lyophilized whole cells overexpressed with (R)- or (S)-selective ω-TA. The pH of the
system was adjusted to pH 9. Samples were incubated on a shaking plate at 30 ◦C with 600 rpm shaking
speed. At intervals, aliquots were taken, extracted with ethyl acetate, derivatized, and analyzed by gas
chromatography (see Supplementary Materials).

3.3. Derivatization of GC Samples

Samples (75 μL) were extracted with ethyl acetate (150 μL) dried (MgSO4, 5 mg) and reacted with
acetic anhydride (10 μL) in the presence of 4-(N,N-dimethylamino)pyridine (5 mg) at 45 ◦C for 45 min.
The reaction was quenched with water (75 μL) and the samples were dried (MgSO4, 5 mg) again.

4. Conclusions

In summary, a reaction sequence of consecutive photooxidation and reductive amination of
various alcohols in one pot is reported. The tandem reaction with sodium anthraquinone-2-sulfonate
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(SAS) as a photocatalyst was also feasible in a one-pot one-step approach; however, the yield was
significantly inferior to the one-pot two-step case. The system was tested on a plethora of aromatic
and aliphatic substrates. Even though all of the compounds were converted, the photooxidation of
aromatic substrates proceeded much faster and with a higher yield. In the second step of the cascade
reaction, recombinant transaminases originating from Aspergillus terreus (ATωTA), Bacillus megaterium
(BMωTA), Chromobacterium violaceum (CVωTA), Pseudomonas fluorescens (PFωTA), and Vibrio fluvialis
(VFωTA) were used for the reductive amination. All of the non-chiral substrates were converted with
high conversion and the prochiral substrates with excellent enantiomeric excess.

One issue en route to the preparative application is the inactivation of the biocatalysts by the
photoexcited photocatalysts. This may be overcome by special separation of the photocatalytic
oxidation step from the reductive amination step. For this, for example, immobilized catalysts in a
flow chemistry setup may be a doable approach.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/4/305/s1.
Figure S1: SDS-Page for the expression of the ωTAs; Figure S2: FT-IR spectrum of SAS; Figure S3: FT-IR
spectrum of g-C3N4; Figure S4: XRD spectrum of g-C3N4; Figure S5: FT-IR spectrum of g-C3N4; Figure S6:
XRD spectrum of g-C3N4-VO; Figure S7: Effect of evaporation on the acetophenone concentration during the
photo-oxidation of 1-phenylethanol; Figure S8: Control reaction of the photooxidation; Figure S9: Effect of the
circumstances of the photooxidation on the efficiency of the reductive amination; Figure S10: Control reaction
of the reductive amination; Figure S11: 1H NMR spectrum of 1-phenylethyl amine; Figure S12: 1H NMR
spectrum of oxidation of 1-phenylethylamine; Figure S13: 1H NMR spectrum of oxidation of isopropylamine;
Figure S14: Effect of light intensity on the photocatalytic activity of SAS; Figure S15: Effect of light composition
on the photocatalytic activity of SAS; Figure S16: Effect of the reaction atmosphere on the photocatalytic activity
of SAS; Figure S17: Effect of the amount of photocatalyst on the photocatalytic activity of SAS; Figure S18:
Effect of pH on the photocatalytic activity of SAS; Figure S19: Effect of light composition on the photocatalytic
activity of g-C3N4; Figure S20: Effect of the reaction atmosphere on the photocatalytic activity of g-C3N4;
Figure S21: Effect of the photocatalyst amount on the photocatalytic activity of g-C3N4; Figure S22: Effect of
the pH on the photocatalytic activity of g-C3N4; Figure S23: Effect of the enzyme concentration on the yield of
the reductive amination; Figure S24: Effect of the amine donor concentration on the conversion of the reductive
amination; Figure S25: Effect of the cofactor concentration on the yield of the reductive amination; Figure S26:
pH dependency of ATω-TA; Figure S27: pH dependency of BMωTA; Figure S28: pH dependency of VFωTA;
Figure S29: pH dependency of PFωTA; Figure S30: pH dependency of CVωTA; Figure S31: Representative GC
chromatogram of SAS catalyzed photooxidation of 1-pentanol; Figure S32: Representative GC chromatogram
of SAS catalyzed photooxidation of 2-pentanol; Figure S33: Representative GC chromatogram of SAS catalyzed
photooxidation of 1-hexanol; Figure S34: Representative GC chromatogram of SAS catalyzed photooxidation of
2-hexanol; Figure S35: Representative GC chromatogram of SAS catalyzed photooxidation of 1-phenylethanol;
Figure S36: Representative GC chromatogram of SAS catalyzed photooxidation of 1-phenylpropanol; Figure S37:
Representative GC chromatogram of SAS catalyzed photooxidation of 1-phenylbutanol; Figure S38: Representative
GC chromatogram of SAS catalyzed photooxidation of 1,2,3,4-tetrahydro-1-naphtol; Figure S39: Representative GC
chromatogram of SAS catalyzed photooxidation of benzyl alcohol; Figure S40: Representative GC chromatogram
of SAS catalyzed photooxidation of 3-chlorobenzyl alcohol; Figure S41: Representative GC chromatogram
of derivatized n-pentylamine; Figure S42: Representative GC chromatogram of derivatized 2-aminopentane;
Figure S43: Representative GC chromatogram of derivatized 1-hexanol, hexanal and 1-hexylamine mixture;
Figure S44: Representative GC chromatogram of derivatized 2-aminohexane; Figure S45: Representative
GC chromatogram of derivatized 1-phenylethanol, acetophenone and 1-phenylethyl amine; Figure S46:
Representative GC chromatogram of derivatized 1-phenylpropanol, propiophenone (R) and (S) 1-phenylpropyl
amine; Figure S47: Representative GC chromatogram of derivatized 1,2,3,4-tetrahydro-1-naphthol, α-tetralone, (R)
and (S) 1,2,3,4-tetrahydro-1-naphthylamine; Figure S48: Representative GC chromatogram of derivatized benzyl
alcohol, benzaldehyde, benzyl amine; Figure S49: Representative GC chromatogram of derivatized 3-chlorobenzyl
alcohol, 3-chlorobenzaldehyde, 3-chlorobenzyl amine, Table S1: Used GC systems; Table S2: Details of GC analysis
of the alcohol oxidation; Table S3: Details of GC analysis of the reductive amination.
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