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(R)-citronellal.

Abstract: The development of synthetic routes to produce enantiopure (R)-citronellal as a key intermediate for the
synthesis of (—)-menthol and other valuable terpenoids is highly relevant in the pharmaceutical, flavor, and fra-
grance industries. Herein, we showcase a cascade with two consecutive biocatalytic steps performed separately
using the inherent selectivity of a short-chain alcohol dehydrogenase (SDR) and an ene reductase (ERED) from
the Old Yellow Enzyme (OYE) family. The first reaction involves the 4aSDR1-catalyzed oxidation of relatively
inexpensive geraniol in a biphasic system, providing geranial as an intermediate. The organic phase containing
geranial is then extracted and transferred to the second step, where the ERED variant OYE2_Y83V catalyzes the
asymmetric reduction of geranial to produce (R)-citronellal, achieving >90% conversion and >99% enantiomeric
excess. The use of n-heptane in a two-liquid phase system not only facilitates substrate and product solubilization
but also minimizes geranial isomerization. This biocatalytic cascade therefore enables the synthesis of enantiopure

Keywords: biocatalysis, citral, enzymatic cascades, Old Yellow Enzymes, terpenoids

1. Introduction

Citronellal is a compound with versatile use, widely
appreciated for its distinct lemon, rose, and citronella
scent, making it a key ingredient in flavors and fragran-
ces.!"! Particularly, the (R)-enantiomer of citronellal is
an essential intermediate in the industrial synthesis of
(—)-menthol, a chiral compound, with significant commer-
cial importance and one of the most widely consumed
flavors globally.'**! Out of eight menthol isomers,
(—)-menthol possesses the particular cooling effect and
desired peppermint minty odor.["**! Its growing demand
has driven a transition from natural extraction to chemical
synthesis. Conventional synthetic pathways involve the

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library

use of m-cresol, citral, or myrcene, as the starting material,
with the (R)-citronellal intermediate generally synthesized
using metal catalysts with chiral ligands such as rhodium
complexes (Scheme S1, Supporting Information).[*!

Although these strategies achieve high conversion,
the toxic metals and complex chiral ligands employed
can lead to the formation of side products and the need
for extensive purification due to their imperfect selectiv-
ity (=87% ee (R)-citronellal for the BASF process).[
Therefore, more sustainable alternative methods should
be further investigated and developed.™

Biocatalysis has emerged as a promising approach to
address these challenges with the exquisite selectivity of
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enzymes.') An ideal enzymatic reaction to produce
enantiopure (R)-citronellal would be through asymmet-
ric reduction of citral, a mixture of neral and geranial
(Figure 1). In this sense, nicotinamide adenine dinucle-
otide NAD(P)H-dependent flavin mononucleotide
FMN-containing ene reductases (EREDs) from the
old yellow enzyme family (OYE, EC 1.6.99.1) have
demonstrated their efficiency for the asymmetric reduc-
tion of a broad range of a,B-unsaturated compounds.'”
However, OYEs are currently unable to fully convert
citral to enantiopure (R)-citronellal.® Screening dif-
ferent classes of OYEs!"* revealed that class I converts
citral to predominantly (S)-citronellal, class II gen-
erally reduces geranial to (R)-citronellal and neral
to mostly (S)-citronellal, whereas class III typically
converts both neral and geranial to enantiopure
(S)-citronellal (Figure 1).[8584

A scale-up with OYE2.6 (class I, from Pichia stip-
itis) could achieve 67% isolated yield of (R)-citronellal
with 98% ee, albeit from freshly prepared geranial.”!
Mutational studies revealed that the selectivity of NCR
(class I, from Zymomonas mobilis) for geranial reduc-
tion could be enhanced with a double-mutant NCR
W66A_I231A to 63% ee (R)-citronellal.®® Although
promising, engineering efforts are still required for a
class I OYE to produce at least >90% ee R. The recently
characterized OYE2p (class II, from Saccharomyces cer-
evisiae YIM1341) afforded 87.2% yield and 88.8% ee
(R)-citronellal from citral.l'”  Upon mutagenesis,
Zheng et al. obtained the single variant OYE2p_Y84V,
which enabled the whole cell conversion of citral to
(R)-citronellal with up to 95.4% ee.!'"! Using this variant
coupled with an engineered alcohol dehydrogenase
(ADH), Lin and co-workers developed an in vivo whole
cell cascade from 150 mM geraniol with 30% v/v hex-
ane, affording 72.3% (R)-citronellal with 96.7% ee, still
a few percent shy of enantiopurity.!' Although the
authors aimed for a redox-neutral process, the addition
of 30 mM NADH was required to obtain higher conver-
sion; therefore, further engineering of this invivo
ADH-ERED cascade is needed.

OH . 0
A @,{%""f« X ! A
m’ + S
| NADP* | | o

Recently, we developed an in vitro one-pot cascade
using a copper radical alcohol oxidase (CgrAlcOx)
and OYE2 (class II, from Saccharomyces cerevisiae
S288C) from 20 mM geraniol to (R)-citronellal, achiev-
ing 95.1% conversion and 95.9% ee.!'*! One limitation
was the inhibition of CgrAlcOx by citronellal and
isomerization of geranial to neral. To address these
challenges, this study presents a biocatalytic cascade
employing an ADH from the short-chain dehydroge-
nase (SDR) family, specifically 4aSDR1 from Aedes
aegyptil'¥ to catalyze the oxidation of geraniol to gera-
nial in a two-liquid phase system, combined with OYE2
to yield enantiopure (R)-citronellal (Figure 1). This
approach leverages the oxidation of geraniol to geranial
in an aqueous-organic solvent biphasic system!'> by
minimizing geranial isomerization to neral that occurs
in an aqueous medium, thus enhancing the subsequent
enantioselective reduction of geranial.

2. Results and Discussion

Prior to executing the full enzymatic cascade, the effi-
ciency of each step was evaluated separately.

2.1. ADH-Catalyzed Geraniol Oxidation

To identify a suitable enzyme for selective geraniol oxi-
dation to geranial, a screening of 17 ADHs from Johnson
Matthey (C=O0 reduction enzyme kit EZK003) together
with our purified 4aSDR1 (see SI) was conducted,
using an NADH-oxidase (NOX) to recycle NAD(P
(Figure 2A). This screening revealed that ADH-19
and AaSDR1 provided the most promising conversions
and geranial:neral ratio after 6 h of reaction at 30 °C. As
expected, increasing the 4aSDR1 concentration from 1
to 15 uM and reducing the reaction time to 1 h enhanced
both conversion and selectivity towards geranial
(Figure 2B), with 78% conversion and a 91:9 gera-
nial:neral ratio. AaSDR1’s specific activity and conver-
sions were measured in different buffers and pH units
from 7.0 to 10.0, with the best overall conversion and

. o
HTE |

J +
NAD(P)H |

geraniol geranial neral (R)-citronellal  (S)-citronellal
Class| ./ Classll____ Class Il
geranial ----» (R)-citronellal | geranial —>(R)-citronel|a|‘: geranial ~a
E . : /(S)-mtronellal
neral — (S)-citronellal |  neral ---- 3 (S)-citronellal ! neral

____________________

Figure 1. Enzymatic synthesis of (R)-citronellal from geraniol via ADH and OYE in a two-liquid phase system, including the OYE-
catalyzed asymmetric reduction of citral to citronellal according to classes I-IIL[7!
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Figure 2. ADH-catalyzed geraniol oxidation. A) Screening of ADHs (CFEs from JM kit and 4aSDR1). Conditions: in 1 mL, 100 mM
KPi buffer pH 8.0, I mM NAD(P)*, 2 mg mL~' NOX CFE, 1 mg mL~' ADH CFE or 1 pM purified 4aSDR1, 10 mM geraniol (from a
1 M stock in DMSO, 1% v/v), and 30 °C, 900 rpm, 6 h. Black diamonds show geranial:neral ratio. B) ADH-19 and 4¢SDR1 reactions in
1 h. Same conditions as (A) and 1 h. C) Influence of pH. Conditions: 50 mM buffer (MOPS-NaOH, KPi, Bicine, Glycine) at pH 7-10,
25 uM AaSDRI1, same conditions as (A) and 1 h. D) Influence of temperature and 20% v/v n-heptane. Conditions: in 1.2 mL, 10 mM
geraniol (from a 1 M stock in DMSO, 1% v/v), 1 mM NADP™", 25 uM 4aSDR1, 2 mgmL~" NOX CFE, 0 or 20% v/v n-heptane,

20-50°C, 900 rpm, and 1h. Average of duplicates.

geranial:neral ratio with KPi buffer at pH 8.0 (Figure 2C,
Figure S3, Supporting Information). This enzyme was
stable and active (1.6-1.8 Umg ") up to pH 9.0; there-
after, conversion dropped to 26% at pH 10.0.

We also evaluated the influence of temperature and
reaction medium on 4aSDR1-catalyzed geraniol oxida-
tion (Figure 2D). In a buffer at 30 °C, the reaction
reached 92% conversion, with 86:14 geranial:neral after
1 h. In a biphasic system containing 20% v/v n-heptane,
conversion was 95%, with an improved 95:5 geranial:
neral ratio, demonstrating the role of the organic solvent
in minimizing geranial isomerization. Increasing the
temperature from 30 to 40 °C with 20% v/v n-heptane
increased the overall conversion to 99%, while preserv-
ing the 95:5 geranial:neral ratio. Conversely, in buffer,
temperatures at and above 40 °C resulted in higher

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library

geranial isomerization to neral and decreased conver-
sion. Lower temperatures at 20 and 25 °C resulted in
overall lower conversions. Therefore, a temperature of
40°C in a biphasic system with 20% v/v n-heptane
in KPi buffer pH 8 was retained for further reac-
tions. This study demonstrates, for the first time, the
application and the suitability of 4eSDR1 in a biphasic
system to maximize conversion and minimize product
isomerization.

2.2. OYE-Catalyzed Citral Reduction

A screening with available OYEs from class II, OYE2,
OYE3, EBPI1, and LeOPR1 from class I was con-
ducted to evaluate their efficiency in reducing citral
to (R)-citronellal within 1h (Figure 3A). In addition,
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Figure 3. A) ERED screening for the asymmetric reduction of citral. Conditions: in 1 mL, 50 mM KPi buffer pH 8, ] mM NADP™,
20 mM glucose (Glc), 10 UmL ™' BsGDH, 5 uM OYE, 10 mM citral (as 1% v/v in DMSO), 30 °C, 900 rpm, 1 h. Average of duplicates.
B) Influence of solvents at 30 °C. Reaction in buffer: 5 uM OYE2, 4 h. Reactions with solvent: 7 uM OYE2, 20% organic solvent
MTBE, n-heptane or CPME, 8 h. C) Influence of temperature. Conditions: same as (A), 1 h. Average of duplicates.

we tested the single mutant OYE2_Y197F, as tyrosine
197 is believed to play a key role in the active site
by donating a proton to the substrate oa-carbon
(Figure 3).'Y OYE2 wt achieved 74% conversion from
citral, with 78.8% ee (R)-citronellal (Figure 3A, values in
Table S2, Supporting Information). The mutant
OYE2_Y197F gave only 4% conversion, which clearly
outlines the role of Y197 as a proton donor. OYE3 (from
Saccharomyces cerevisiae S288C) and EBP1 (from
Candida albicans) provided close to full conversion at
99% and 94%, respectively, but with lower ee values
of 14.4% and 3.3%. LeOPR1 (from Solanum lycopersi-
cum) showed a conversion of 57% and a clear selectivity
for converting neral to the (S)-enantiomer, with 79.2% ee,
which aligns with the literature.!'”! Considering that the
highest ee was obtained with OYE2, we carried out a
time course profile of citral reduction in buffer, which
showed that geranial is reduced to (R)-citronellal faster
than neral, and over time neral is reduced to (S)- and
(R)-citronellal (Figure S6A, Supporting Information).
Full conversion was obtained in 4h along with a

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library

significant drop to 60% ee (R)-citronellal, thus highlight-
ing the importance of generating pure geranial from the
first step of the cascade.

As previously mentioned, geranial is known to isom-
erize to neral in a buffer medium; therefore, a biphasic
system would benefit the OYE step as well to obtain the
highest (R)-citronellal purity.['® Previous studies have
shown that OYEs can retain activity in organic solvents,
such as OYE1 (class II, from Saccharomyces pastoria-
nus), which achieved conversions of 90% in up to 97%
organic solvent for the asymmetric bioreduction of water
labile alkene substrates.!'” Similarly, 7sOYE (class III,
from Thermus scotoductus) was immobilized on celite
to reduce various alkenes in methyl zert-butyl ether
(MTBE) with minimal water.*”’ OYE3 and NCR (class I,
from Zymomonas mobilis) were also immobilized and
used in up to 20% v/v organic solvent.?!! Therefore, three
water-immiscible organic solvents, MTBE, n-heptane,
and cyclopentyl methyl ether (CPME), which are usually
well tolerated in enzymatic biphasic systems,!*! were
evaluated and selected based on their compatibility with
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the reaction system and extraction efficiency (Figure 3B).
Out of the three, n-heptane resulted in the highest conver-
sion of 82% in 8 h. CPME achieved a similar ee of 83.3%,
but with an overall low conversion of 55%. A similar pat-
tern was observed when the organic phase was increased
to 30%, with lower conversions across all solvents (data
not shown). Although MTBE seemed to enable better
extraction capacity, 20% v/v n-heptane provided both
the highest conversion and ee.

In addition, the influence of temperature on conversion
was also investigated, showing higher (R)-citronellal for-
mation at 45°C (Figure 3C). However, temperatures
>45 °C resulted in lower ee values due to increased gera-
nial isomerization to neral. Based on these findings, 40 °C
was selected for subsequent experiments.

2.3. Full Cascade: 4aSDR1-OYE2-Catalyzed
Production of (R)-Citronellal from Geraniol

The initial approach for producing (R)-citronellal from
geraniol involved a one-pot redox neutral bienzymatic
cascade in a fully aqueous medium. This system
consisted of two main steps: first, the oxidation of
geraniol to geranial by 4aSDR1, with NADP™" as the
hydride acceptor. Subsequently, geranial was reduced
to (R)-citronellal catalyzed by OYE2, using the
NADPH generated in the first step, thereby recycling
the cofactor. However, during the combined enzymatic
reactions, 4aSDR1 not only oxidized geraniol to citral
but also reduced (R)-citronellal to (R)-citronellol. The
side reaction resulted in 85.2% of the (R)-citronellal con-
verted to (R)-citronellol, thereby significantly reducing
the yield toward the desired (R)-citronellal product.
This over-reduction presented a challenge to the one-
pot redox-neutral cascade, requiring the development
of an alternative approach. Consequently, a biphasic
enzymatic system was developed, involving the two
consecutive separated steps to overcome this issue
and enhance the overall efficiency and specificity of
(R)-citronellal production.

Taking the ideal conditions determined in the first
step, AaSDR 1-catalyzed geraniol oxidation was carried
out at 40 °C with 20% v/v n-heptane for 1 h, after which
the geranial was extracted with n-heptane and introduced
directly to the second step of the cascade. The OYE2-
catalyzed geranial reduction was thus carried out in the
biphasic system at 40 °C. A time-course study of conver-
sion and ee values was conducted over a period of 4 h
(Figure 4, values in Table S3 entries 1-4, Supporting
Information). As anticipated, conversion increased over
time, though a slight decrease in ee was observed from
95% to 94%, ascribed to the presence of trace amounts of
neral converted to (S)-citronellal.

Despite these improvements, 6—8% (R)-citronellol
emerged as a side product, attributed to the promiscuous
activity of BsGDH, which reduces (R)-citronellal to
(R)-citronellol. To mitigate this, we experimented with

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library
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Figure 4. 4aSDR1-OYE2 enzymatic cascade from geraniol to
(R)-citronellal. Conditions: 1st step: 50 mM KPi pH 8,2 mgmL ™
CFE NOX, 1mM NADP*, 25uM AaSDRI1, 10mM geraniol
(1% v/v DMSO), 200 puL n-heptane, 1.2 mL final volume, 40 °C,
900 rpm, 1 h. 2nd step: 50 mM KPi pH 8, 50 mmol Glc, 1 mmol
NADP*, 10UmL™" BsGDH, 10 umol OYE2 wt, and 200 uL
n-heptane mixture containing geranial from the first step, 1 mL final
volume, 40 °C, 900 rpm. Average of duplicates.

varying amounts of BsGDH in the cofactor recy-
cling system (Table 1, entries 1-4). Decreasing the
amount of BsGDH from 10 to 7 or 5UmL ™" decreased
(R)-citronellol production to 4%. An alternative recy-
cling system using formate or phosphite dehydrogenase
could be used to further prevent this over-reduction to
citronellol.

To enhance the selectivity of the second step, we
produced the single OYE2 mutants Y83V, T38A, and
T38C (Table S2, Supporting Information). OYE2_Y83V
afforded the best overall performance with 76% conver-
sion and 94.6% ee. The T38A and T38C mutants exhibited
lower conversions at 60% and 36% respectively, yet
similar ee values compared with OYE2 wt (Table S2,
entries 3—4, Supporting Information).

Overall, the OYE2_Y83V mutant distinguished
itself by its higher conversion and improved enantiose-
lectivity, which aligns with the results of Zheng et al.
with the OYE2p_Y 84V mutant (equivalent position to
OYE2_Y83V).l'"""l From molecular docking and
dynamics simulations, Wei and co-workers showed that
this mutation provides shorter distances for hydride and
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Table 1. AaSDR1-OYE2 enzymatic cascade for the production of (R)-citronellal at 40 °C.»

Entry OYE2 GDH [UmL™'] Time [h] Total conv. [%] (R)-citronellal [%] ee [%]

1 wt 5 3 883 +£1.1 824 +£1.0 942 £0.1
2 wt 10 4 939409 84.7+£1.2 949 £0.0
3 wt 7 4 934 +04 86.1 £0.3 94.6 £0.1
4 wt 5 4 91.6 £0.9 85.1+£1.0 943 £0.1
5 Y83V 10 4 883 +1.7 803 +£1.9 99.2 £0.0
6 Y83V 5 4 91.8 £2.2 88.6 £2.1 99.0 £0.0

9 See conditions in Figure 4; geraniol purity 98%. Total conversion = geraniol consumption. Average of duplicates.

Table 2. OYE2-specific activities obtained with citral and
cyclohexenone.

Substrate OYE2 Spec. act. [Umg 'Y
Citral wt 0.37 £0.01
Citral Y83V 1.38 £0.05
Cyclohexenone wt 3.63 £0.08
Cyclohexenone Y83V 323 +£0.02

» Conditions: 50 mM KP; buffer pH 8, 0.2 mM NADPH, 10 mM
substrate from a 1 M stock in DMSO), OYE, at 40 °C for citral
and at 25 °C for cyclohexenone. Average of duplicates.

proton transfer to both geranial and neral, improving its
catalytic efficiency.!'"! Moreover, the mutation induces a
modified (R)-selective binding mode for neral, increas-
ing the selectivity. The specific activity of OYE2 wt and
Y83V was measured for both citral and cyclohexenone
as a benchmark substrate (Table 2). The mutant Y83V
displayed an almost fourfold increase in activity for
citral reduction, from 0.37 to 1.38 Umg ™', confirming
the higher conversion observed, whereas the activity
for cyclohexenone reduction remained similar at
3.23-3.63Umg .

Subsequent full cascade experiments with the mutant
OYE2_Y83V showcased the highest selectivity for
producing (R)-citronellal, reaching 88—92% conversion
and 99.2-99.0% ee, with 3.9—7.6% geraniol remaining
and 2.8-7.7% (R)-citronellol with 10 and 5UmL™"
BsGDH, respectively (Table 1, entries 5-6). A scale-
up of 18 mg led to 88.5% overall conversion, yielding
77.5% (R)-citronellal with an ee of 99.4% (see SI for
details). This represents the highest ee reported for
(R)-citronellal. The performance of OYE2_YS83V high-
lights its potential as an effective biocatalyst, setting a
new standard for enantioselectivity in the biosynthesis
of (R)-citronellal. Further implementation of this variant
for other cascades and scale-up is ongoing.

3. Conclusion

In this study, we developed an enzymatic cascade
with an SDR and OYE2 that produces enantiopure
(R)-citronellal from cost-effective and available geraniol.
The design of this approach in a 20% v/v n-heptane-buffer

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library

biphasic system effectively minimizes the isomerization
associated with the reduction of citral by OYEs. The
OYE2_Y83V variant significantly enhanced selectivity,
achieving an unprecedented 99.4% ee, the highest value
reported for (R)-citronellal production. This advance-
ment underscores the potential of this methodology as
a synthetic route to enantiopure (R)-citronellal, which
can directly serve as a key intermediate in the synthesis
of (—)-menthol and other valuable terpenoids. The suit-
able combination of 4aSDR1 and the OYE2_Y83V
mutant could be enhanced to become a redox-neutral
process, via engineering of the SDR toward higher oxi-
dative activity, or via immobilization®! and in a flow
system, which has been gaining a lot of interest.”**!

4. Experimental Section

General Remarks: Chemicals were obtained from Merck Sigma-
Aldrich, TCI Europe, abcr GmbH and used as received. In
particular, the following chemicals were obtained from Merk
Sigma-Aldrich, geraniol (both as >98% and 90% purity, CAS
106-24-1), citral (>95%, CAS 5392-40-5), (R)-(+)-citronellal
(CAS 2385-77-5), and (S)-(—)-citronellal (CAS 5949-05-3), and
NADPH (CAS 2646-71-1) was purchased from the Oriental
Yeast Co. (OYC Europe), and NADP* (97.6%, CAS 698999-
85-8) from Prozomix Ltd (UK).

Enzymes OYE2  wt/T38C/T38A/Y83V/Y197F, OYE3,
EBP1, LeOPR1,” A4qSDR1, BsGDH_E170K_Q252L, and
SmNOX2_V193R_V194H were recombinantly produced in
E. coli and purified by affinity chromatography as detailed in
the SI. The JM C=O0 reduction enzyme kit EZK003 was gratefully
received from Johnson Matthey (Cambridge, UK). Commercial
NAD(P)H oxidase (NOx, CAS 77106-92-4) was purchased from
Prozomix Ltd (UK).

Bioconversions: Biocatalytic reactions were carried out in a final
volume of 1 or 1.2 mL in safe-lock Eppendorf 2 mL plastic tubes.
The reaction mixtures were shaken at 900 rpm in an Eppendorf
ThermoMixer C with a ThermoTop, at specified temperatures
and times, and incubated on ice for 2 min before extraction.

ADH-Catalyzed Geraniol Oxidation.: Conditions for the J]M ADH
CFEs and AaSDRI1 screening for geraniol oxidation were: in
1 mL, 100 mM KP; buffer pH 8.0, ] mM NAD(P)", 2 mg mL™"
NOX, 1 mg ADH or 1 uM 4aSDR1, and 10 mM geraniol (from a
1 M stock in DMSO, 1% v/v), at 30 °C, 6 h, extracted with 500 uL
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EtOAc containing 5 mM dodecane as internal standard, vortexed,
and centrifuged (14 000 rpm, 7 min). The organic layer was sep-
arated, dried over anhydrous MgSQ,, and transferred to a GC vial
for analyses. Samples containing an additional 20% v/v n-heptane
were subjected to a two-step extraction process. The first extrac-
tion was performed using n-heptane, followed by a second extrac-
tion with an additional 125 puL of n-heptane.

ERED-Catalyzed Citral Reduction: ERED-catalyzed reduction of
citral was carried out in 1 mL, 50 mM KPi buffer pH 8, 20 mM
Gle, I mM NADP*, 10UmL™" BsGDH, 5uM ERED, and
10 mM citral (from a 1 M stock in DMSO, 1% v/v), at 30 °C, 1 h.
For the biphasic system, 200 uL. n-heptane were added. Reaction
products were extracted with EtOAc containing 5 mM dodecane,
vortexed, and centrifuged (3 min, 14 000 rpm). The organic layer
was separated, dried over anhydrous MgSO,, and transferred to a
GC vial for analysis.

Full Cascade Reactions: Conditions: 1st step: 50 mM KPi pH 8,
10mM geraniol (1% v/v DMSO), 2 mg mL~' CFE NOX, 1 mM
NADP*, 25 uM A4aSDRI1, and 200 uL n-heptane, 1.2 mL final
volume, 40°C, 900 rpm, 1h. 2nd step: S50mM KPi pH 8,
50 mmol Gle, 1 mmol NADP", 10UmL™" BsGDH, 10 pmol
OYE2 wt, and 200 pL n-heptane mixture containing geranial from
the first step, 1 mL final volume, 40 °C, 900 rpm. Following
incubation on ice, the reaction products were extracted with
n-heptane, dried over anhydrous MgSO,, and transferred to a
GC vial for analysis.

Analytical Procedures: Gas chromatography was performed on
Shimadzu GC-2010 gas chromatographs (Shimadzu corporation,
Kyoto, Japan) equipped with a flame ionization detector and the
chiral column Hydrodex 8-TBDAc (Macherey-Nagel, Germany,
50m x 0.25 mm x 0.25 pm). Products were confirmed by refer-
ence standards and GC-MS. Product concentrations were
obtained with calibration curve equations using an internal stan-
dard in the EtOAc used for extraction.

Acknowledgements

The authors thank L. Koekkoek, M. Strampraad, and R. van
Qosten for technical support. This project has received funding
from the European Research Council (ERC) under the European
Union’s Horizon 2020 research and innovation programme
(grant no 949910). R.V. acknowledges a Margarita Salas grant
from the programme “Recualificacion del Sistema Universitario
Espariol durante el trienio 2021-2023, University of Murcia”.
C.F.-C. acknowledges funding from the Department of
Biotechnology at TU Delft under the Zero Emission
Biotechnology (ZEB) programme.

Conflict of Interest

The authors declare no conflict of interest.

Data Availability Statement

The data that supports the findings of this study are available in
the supplementary material of this article.

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library

References

[1] a) M. Guentert, in Flavours and Fragrances: Chemistry,
Bioprocessing and Sustainability (Ed.: R. G. Berger),
Springer, Berlin 2007, pp. 1; b) G. A. Burdock,
Fenaroli’s Handbook of Flavor Ingredients, 6th ed.,
CRC Press, Taylor & Francis Group, Boca Raton 2010;
¢) W. Chen, A. M. Viljoen, S. Afr. J. Bot. 2010, 76, 643.

[2] A. Dunkel, M. Steinhaus, M. Kotthoff, B. Nowak,
D. Krautwurst, P. Schieberle, T. Hofmann, Angew.
Chem. Int. Ed. 2014, 53, 7124.

[3] G. P. P. Kamatou, I. Vermaak, A. M. Viljoen,
B. M. Lawrence, Phytochemistry 2013, 96, 15.

[4] D. Dylong, P. J. C. Hausoul, R. Palkovits, M. Eisenacher,
Flavour Fragr. J. 2022, 37, 195.

[5] F. Michailidou, A. Bearth, C. Deilmann, M. Siegrist, Food
Qual. Prefer. 2023, 111, 104994.

[6] a) B. Hauer, ACS Catal. 2020, 10, 8418; b) U. Hanefeld,
F. Hollmann, C. E. Paul, Chem. Soc. Rev. 2022, 51, 594;
¢) R. Buller, S. Lutz, R. J. Kazlauskas, R. Snajdrova,
J. C. Moore, U. T. Bornscheuer, Science 2023, 382, eadh8615.

[71 a) A. Scholtissek, D. Tischler, A. H. Westphal,
W. J. H. van Berkel, C. E. Paul, Catalysts 2017, 7, 130;
b) C. K. Winkler, K. Faber, M. Hall, Curr. Opin.
Chem. Biol. 2018, 43, 97, c¢) H. S. Toogood,
N. S. Scrutton, ACS Catal. 2018, 8, 3532.

[8] a) A. Miiller, B. Hauer, B. Rosche, Biotechnol. Bioeng.
2007, 98, 22; b) N. Kress, J. Rapp, B. Hauer,
ChemBioChem 2017, 18, 717; ¢) X.-Y. Fan, Y. Yu,
Y. Yao, W.-D. Li, F.-Y. Tao, N. Wang, J. Agric. Food
Chem. 2024, 72, 18305, d) M. C. Cancellieri,
C. Nobbio, F. G. Gatti, E. Brenna, F. Parmeggiani,
J. Biotechnol. 2024, 390, 13.

[9] D. J. Bougioukou, A. Z. Walton, J. D. Stewart, Chem.
Commun. 2010, 46, 8558.

[10] L. Zheng, J. Lin, B. Zhang, Y. Kuang, D. Wei, Bioresour.
Bioprocess. 2018, 5, 9.

[11] B. Q. Zhang, H. Du, Y. Q. Zheng, J. L. Sun, Y. Shen,
J. P. Lin, D. Z. Wei, Microb. Biotechnol. 2022, 15, 1486.

[12] G. Ma, X. Zhu, D. Zhang, H. Li, J. Lin, D. Wei, J. Agric.
Food Chem. 2024, 72, 26305.

[13] D. Ribeaucourt, G. T. Hofler, M. Yemloul, B. Bissaro,
F. Lambert, J.-G. Berrin, M. Lafond, C. E. Paul, ACS
Catal. 2022, 12, 1111.

[14] a) J. G. Mayoral, M. Nouzova, A. Navare, F. G. Noriega,
Proc. Natl. Acad. Sci. 2009, 106, 21091; b) J. G. Mayoral,
K. T. Leonard, M. Nouzova, F. G. Noriega, L. A. Defelipe,
A. G. Turjanski, Arch. Insect Biochem. Physiol. 2013, 82,
96; c¢) C. D. Dithugoe, J. van Marwijk, M. S. Smit,
D. J. Opperman, ChemBioChem 2019, 20, 96.

[15] M. M. C. H. van Schie, J. D. Sporing, M. Bocola,
P. Dominguez de Maria, D. Rother, Green Chem. 2021,
23, 3191.

[16] R. M. Kohli, V. Massey, J. Biol. Chem. 1998, 273, 32763.

[17] M. Hall, C. Stueckler, H. Ehammer, E. Pointner,
G. Oberdorfer, K. Gruber, B. Hauer, R. Stuermer,
W. Kroutil, P. Macheroux, K. Faber, Adv. Synth. Catal.
2008, 350, 411.

€202500060 (7 of 8) © 2025 The Author(s). Advanced Synthesis &

Catalysis published by Wiley-VCH GmbH

85UB9 17 SUOWILIOD 3AIREa1D) a|ceaidde sy Aq pautenob ale S iie YO ‘8sn Jo Sa|nJ Jo} Arlqi]auljuQ AS]IAA UO (SUOIPUOD-PUB-SWIBY WD AB | 1M ARe.q U1 Juo//:Sdy) SUO I IPUOD pue swil | 8Yi 89S *[G20z/20/TT] uo AkiqiauluQ A8|IM ‘090005202 3SPe/200T 0T/I0p/Wod A3 Im  Aleiq1 Ul |uo paoueApe//sdny woly papeoumoq ‘0 ‘69THSTIT


http://www.advsynthcatal.com

advsynthcatal.com

ADVANCED
SYNTHESIS &
CATALYSIS

[18] W. A. M. Wolken, R. ten Have, M. J. van der Werf,
J. Agric. Food Chem. 2000, 48, 5401.

[19] D. Clay, C. K. Winkler, G. Tasnadi, K. Faber, Biotechnol.
Lett. 2014, 36, 1329.

[20] R. Villa, C. Ferrer-Carbonell, C. E. Paul, Catal. Sci.
Technol. 2023, 13, 5530.

[21] F. Nagy, 1. Gyujto, G. Tasnadi, B. Barna, D. Balogh-
Weiser, K. Faber, L. Poppe, M. Hall, J. Biotechnol.
2020, 323, 246.

[22] B. Tagliabue, C. M. Heckmann, R. Villa, S. Grisel,
J.-G. Berrin, M. Lafond, D. Ribeaucourt, C. E. Paul,
React. Chem. Eng. 2025, 10, 1320.

[23] a) P. De Santis, L.-E. Meyer, S. Kara, React. Chem. Eng.
2020, 5, 2155; b) A. 1. Benitez-Mateos, M. L. Contente,
D. R. Padrosa, F. Paradisi, React. Chem. Eng. 2021,

6, 599.

[24] A. E. Wolder, C. M. Heckmann, P.-L. Hagedoorn,
D. J. Opperman, C. E. Paul, ACS Catal. 2024, 14, 15713.

Adv. Synth. Catal. 2025, 00, €202500060 Wiley Online Library

202500060 (8 of 8)

© 2025 The Author(s). Advanced Synthesis &
Catalysis published by Wiley-VCH GmbH

85U80|7 SUOWILLOD BAITea1D (e dde ayy Aq psusenob afe ssjoile YO ‘88N JO S3|nJ oy Areiqi8uluQ A8|IA UO (SUORIPUCD-PUR-SWLBH W0 S 1M Afe1q 1 U {UO//SdNL) SUOTIPUOD PUe SWia | 8L 89S *[5202/20/TT] uo AriqiTaullu A8|1M ‘090006202 ISPe/Z00T OT/I0p/wod" A3 | Arelq i puljuo-paoueApe//Sdny wolj pepeojumod ‘0 ‘69TH#STIT


http://www.advsynthcatal.com

	Enzymatic Synthesis of Enantiopure (R)-Citronellal from Geraniol via a Short-Chain Dehydrogenase and Ene Reductase
	1. Introduction
	2. Results and Discussion
	2.1. ADH-Catalyzed Geraniol Oxidation
	2.2. OYE-Catalyzed Citral Reduction
	2.3. Full Cascade: AaSDR1-OYE2-Catalyzed Production of (R)-Citronellal from Geraniol

	3. Conclusion
	4. Experimental Section


