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Research Article

Biocatalysis and Biotransformation

Studies on the enzymatic amination of the biomass derivatives cyrene 
and levoglucosenone

William Mincigruccia* , Ilaria Magrini Alunnoa,b* , Sara Pedronia,c , Ivan Bassaninia ,  
Erica Elisa Ferrandia , Giovanni Fronzaa, Stefano Gandolfia , Daniela Montia  and  
Sergio Rivaa 
aIstituto di Scienze e Tecnologie Chimiche “Giulio Natta” - SCITEC, CNR, Milano, Italy; bScuola Universitaria Superiore IUSS Pavia, Pavia, 
Italy; cDipartimento di Scienze della Vita, Università di Modena e Reggio Emilia, Modena, Italy

ABSTRACT
Cyrene (dihydrolevoglucosenone, (1R,5S)-7,8-Dioxabicyclo[3.2.1]octan-2-one, 1) and Levoglucose
none (2) represent renewable platform chemicals obtained from cellulose pyrolysis and have 
been attracting great interest as sustainable building blocks in organic synthesis. In the frame of 
an Italian project (acronym: SUST-CARB), the development of original methodologies for converting 
these two bio-based building blocks into complex high added-value fine chemicals have been 
investigated. Here we report on the catalytic behaviour of three imine reductases (IREDs) and of 
one reductive aminase (AspRedAm) when cyrene and levoglucosenone were used as substrates 
in the presence of allylamine or propargylamine. Compared to the chemical reductive amination, 
the three IREDs displayed the same selectivity in favour of the (S)-2-amino epimer. On the 
contrary, AspRedAm was not selective, thus allowing to isolate the unfavoured (R)-epimer. 
AspRedAm and the ancillary enzyme glucose dehydrogenase were also co-immobilized on 
activated agarose and the performances of this heterogeneous biocatalyst have been investigated.

Introduction

Cyrene (dihydrolevoglucosenone, (1R,5S)-7,8-Dioxabicyclo 
[3.2.1]octan-2-one, 1) and Levoglucosenone ((1S,5R)-6,8- 
Dioxabicyclo[3.2.1]oct-2-en-4-one, 2) represent renew-
able platform chemicals obtained from cellulose pyroly-
sis and have been attracting great interest as sustainable 
building blocks in organic synthesis (Sun et  al. 2025). 
Cyrene is a colourless, viscous, biodegradable liquid with 
high boiling point and full miscibility with water, proper-
ties that make it an attractive green solvent as well as a 
synthetic intermediate (Citarella et  al. 2022; Stini et  al. 
2022; Khalilova and Faizullina 2025). Levoglucosenone, 
on the other hand, features a rigid bicyclic structure 
locked by a 1,6-anhydro bridge, providing high function-
alization and intrinsic chirality that can be exploited for 
the preparation of diverse compounds, including poly-
mers, natural products, nucleosides, and pharmaceuticals 
(Camp and Greatrex 2022; Stanfield et  al. 2023).

In the frame of a financed Italian PRIN project (acro-
nym: SUST-CARB), the development of original meth-
odologies for converting these two bio-based building 
blocks into complex high added-value fine chemicals 
have been investigated, specifically focusing on syn-
thetic protocols optimized in terms of efficiency (step- 
and atom-economy, selectivity, operational simplicity) 
and sustainability (minimization of waste, use of 
eco-friendly solvents, reagents and conditions).

Exploiting our long-lasting experience in biocataly-
sis, we have focused our efforts on the biocatalyzed 
preparation of diastereomerically pure amine deriva-
tives of 1 and 2. In fact, chiral amines are important 
structural motifs in a wide range of biologically active 
molecules, including pharmaceuticals, agrochemicals, 
and natural products (Yin et  al. 2020). Their enantiopu-
rity is often a critical requirement, since the biological 
activity, toxicity, and pharmacokinetic profile of a mol-
ecule are strongly dependent on stereochemistry, and 
different groups of enzymes have been investigated to 

© 2026 The Author(s). Published by Informa UK Limited, trading as Taylor & Francis Group

CONTACT Sergio Riva  sergio.riva@scitec.cnr.it  Istituto di Scienze e Tecnologie Chimiche “Giulio Natta” - SCITEC, CNR, Via Mario Bianco 9, Milano 
20131, Italy.
*These authors contributed equally to this work.

 Supplemental data for this article can be accessed online at https://doi.org/10.1080/10242422.2026.2649503.

https://doi.org/10.1080/10242422.2026.2649503

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/4.0/), which permits unrestricted 
use, distribution, and reproduction in any medium, provided the original work is properly cited. The terms on which this article has been published allow the posting of the 
Accepted Manuscript in a repository by the author(s) or with their consent.

ARTICLE HISTORY
Received 17 December 
2025
Revised 6 March 2026
Accepted 18 March 2026

KEYWORDS
Cyrene; levoglucosenone; 
imine reductases; 
reductive aminases; 
allylamine; 
propargylamine

http://orcid.org/0009-0003-3313-1832
http://orcid.org/0009-0008-5021-2411
http://orcid.org/0009-0003-6783-6232
http://orcid.org/0000-0001-9589-3689
http://orcid.org/0000-0002-3390-9638
http://orcid.org/0000-0002-0487-7964
http://orcid.org/0000-0002-3399-7973
http://orcid.org/0000-0002-4753-3571
mailto:sergio.riva@scitec.cnr.it
https://doi.org/10.1080/10242422.2026.2649503
https://doi.org/10.1080/10242422.2026.2649503
http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1080/10242422.2026.2649503&domain=pdf&date_stamp=2026-4-13
http://www.tandfonline.com
htp://www.tandfonline.com


2 W. MINCIGRUCCI ET AL.

support this synthetic effort (Vikhrankar et  al. 2024; 
Yuan et  al. 2024).

A significant example on this respect has been 
recently published by an industrial research group. 
They reported on the performances of an immobilized 
engineered aminotransaminase (ATA) for the selective 
amination, on a multigram scale, of cyrene to give a 
key intermediate of the drug Nemtabrutinib (Prier 
et  al. 2023).

In addition to transaminases (Slabu et  al. 2017; 
Ferrandi and Monti 2018; Madsen and Woodley 2023; 
Mathew et  al. 2023; Mundhe et  al. 2026), imine reduc-
tases (IREDs) have attracted considerable attention 
among the enzymatic classes most extensively studied 
for the synthesis of chiral amines (Aleku 2024). These 
enzymes catalyse the stereoselective reduction of 
imines to amines using NADPH as a cofactor (Sangster 
et  al. 2022; Wu et  al. 2022; Wang et  al. 2024). A partic-
ularly significant breakthrough in this field was the dis-
covery and characterization of the so-called AspRedAm, 
an enzyme initially classified as an imine reductase but 
later redefined as a reductive aminase (RedAm) due to 
its ability to catalyse both the formation and the 
reduction of imines with high conversion rates (Aleku 
et  al. 2017).

Here we report on the catalytic behaviour of three 
IREDs and AspRedAm when cyrene and levoglucose-
none were used as substrates.

Materials and methods

Techniques and equipment

The reactions were carried out using standard equip-
ment of an organic synthesis laboratory, including 
standard Pyrex glassware, heating magnetic stirrers, 
and a rotary evaporator. All reagents, unless otherwise 
specified, were commercially available and used with-
out further purification.

Thin-layer chromatography (TLC) was performed on 
pre-coated silica gel plates (0.2 mm, Merck 60 F254). 
Spots were visualized under UV light (λmax = 254 nm) 
and by staining with a 4% sulphuric acid solution con-
taining molybdophosphoric acid and cerium (IV) sul-
phate as an oxidative reagent. Flash column 
chromatography was carried out on a Puriflash XS 520 
Plus system (300 mL min−1, 20 bar), using silica gel (40–
63 μm, Geduran).

1H and 13C NMR spectra were recorded in deuter-
ated solvents on a VARIAN MR400 spectrometer oper-
ating at 400 MHz. Chemical shifts (δ) are reported in 
ppm relative to the residual 1H signal of the solvent.

Gas chromatography–mass spectrometry (GC–MS) 
analyses were performed on an Agilent 5975 Series 
MSD equipped with an HP-5MS column (30 m × 0.25 mm 
× 0.25 μm). Temperature program: 60 °C (1 min), ramped 
at 2.5 °C/min to 130 °C (1 min), then at 10 °C/min to 
300 °C (1 min). Gas chromatography–flame ionization 
detection (GC–FID) analyses were performed on an 
Agilent 6850 GC equipped with an HP-5MS column 
(30 m × 0.25 mm × 0.25 μm). Temperature program: 
60 °C (2 min), ramped at 10 °C/min to 160 °C (1 min), 
then at 10 °C/min to 280 °C (2 min).

Electrospray ionization mass spectrometry (ESI–MS) 
analyses were conducted on a micro mass Quattro 
micro API® instrument.

Recombinant expression and purification of IREDs 
and AspRedAm

The plasmids AspRedAm/pET-28a(+), IRED23/
pET-28a(+), IRED63/pET-28a(+) and IRED85/pET-28a(+) 
containing the genes coding for AspRedAm (from 
Aspergillus oryzae), IRED23 (from Cystobacter ferru-
gineus), IRED63 (from Penicillium camemberti) and 
IRED85 (from Streptomyces rimosus) (Montgomery 
2019), respectively, were kindly donated by Prof. N. J. 
Turner (University of Manchester).

Following transformation, recombinant E. coli 
BL21(DE3) cells harbouring the respective 
biocatalyst-encoding plasmids were plated on LB-agar 
dishes supplemented with kanamycin (30 mg L−1) and 
then incubated overnight at 37 °C. On the following 
day, selected colonies were aseptically collected using 
an inoculating loop and inoculated in 100 mL of LB 
containing kanamycin (30 mg L−1). The cultures were 
grown overnight at 37 °C while being shaken at 
220 rpm using an INNOVA 42 thermoshaker. 
Subsequently, the precultures were utilized to inocu-
late 1 L of LB media, supplemented with kanamycin 
(30 mg L−1). The cultures were incubated at 37 °C (30 °C 
for AspRedAm) and 220 rpm, and, at scheduled times, 
OD600 values were measured spectrophotometrically 
using LB medium as a reference. When the OD600 value 
was in the range 0.4–0.6, IPTG (final concentration 
0.5 mM) was added to induce enzyme expression and 
the cell cultures were maintained at 20 °C overnight. At 
the end of the expression, cells were recovered by 
centrifugation at 5000 rpm and 4 °C for 30 min. 
Afterwards, the pellet was resuspended in 20 mL of 
washing buffer (20 mM Tris-HCl, pH 7.4, 500 mM NaCl, 
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20 mM imidazole). Cells were lysed by sonication at 
0 °C (30 sec-on/15 sec-off × 6) and the cell lysate was 
centrifuged at 10,000 rpm and 4 °C for 30 min. Cells 
extract was then purified by Ni-NTA affinity chroma-
tography using an ÄKTA purifier, using buffer contain-
ing 20 mM Tris-HCl, pH 7.4, 500 mM NaCl and 
20–300 mM imidazole. The protein concentration of 
the elutes was determined by Bradford assay using a 
bovine serum albumin (BSA) calibration curve. 
Subsequently the fractions containing the target pro-
tein were collected and transferred in dialysis tubes. 
Dialysis was performed for 16 h at 4 °C in 50 mM 
Tris-HCl, pH 8 (pH 9 for AspRedAm). Finally, samples 
were stored at −80 °C.

Recombinant expression and purification of 
glucose dehydrogenase from Bacillus megaterium

Production of the glucose dehydrogenase from Bacillus 
megaterium (BmGDH) was achieved in E. coli BL21(DE3) 
cells which had been transformed with the recombi-
nant BmGDH/pKTS plasmid (Crotti et  al. 2019).

Cells from glycerol stock were plated on LB-agar 
dishes supplemented with ampicillin (100 mg L−1) and 
then incubated overnight at 37 °C. On the following 
day, selected colonies were aseptically collected using 
an inoculating loop and inoculated in 100 mL of LB 
media containing ampicillin (100 mg L−1). The cultures 
were grown overnight at 37 °C while being shaken at 
220 rpm using an INNOVA 42 thermoshaker. 
Subsequently, the precultures were utilized to inocu-
late 1 L of LB media, supplemented with ampicillin 
(100 mg L−1). The cultures were incubated at 37° and 
220 rpm and, at scheduled times, OD600 values were 
measured spectrophotometrically using LB medium as 
a reference. When the OD600 value was in the range 
0.4–0.6, IPTG (final concentration 0.1 mM) and 
α-tetracycline (50 ng L−1) were added to induce enzyme 
expression and cell cultures were maintained at 37 °C 
for 4 h. At the end of the expression, cells were recov-
ered by centrifugation at 5000 rpm and 4 °C for 30 min. 
Afterwards, the pellet was resuspended in 20 mL of 
washing buffer (20 mM potassium phosphate (PB) buf-
fer, pH 7.0, 500 mM NaCl, 20 mM imidazole). Cells were 
lysed by sonication at 0 °C (30 sec-on/15 sec-off × 6) 
and the cell lysate was centrifuged at 10,000 rpm and 
4 °C for 30 min. Cells extract was then purified by 
Ni-NTA affinity chromatography using an ÄKTA purifier, 
using buffer containing 20 mM potassium phosphate 
buffer pH 7.4, 500 mM NaCl and 20–300 mM imidazole. 
The protein concentration of the elutes was deter-
mined by Bradford assay. Subsequently the fractions 

containing the target protein were collected and trans-
ferred in dialysis tubes. Dialysis was performed for 16 h 
at 4 °C in 20 mM potassium phosphate buffer pH 7. 
Finally, 10% v/v of glycerol was added to the samples 
before being stored at −80 °C.

Activity assay

AspRedAm activity was evaluated by a spectrophoto-
metric assay based on the reductive amination reac-
tion between cyclohexanone and cyclopropylamine. 
The change in absorbance due to oxidation of NADPH 
(ε = 6200 mM−1 cm−1) was detected at 340 nm.

The assay solution contained 15 mM cyclohexanone, 
60 mM cyclopropylamine, and 0.2 mM NADPH in 
100 mM TRIS-HCl buffer, pH 9.0. The assay was per-
formed by adding 10 μL of the enzyme solution to 
990 μL of the assay solution in a plastic cuvette (1 mL). 
Then the cuvette was manually shaken, and the absor-
bance at 340 nm was detected for 60 s in a kinetic mode.

The variation of absorbance over time (ΔA/min) 
could be correlated to the enzyme activity (UI/mL) by 
the equation:

	 Enzymaticactivity
UI

mL

A

min
Vs Df

Ve
=

∆
∗ ∗

∗ε
	

Where:
ΔA/min = variation of the absorbance over the time
Vs = total assay volume
Df = dilution factor of the enzyme solution
ε = molar absorptivity of NADP+ (6.200 mM−1 cm−1)
Ve = enzyme solution volume (mL)
BmGDH activity was also evaluated by a spectro-

photometric assay, based on the oxidation reaction of 
glucose to δ-gluconolactone. The change in absor-
bance due to the production of NADPH was detected 
at 340 nm. The assay solution contained 50 mM glu-
cose and 0.1 NADP+ in 100 mM TRIS-HCl buffer, pH 8.0. 
The assay was performed by adding 10 μL of the 
enzyme solution to 990 μL of the assay solution in a 
plastic cuvette (1 mL). Then the cuvette was manually 
shaken, and the absorbance at 340 nm was detected 
for 60 s in a kinetic mode.

Enzyme immobilization

Activation of agarose to glyoxyl-agarose
Agarose is routinely stored at 4 °C in a 20% v/v ethanol 
solution. For the activation, it was filtered under vac-
uum on a Pasteur filter and dried for five minutes 
before being weighted. Agarose (10 g) was placed in a 
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beaker and 2.8 mL of distilled water were added fol-
lowed by 4.8 mL of a NaBH4/NaOH solution obtained 
by dissolving 132 mg of NaBH

4
 in 10 mL of 1.7 M NaOH. 

Then, the mixture containing the suspension of aga-
rose was kept under vigorous mechanical stirring in an 
ice bath before adding dropwise 3.4 mL of glycidol to 
the final 2 M concentration. After 2 min stirring, the 
beaker was removed from the ice bath and the mix-
ture was kept under mechanical stirring for 18 h. 
Subsequently, glyoxyl-agarose was filtered under vac-
uum and washed thoroughly with distilled water. For 
the final oxidation step, 68 mL of 100 mM NaIO4 in 
water were added to the suspension and it was kept 
under vigorous mechanical stirring for further 2 h. 
Finally, glyoxyl-agarose was filtered under vacuum, 
accurately rinsed with distilled water and recovered in 
a plastic flask where it was stored at 4 °C until use.

Co-immobilization of AspRedAm and BmGDH on 
glyoxyl-agarose
AspRedAm and BmGDH were co-immobilized on 
glyoxyl-agarose as describe below: a set volume (10 mL 
g−1 of glyoxyl-agarose) of 50 mM NaHCO3 buffer, pH 
10, was placed in a falcon tube with the enzyme solu-
tion. The solution was mixed by mechanical stirring 
and, before adding the required amount of carrier 
(0.5–1.0 g), 200 μL of the solution was withdrawn and 
used as a “time zero” sample for monitoring the immo-
bilization reaction. The volumes were defined to 
achieve a protein loading of 10 mg g−1 or 2 mg g−1 for 
AspRedAm or BmGDH respectively, and a final immo-
bilization volume of 10 mL for each gram of 
glyoxyl-agarose. The necessary volume of the carrier 
was calculated taking into account its density (0.7 g 
mL−1). The immobilization mixture was kept under 
mechanical stirring in an ice bath for 3 h. For the 
reduction step, NaBH4 was used as reducing agent 
(1 mg for 100 mg of glyoxyl-agarose) and the mixture 
was kept under stirring for 30 min in an ice bath. At 
the end of the reduction, the suspension was filtered 
under vacuum through a Buchner filter, washed with 
20 mL of distilled water to remove any remaining 
traces of reducing agent and conditioned with 10 mL 
of 100 mM TRIS-HCl buffer, pH 9.0 Finally, the immobi-
lized enzyme was dried for 5 min on the filter before 
being recovered and stored at 4 °C.

To monitor the immobilization reaction, samples of 
the supernatant were withdrawn (200 μL) at scheduled 
times (0, 1.5 and 3 h) and used to determine the pro-
tein concentration and residual activity by Bradford 
assay and activity assay, respectively. All the analysis 
were performed at least in duplicate.

Synthetic procedures

Chemical synthesis of cyrene derivatives
General procedure. To a solution of cyrene (1, 2.0 mmol) 
in anhydrous MeOH (5 mL), under a nitrogen 
atmosphere, the amine nucleophile (2.2–4.0 mmol) was 
added. The reaction mixture was stirred at 20 °C 
overnight. The solution was then cooled to 0 °C, and 
NaBH4 (0.15 g, 4.0 mmol) was added over 10 min. The 
resulting mixture was stirred for an additional 2 h and 
subsequently concentrated under reduced pressure. 
The crude solid was suspended in EtOAc (10 mL), 
filtered, and washed with EtOAc (2 × 5 mL). The 
combined organic phase was extracted with 1 M HCl 
(3 × 10 mL). The aqueous layer was basified to pH 12 
with 5 M NaOH and backextracted with EtOAc 
(3 × 10 mL). The combined organic extracts were dried 
over Na2SO4 and the solvent was removed under 
reduced pressure to afford the corresponding 
secondary amine.

The crude residues were analysed by NMR.

NMR data of the main product obtained with allyl 
amine, compound 5a.  1H-NMR (400 MHz, CDCl3) 
δ = 5.414 (1H, s, H-1), 2.663 (1H, ddd J = 10.6, 5.5, 1.5 Hz, 
H-2), 1.388 (1H, tdd, J = 12.8, 10.7, 6.4 Hz, H-3ax), 1.942 
(1H, dtq, J = 12.9, 5.5, 1.4 Hz, H-3eq), 1.567 (1H, ddb, 
J = 13.8, 5.5 Hz, H-4eq), 1.813 (1H, t br, J = 13.3 Hz, 
H-4ax), 4.420 (1H, m, H-5), 3.831 (1H, dd, J = 7.1, 0.8 Hz, 
H-6endo), 3.773 (1H, ddd, J = 6.8, 4.9, 1.4 Hz, H-6exo), 
3.236 (2H, dt, J = 6.0, 1.5 Hz, H-7), 5.808 (1H, m, H-8), 
5.101 (1H, dq, J = 17.1, 1.6 Hz, H-9) 5.016 (1H, dq, 
J = 10.2, 1.6 Hz, H-9) ppm.

13C-NMR (126 MHz, CDCl3) δ = 102.1, C-1; 56.4, C-2; 
24.3, C-3; 28.2, C-4; 73.2, C-5; 68.2, C-6; 49.2, C-7; 136.9, 
C-8; 115.9, C-9 ppm.

NMR data of the main product obtained with allyl 
amine, compound 6a.  1H-NMR (400 MHz, CDCl3) 
δ = 5.462 (s, 1H, H-1), 4.507 (d, J = 3.6 Hz, 1H, H-5), 
3.871–3.824 (m, 1H, H-6), 3.829–3.750 (m, 1H, H-6), 
3.494–3.466 (m, 2H, H-7), 2.857 (ddt, J = 6.7, 5.5, 2.9 Hz, 
1H, H-2), 2.222 (t, J = 2.5 Hz, 1H, H-9), 2.035–1.836 H-4 
(m, 2H, H-3, H-4), 1.631–1.533 H-4 (m, 1H), 1.476–
1.342 H-3 (m, 1H) ppm.

13C-NMR (101 MHz, CDCl3) δ = 101.93, C-1; 82.25, C-8; 
73.07, C-5; 71.38, C-9; 68.20, C-6; 56.41, C-2; 35.46, C-7; 
30.88, C-4; 23.94, C-3 ppm.

Enzymatic synthesis of cyrene derivatives

Reaction with allyl amine (3)
Analytical scale reactions.  Cyrene, 50 mM; allylamine, 
150 mM; glucose, 150 mM; NADP+, 10 mM; AspRedAm/
IRED, 25 U mL−1 (1 mg mL−1); BmGDH, 2 U mL−1 (0.3 mg 
mL−1). Reactions were performed in 100 mM TRIS-HCl 
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buffer, pH 8 (IREDs) or pH 9 (AspRedAm) in a total 
volume of 1 mL.

Preparative scale reaction.  Cyrene (205 μL, 2 mmol, 1 
eq.), allylamine (450 μL, 6 mmol, 3 eq.), glucose (450 mg, 
2.50 mmol, 1.25 eq.), NADP+ (500 μL from a 200 mM 
stock solution) were dissolved in 10 mL of 100 mM 
TRIS-HCl buffer, pH 8.0, in a 20 mL vial. Then, 4 IU mL−1 
of BmGDH (400 μL of 100 IU mL−1 stock solution) and 
1 mg mL−1 of AspRedAm (4.48 mL of 4.46 mg mL−1 
(111.5 IU mL−1) stock solution) were added to the 
reaction mixture. The pH was adjusted to 9.0 and the 
reaction carried out at 30 °C, for 48 h. The reaction was 
monitored by TLC (eluent: 10 mL 1:1 petroleum ether: 
EtOAc added with 50 μL TEA). At the endpoint, 5 M 
NaOH and NaCl were added to the reaction before to 
be extracted with EtOAc. The organic extracts were 
collected, dried over anhydrous Na2SO4 and the solvent 
removed under reduced pressure, obtaining 296 mg of 
a crude mixture of 5a and 5b.

1H-NMR (400 MHz, CDCl3) δ = 5.982–5.834 (m, 1H), 
5.448 (s, 1H), 5.425 (s, 1H), 5.25–5.161 (m, 1H), 5.113 
(ddd, J = 10.2, 3.5, 1.5 Hz, 1H), 4.508 (d, J = 12.0 Hz, 1H), 
3.949 (d, J = 7.0 Hz, 1H), 3.853 (d, J = 7.0 Hz, 1H), 3.836–
3.779 (m, 1H), 3.400–3.241 (m, 2H), 2.733–2.686 (m, 
1H), 2.674 (dd, J = 5.3, 2.8 Hz, 1H), 2.032–1.848 (m, 2H), 
1.726–1.542 (m, 1H), 1.485–1.357 (m, 1H) ppm.

13C-NMR (126 MHz, CDCl3) δ = 136.52, 116.27, 102.36, 
101.90, 73.30, 73.10, 68.17, 67.01, 56.24, 54.49, 49.74, 
48.97, 28.09, 25.12, 24.07, 19.60 ppm.

Derivatization with Boc-anhydride

196 mg (1.16 mmoles, 1 eq) of the crude mixture of 5a 
and 5b were dissolved in 5 mL of EtOAc. Then Boc2O 
(632 mg, 2.9 mmoles, 2.5 eq), triethylamine (TEA, 
323 μL, 2.32 mmoles, 2 eq.) and dimethylaminopyri-
dine (DMAP, 14 mg, 0.116 mmoles, 0.1 eq) were added 
and the flask containing the reaction mixture was left 
at r.t. for 4 h, monitored by TLC (eluent: petroleum 
ether: EtOAc 1:1, added with 50 μL of TEA). When the 
reaction was completed, the solution was washed with 
4 mL of distilled water, dried over anhydrous Na2SO4 
and the solvent removed under reduced pressure. The 
crude residue was purified by flash chromatography 
(eluent: petroleum ether: EtOAc, gradient from 97:3 to 
8:2) achieving the separation of the two diastereomers: 
50 mg of less polar epimer (7a) and 70 mg of the more 
polar epimer (7b).

Characterization of 7a
1H-NMR (400 MHz, CDCl3) δ 5.801–5.663 (m, 1H, H-8), 
5.267 (s, 1H, H-1), 5.090–4.954 (m, 2H, H-9), 4.427 (s, 
1H, H-5), 3.942–3.788 (m, 3H, H-2, H-7), 3.763 − 3.699 

(m, 1H, H-6), 2.024 (s, 1H, H-6), 1.966–1.848 (m, 1H, 
H-4), 1.779 (ddd, J = 24.4, 12.1, 5.2 Hz, 1H, H-3), 1.692–
1.607 (m, 1H, H-3), 1.530 (dt, J = 14.3, 7.1 Hz, 1H, H-4), 
1.385 (s, 9H, H-12). ppm

13C-NMR (101 MHz, CDCl3) δ 175.46, C-10; 136.31, C-8; 
114.71, C-9; 103.37, C-1; 79.90, C-11; 73.2, C-5; 68.33, 
C-6; 44.86, C-7; 28.37, C-12; 27.61 C-4; 20.95 C-3. ppm

(ESI+) MS:m/z = 270.12 [M + H]+.

Characterization of 7b
1H-NMR (400 MHz, CDCl3) δ 5.834 (ddd, J = 22.0, 10.3, 
5.2 Hz, 1H, H-8), 5.302 (s, 1H, H-1), 5.088– 5.029 (m, 1H, 
H-9), 5.021–4.987 (m, 1H, H-9), 4.504 (s, 1H, H-5), 
4.137– 4.010 (m, 1H, H-2), 3.942 (dd, J = 16.9, 5.8 Hz, 
2H, H-7), 3.804 (dd, J = 7.1, 0.6 Hz, 1H, H-6), 3.721–3.666 
(m, 1H, H-6), 2.073–1.997 (m, 2H, H-4, H-3), 1.613 (d, 
J = 8.9 Hz, 1H, H-3), 1.380 (s, 10H, H-3, H12) ppm.

13C-NMR (101 MHz, CDCl3) δ 175.56, C-10; 136.59, 
C-8; 114.51, C-9; 102.66, C-1; 79.89, C-11; 72.54, C-5; 
67.10, C-6; 51.37, C-2; 46.51, C-7; 28.39, C-12; 26.01, 
C-4; 18.50, C-3 ppm.

(ESI+) MS: m/z = 270.19 [M + H]+.

Reaction with propargyl amine (4)
Analytical scale reactions.  Cyrene, 50 mM; 
propargylamine, 150 mM; glucose, 150 mM; NADP, 
10 mM; AspRedAm/IRED, 25 IU mL−1 (1 mg mL−1); 
BmGDH, 2 IU mL−1 (0.3 mg mL−1). Reactions were 
performed in 100 mM TRIS-HCl buffer, pH 8 (IREDs) or 
pH 9 (AspRedAm) in a total volume of 1 mL

Preparative scale reaction.  Cyrene (205 μL, 2 mmol, 1 
eq.), propargylamine (383 μL, 6 mmol, 3 eq.), glucose 
(450 mg, 2.50 mmol, 1.25 eq.), NADP+ (500 μL from a 
200 mM stock solution) were dissolved in 10 mL of 
100 mM TRIS-HCl buffer, pH 8.0, in a 20 mL vial. Then, 
4 IU mL−1 of BmGDH (400 μL of 100 IU mL−1 stock 
solution) and 1 mg mL−1 of AspRedAm (4.48 mL of 
4.46 mg mL−1 (111.5 IU mL−1) stock solution) were 
added to the reaction mixture. The pH was adjusted to 
9 and the reaction carried out at 30 °C, for 48 h. The 
reaction was monitored by TLC (eluent petroleum 
ether: EtOAc 1:1, added with 50 μL of TEA). When the 
reaction was completed, 5 M NaOH and NaCl were 
added to the solution, that was then extracted with 
EtOAc. The organic extracts were collected, dried over 
anhydrous Na2SO4 and the solvent removed under 
reduced pressure, obtaining 302 mg of a crude mixture. 
The products were purified using flash chromatography 
(eluent: petroleum ether: EtOAc, gradient from 9:1 to 
100% EtOAc, containing a constant concentration of 
1% v/v of TEA). The two diastereomer were successfully 
separated obtaining 40 mg of the less polar epimer 
(6a) and 50 mg of the more polar epimer (6b).
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Characterization of the less polar diastereomer 
(6a).  1H-NMR (400 MHz, CDCl3) δ = 5.465 (s, 1H, H-1), 
4.502 (s, 1H, H-5), 3.877–3.829 (m, 1H, H-6), 3.811–3.769 
(m, 1H, H-6), 3.493–3.457 (m, 2H, H-7), 2.875 − 2.801 (m, 
1H, H-2), 2.223 (t, J = 2.5 Hz, 1H, H-9), 2.016–1.928 (m, 
1H, H-3), 1.923–1.857 (m, 1H, H-4), 1.619–1.542 (m, 1H, 
H-4), 1.464–1.375 (m, 1H, H-3) ppm.

13C-NMR (101 MHz, CDCl3) δ = 101.93, C-1; 82.25, C-8; 
73.07, C-5; 71.38, C-9; 68.20, C-6; 56.41 C-2; 35.46, C-7; 
30.88, C-4; 23.94, C-3 ppm.

Characterization of more polar diastereomer 
(6b).  1H-NMR (400 MHz, CDCl3) δ = 5.424 (s, 1H, H-1), 
4.472 (s, 1H, H-5), 3.927 (d, J = 7.0 Hz, 1H, H-6), 3.789 
(ddd, J = 6.8, 5.1, 1.3 Hz, 1H, H-6), 3.482 (dd, J = 4.9, 
2.5 Hz, 2H, H-7), 2.777 (dd, J = 2.7, 1.7 Hz, 1H, H-2), 2.212 
(t, J = 2.5 Hz, 1H, H-9), 2.029–1.963 (m, 1H, H-4), 1.962–
1.848 (m, 1H, H-3), 1.703–1.638 (m, 1H, H-3), 1.441–
1.368 (m, 1H, H-4) ppm.

13C-NMR (101 MHz, CDCl3) δ = 102.27, C-1; 82.32, C-8; 
73.29, C-5; 71.33, C-9; 67.03, C-6; 54.82, C-2; 36.26, C-7; 
25.13, C-4; 19.98, C-3 ppm.

Reactions with levoglucosenone (2) and the 
enzymes IRED23, IRED63, IRED85 and AspRedAm
All the reactions of reductive amination of the levoglu-
cosenone were performed in analytical scale as 
described for the reductive amination of cyrene, using 
a 50 mM concentration of levoglucosenone in a total 
volume of 1 mL. The reactions were monitored by TLC 
and GC-MS. No product formation was observed with 
any of the enzymes tested.

Storage and operational stability of the 
co-immobilized enzymes

To evaluate the stability of the co-immobilized enzymes 
under storage conditions (4 °C throughout this study), 
the heterogeneous biocatalyst was periodically assayed 
by testing it in the benchmark biotransformation. Once 
a week, 200 mg of co-immobilized AspRedAm and 
BmGDH were tested for residual activity. Aliquots of 
the freshly prepared co-immobilized enzymes were 
withdrawn to evaluate the reusability of the immobi-
lized biocatalysts (operational stability). After each 
cycle, the immobilized enzymes were recovered from 
the reaction mixture, washed with fresh buffer (100 mM 
TRIS-HCl, pH 9.0) and used for a new reaction cycle.

Enzymatic reaction using co-immobilized 
AspRedAm and BmGDH on glyoxyl-agarose

Reaction conditions
Cyrene, 50 mM; allyl amine, 150 mM; glucose, 150 mM; 
NADP, 10 mM; co-immobilized enzymes, 200 mg of 

resin. The reaction (total volume: 1 mL) was per-
formed under moderate stirring (180 rpm), at 30 °C 
for 24 h. After this time, the reaction mixture was 
filtered, basified with 5 M NaOH, extracted with 
EtOAc, and analysed by GC-MS to evaluate the 
degree of conversion and the relative ratio of the 
epimeric products.

The recovered resin containing the co-immobilized 
enzymes was washed with fresh buffer and then 
applied to catalyse a subsequent reaction with the 
same substrates. The sequence was repeated for 
11 times.

Results and discussion

Based on some preliminary results reported in a 
PhD thesis (Montgomery 2019), three IREDs and the 
reductive aminase AspRedAm, along with the ancil-
lary enzyme glucose dehydrogenase for the in situ 
regeneration of NADPH, were cloned, overexpressed 
and purified following standard protocols (see 
Materials and Methods for details), and then 
exploited for the selective modification of the two 
selected substrates.

As shown in Scheme 1, two functionalized (unsatu-
rated) amines, namely allylamine (3) and propargyl-
amine (4), were chosen as co-substrates, with the aim 
of obtaining products bearing double or triple bonds, 
suitable for additional chemical modifications.

A series of preliminary experiments, performed on 
analytical scale using cyrene (1) as the substrate, 
demonstrated the tolerance of these four enzymes 
towards the two functionalized amine donors. The 
reactions outcomes were analysed by GC-MS and com-
pared with the products obtained by chemical reduc-
tion with NaBH4.

Figure 1a shows the chromatograms obtained with 
allylamine. Similarly to the chemical reductions, the 
three IREDs showed a clear preference for one of the 
two epimeric products, whereas AspRedAm showed 
no selectivity and the two epimers were obtained in 
similar amounts (Table 1).

The investigation was replicated using propargyl-
amine (4), obtaining similar qualitative results (Figure 
1b and Table 1).

To identify the structures of the epimers, the chem-
ical reduction in the presence of allylamine or of prop-
argylamine were scaled up and the products 
quantitatively isolated in a 83:17 and 80:20 epimeric 
ratio, respectively.

In the 1H NMR spectrum reported in the left side of 
Figure 2, it is possible to note the signals due to the 
presence of allylamine at 5.815, 5.129–4.995 and 
3.223 ppm (for the olefinic protons CH and CH2, and 
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the allylic CH2, respectively). The preponderance of 
one of the two diastereoisomers can be easily observed 
by comparing the areas of the signals at 5.348 and 

5.326 ppm, corresponding to the acetal hydrogen of 
the two epimers.

By recording 13C NMR, COSY, HSQC, and NOESY 
spectra, it was possible to precisely assign all the sig-
nals due to the protons and carbons present in the 
molecule of the most abundant epimer and define the 
absolute configuration of the new stereogenic carbon 
carrying the amino substituent, which turned out to 
be (S). In fact, from the NOESY analysis, and specifi-
cally from the presence of the cross peaks of the sig-
nals at 3.757 and 1.313 ppm due to the axial hydrogen 
in H-3 and to the hydrogen in H-6 in the endo posi-
tion, it was possible to deduce that the pyranosidic 
ring of the product had a chair conformation. 
Furthermore, from the value of the coupling constants 
of the signals present in the 1H NMR spectrum and 

Scheme 1. R eductive amination of cyrene (1) with allyl (3) and propargyl (4) amine.

Figure 1.  GC analysis of the reductive amination of cyrene with allylamine (a) and propargylamine (b).

Table 1. C omparison of the chemical and enzymatic reductive 
amination of cyrene with allylamine and propargylamine.
Reagent/enzyme Amine Conversion (%)a Epimeric ratioa

NaBH4 Allyl amine (3) >99 17: 83
IRED 23 85 18: 82
IRED 63 52 1: 99
IRED 85 76 6: 94
AspRedAm 99 50: 50
NaBH4 Propargyl amine (4) >99 20: 80
IRED 23 91 19: 81
IRED 63 24 1: 99
IRED 85 60 7: 93
AspRedAm 99 48: 52
aEvaluated by GC analysis. Experiments were performed at least in tripli-
cate; standard deviation was below 5%.
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from the gamma effect observed between the signals 
at 28.154 and 19.761 ppm in the 13C NMR spectrum, 
corresponding to the signal due to the C-4 of both 
epimers, it was possible to conclude that the amino 
group was in an equatorial position and was in cis 
with respect to the bridging bond containing an oxy-
gen atom. Therefore, structure 5a could be assigned to 
the main product obtained with NaBH4, as well as with 
the three IREDs.

To isolate and characterize the second epimer 5b, 
the reaction with AspRedAm was also scaled up. The 
two epimers could be separated and isolated once 
the reaction mixture had been previously derivatized 
using Boc anhydride. Once again, a comparison of the 
1H NMR spectra of the two isolated products 5c and 
5d with the spectrum obtained by the boculated 
crude chemical reaction (as previously discussed, the 
epimer 5c was mainly present) allowed the clear iden-
tification of the structures of the two epimers (NMR 
spectra are reported in the Supporting Information).

Using propargyl amine, similarly to what previously 
discussed, the structure 6a could be assigned to the 
main epimer obtained with NaBH4 and with the three 
IREDs (Figure 2, right side).

This time the almost equimolar mixture of 6a and 
6b obtained with AspRedAm could be separated by 
flash chromatography. Figure 3 reports the 1H NMR 
spectra of the crude reaction mixture (top), of the first 

eluted epimer 6a (middle) and of the second eluted 
epimer 6b (bottom).

Having characterized the products obtained with 
cyrene, we turned our attention to the second plat-
form molecule. However, levoglucosenone (2) did not 
undergo conversion under the same reaction condi-
tions, emphasizing once again the substrate-dependent 
behaviour of these enzymes and the necessity of fur-
ther optimization strategies.

As a further step in this project, AspRedAm and 
glucose dehydrogenase were coimmobilized on 
glyoxyl-agarose. Immobilization strategies are known 
to improve the operational stability of enzymes, facili-
tating their recovery and reuse in multiple reaction 
cycles, thereby reducing costs and increasing sustain-
ability for industrial processes (Patti et  al. 2025). In this 
case, the immobilized AspRedAm demonstrated 
enhanced stability (>99% residual activity after 21 days 
of storage at 4 °C) and reusability, confirming the ben-
efits of this approach for potential large-scale applica-
tions. At the end of the first reaction between cyrene 
and allylamine, the resin was filtered and washed three 
times with the reaction buffer and then used in a new 
reaction. Figure 4 shows the observed conversions as 
the number of reactions performed with the same 
resin sample increased.

Overall, this research underscores the potential of bio-
catalysis as a sustainable and efficient alternative to con-
ventional chemical synthesis, capable of valorizing 
renewable biomass substrates and opening new avenues 
to produce enantiopure amines with high added value.

Particularly, AspRedAm demonstrated its ability to 
catalyse reductive amination reactions of cyrene with 
high conversions and, more importantly, to lead to the 
formation of epimers scarcely accessible through tradi-
tional chemical methods or with other known imine 
reductases.

Figure 2.  1H NMR spectra of the crude reaction mixtures obtained by chemical reduction of cyrene with NaBH4 in the presence 
of allylamine (left) or propargylamine (right).

https://doi.org/10.1080/10242422.2026.2649503
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Figure 3.  1H NMR spectra of the crude reaction mixture obtained by AspRedAm catalysed reduction of cyrene in the presence of 
propargylamine (top) and of the purified 6a (middle) and 6b (bottom) products.
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The obtained amino products have been made 
available to the other research groups involved in the 
ongoing PRIN SUST-CARB project, and the results 
obtained from their subsequent manipulations will be 
reported in due course.
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