
A

K. Lauder, D. Castagnolo SynpactsSyn  lett

SYNLETT0 9 3 6 - 5 2 1 4 1 4 3 7 - 2 0 9 6
© Georg Thieme Verlag  Stuttgart · New York
2020, 31, A–H
synpacts
de

ch
 g

es
ch

üt
zt

.

Photo-Biocatalytic Cascades for the Synthesis of Volatile Sulfur 
Compounds and Chemical Building Blocks
Kate Lauder 
Daniele Castagnolo* 0000-0002-7517-5732

School of Cancer and Pharmaceutical Sciences, King’s College London, 
150 Stamford Street, SE1 9NH, London, UK
daniele.castagnolo@kcl.ac.uk
H
er

un
te

rg
el

ad
en

 v
on

: U
ni

ve
rs

ity
 o

f C
on

ne
ct

ic
ut

. U
rh

eb
er

re
ch

tli
Received: 23.10.2019
Accepted after revision: 09.12.2019
Published online: 10.01.2019
DOI: 10.1055/s-0039-1690784; Art ID: st-2019-p0580-sp

Abstract Biocatalysis is a branch of catalysis that exploits enzymes to
perform highly stereoselective chemical transformations under mild
and sustainable conditions. This Synpact highlights how biocatalysis can
be used in the synthesis of chiral 1,3-mercaptoalkanols, an important
class of compounds responsible for the flavours and aromas of many
foods and beverages. The identification of two ketoreductase (KRED)
enzymes able to reduce prochiral ketone precursors enantioselectively
to 1,3-mercaptoalkanols bearing a C–O stereocentre is presented. In
addition, the combination of a photocatalytic thia-Michael reaction to
access prochiral ketones with subsequent KRED-biocatalysed reduction
in a one-pot cascade is presented. Photo-biocatalysed cascades repre-
sent one of the new and most intriguing challenges in synthetic chem-
istry, because the combination of different catalytic methodologies in
domino processes offers unique opportunities to outperform sequen-
tial reactions with a high degree of selectivity and the avoidance of the
need to isolate reaction intermediates.
1 Introduction
2 Biocatalytic Synthesis of 1,3-Mercaptoalkanols
3 Photo-Biocatalytic Synthesis of 1,3-Mercaptoalkanols
4 Photo-Biocatalysed Cascade Reactions
5 Conclusions
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1 Introduction

Volatile sulfur compounds (VSCs) are a currently un-
tapped class of compounds that contribute to the distinc-
tive flavours and aromas of a wide range of foods and bev-
erages, including garlic, bread, cheese, meat, wine, and beer,
usually at parts-per-million or even parts-per-billion lev-
els.1–3 Due to the low concentration of VSCs occurring natu-
rally, their extraction from natural sources in industrially
relevant quantities may be tough.

Currently, more than a hundred structurally different
VSCs have been found in foods and beverages and, from a
chemical point of view, about 20−30% of these are 1,3-mer-
captoalkanols, suggesting that this is probably the most im-
portant class of sulfur compounds with flavour and aroma
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activity.4,5 Most mercaptoalkanols exist as chiral isomers
bearing either a C–O or a C–S stereocenter or both, and
their configuration can often have a huge influence on the
nature and intensity of their organoleptic properties.6–8 As
an example, the syn-diastereomers of 4-mercaptopentan-2-
ol (1; Figure 1) have an onion odour, whereas the anti-dias-
tereomers have a sweaty smell.5 Similarly, (3R)-1-methoxy-
hexane-3-thiol [(R)-4] has an herbaceous, onion-like char-
acter, whereas the (S)-4 enantiomer has a repulsive odour
reminiscent of armpit sweat.9 In contrast, whereas both en-
antiomers of 3-mercaptohexyl acetate 3 have a similar
blackcurrant-like aroma, the odour intensities are distinc-
tively different. As shown in Figure 1, (R)-5 has a low odour
threshold of 0.0063 ng/L compared with (S)-5, whose
threshold is over two magnitudes larger, at 0.72 ng/L.6 On
the other hand, the flavour profiles of the racemates are a
combination of those of the single enantiomers, both in
terms of threshold and character. Because the different ste-
reoisomers might have a great impact on the flavour and
quality of foods, it is evident that chemical methodologies
able to afford VSCs with excellent enantioselectivities are
highly desirable.

Figure 1  VSCs with a 1,3-mercaptoalkanol backbone and their respec-
tive flavouring and aroma properties

Mercaptoalkanols bearing an enantiopure C–S stereo-
center, such as 1, 4, and 5 can be synthesised by using lithi-
um reagents in the presence of chiral auxiliaries such as
(–)-sparteine;10 by the enantioselective thia-Michael ad-
ditions using appropriate organocatalysts11 or lanthanides
complexes;12 or through SN2 reactions between thiols and
enantiopure sulfonyloxy nitriles.13 Mercaptoalkanols bear-
ing a C–O stereocenter, such as 1–3, can be obtained in en-
antiomerically pure forms by preparative GC resolution of
the corresponding racemic mixtures14 or through chemical
reduction of ketone precursors by using chiral auxiliaries15

or with chiral metal catalysts.16 However, most of these ap-
proaches suffer from limitations in terms of atom economy

and sustainability, the use of non-green solvents, a lack of
recyclability of the catalysts, or, in some cases, harsh reac-
tion conditions. In fact, chiral auxiliaries are required in
stoichiometric quantities and therefore have low atom
economy, whereas organocatalysts must often be synthe-
sised by multistep sequences that might not adhere to the
principles of green chemistry.17

2 Biocatalytic Synthesis of 1,3-Mercaptoal-
kanols

Biocatalysis is a relatively new, but already robust, strat-
egy for synthesising stereodefined molecules by exploiting
the intrinsic chirality of enzymes to catalyse chemical reac-
tions.18 However, biocatalytic approaches to access mercap-
toalkanols are very limited in number and involve either ki-
netic enzymatic resolution of racemic substrates19 by using
lipase enzymes or reduction of carbonyl precursors mediat-
ed by baker’s yeast (Scheme 1).20 Nevertheless, the low
yields and poor conversions of these biotransformations
make them unappealing at the academic and industrial lev-
els. The main limitation of the enzymatic kinetic resolution
reaction is represented by the yields, which can only reach
a maximum of 50% for each enantiomer. On the other hand,
to the best of our knowledge, no examples of dynamic ki-
netic resolution of 1,3-mercaptoalkanols, which would lead
to yields of >50%, have been reported to date.

Scheme 1  Biocatalytic approaches to 1,3-mercaptoalkanols

Similarly, the reduction of the prochiral ketone 6 with
baker’s yeast led to (S)-7 with moderate conversion, despite
its excellent enantioselectivity. Baker’s yeast contains vari-
ous enzymes that could potentially compete for the same
substrate, thereby lowering the reaction yield.

Within this context, we started to explore novel biocata-
lytic green strategies to synthesise enantiopure mercap-
toalkanol VSCs. In particular, our initial efforts were fo-
cused on the identification of enzymatic methods to access
1,3-mercaptoalkanols bearing C–O stereocenters, related to
the flavouring agents 2, 3a, and 3b. Previous work by Liu
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and Cohen20 showed that the prochiral ketone 6 could be
reduced enantioselectively by baker’s yeast reductases to
give (S)-7. Consequently, we decided to screen the Prozo-
mix’s library of ketoreductases (KREDs), also known as al-
cohol dehydrogenases, with the aim of identifying appro-
priate enzymes able to convert ketones into enantiopure
mercapto alcohols such as 7. We identified 384 KRED en-
zymes present in the Prozomix library through a metage-
nomic approach. Instead of carrying out 384 biocatalytic re-
actions to identify the KREDs most suitable for substrate 6,
a colorimetric screening was initially carried out. The colo-
rimetric kREDy-to-go assay, developed by Prozomix, con-
sists of four 96-well plates containing a different KRED en-
zyme in each well, together with the cofactors NAD+/NADP+

and an ene-reductase (ERED) enzyme as a cofactor-recy-
cling enzyme. Each KRED converts the racemic alcohol 7
into the corresponding carbonyl compound 6, while simul-
taneously reducing NAD(P)+ to NAD(P)H. The ERED regen-
erates the NAD(P)+ by oxidation of 2-(4-iodophenyl)-3-(4-
nitrophenyl)-5-phenyl-2H-tetrazol-3-ium chloride (INT)
present in each well. INT was thus converted into INT for-
mazan which has a characteristic red colour, permitting the
identification of those biocatalysts able to react with sub-
strate 6 (Figure 2). Even though we were interested in the
ketone-to-alcohol reduction, the kREDy-to-go assay proved
to be useful as an initial screen to select a first panel of
KREDs able to accommodate the mercapto-derivatives 6
and 7 in their catalytic pocket. A first group of 35 KRED en-
zymes was thus identified through the assay.

Figure 2  Screening of the KREDs from Prozomix library

However, because the assay was only able to detect the
alcohol-to-ketone oxidation qualitatively, a spectrophoto-
metric assay using the selected enzymes was carried out to
identify those KRED biocatalysts able to promote the re-
verse ketone-to-alcohol reduction. The 35 hit KREDs were
then screened against the ketone substrate 6. The spectro-
photometric assay exploits the NAD(P)H absorbance to as-
certain the KRED activity qualitatively. If an enzyme is ca-
pable of reducing the carbonyl moiety, the NAD(P)H cofac-
tor is converted into NAD(P)+. Crucially, at 340 nm, only the
oxidized NAD(P)H is detected. Thus, the ketone 6 was treat-
ed with the KRED biocatalysts and the catalytic cofactor
NAD(P)H; no cofactor-recycling system was introduced into
the reaction mixture. The decrease in the absorbance of
NAD(P)H over time ultimately discriminates which en-
zymes are capable of reducing the ketone 6 to the alcohol
7.21 Five KRED enzymes from the Prozomix library, namely
KREDs 290, 296, 311, 349, and 363, were found to promote
the ketone-to-alcohol biotransformation and were there-
fore used in subsequent screening experiments on various
ketone substrates. The third and final stage of screening in-
volved small-scale reactions of the ketone 6 with the five
hit KREDs. Ketone 6 was treated with each KRED in phos-
phate buffer (pH 7) at 37 °C, and glucose and glucose dehy-
drogenase (GDH) were employed to regenerate the cofactor
NAD(P)H. All the reactions were analysed by chiral HPLC to
determine the conversions of the reactants and the enanti-
oselectivity. KRED363 resulted in the lowest conversion
(7%) and enantioselectivity (8% ee), whereas KRED290 and
KRED296 showed slightly improved conversions (22–25%)
and enantioselectivities (15–12% ee). In all cases, (S)-7 was
obtained as the major enantiomer. Remarkably, KRED311
and KRED 349 resulted in complete conversion of 6 into 7
with 99 and 97% ee, respectively. Interestingly, whereas
KRED311 selectively gave the R-enantiomer (R)-7, the S-en-
antiomer (S)-7 was obtained from KRED349. An overview
of the screening is shown in Figure 2. In summary, from
among the 384 KRED enzymes of Prozomix library, two
biocatalysts with opposite enantioselectivity were identi-
fied.

The substrate scope of these biotransformations was
then investigated. The recycling systems for these enzymes
was modified, and the KRED co-substrate isopropanol was
preferred because of its ready availability and to avoid the
use of GDH and the consequent generation of gluconic acid,
which might have interfered with the biocatalytic cycle and
altered the pH of the reaction.

The most indicative results of the biocatalytic reduction
of ketones 6 into alcohols 7 are summarised in Scheme 2.
Ketone precursors were in turn obtained through borax-ca-
talysed thia-Michael addition of thiols to vinyl ketones 12a–
c. Initially, the substitutions in the R1-position were scru-
tinised, with the thiophenol group replaced by aliphatic
and variously substituted aromatic moieties. Then, the size
of the R group was increased from methyl through ethyl to

O
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phenyl. Finally, the protons in the R2 positions were re-
placed with methyl groups. KRED biocatalysts were effec-
tive for a wide range of 1,3-mercaptoalkanols, particularly
for those bearing Me and Et R-groups. However, for the Ph-
substituted ketones 6j and 6k, no conversion was observed
in the case of KRED311, whereas slightly lower conversions
and ee values were obtained with KRED349, probably due
to the steric hindrance of the substrates. Neither KRED was
able to reduce substrates 6l and 6m, which have dimethyl
substitutions in the -position of the ketone, suggesting
that the active site might be constricted in this region.
However, the alcohol dehydrogenase ADH101 from the
Johnson Matthey library proved able to convert the sub-
strate 6l and 6m with good conversion and excellent ee
(99%). In this case, the (R)-enantiomer was selectively ob-
tained. The absolute configuration for 7a was determined
by comparison with data reported in the literature.19

3 Photo-Biocatalytic Synthesis of 1,3-Mer-
captoalkanols

One of the most intriguing challenges for chemists is
represented by the possibility of combining chemocatalysis
and enzymatic catalysis in a single reaction, due to prob-
lems of compatibility of the catalysts and the different reac-
tion conditions in which these generally operate. A combi-
nation of chemo- and biocatalysis offers opportunities to
outperform sequential transformations, and the develop-
ment of one-pot multistep cascade reactions involving both
metallo- or organocatalysts and enzymes would be highly
appealing in terms of both selectivity and synthetic effi-
ciency. Cascade reactions offer additional benefits regard-
ing the greenness of the methodology, such as the avoid-
ance of isolation and purification of reaction intermediates
or the need for functional-group protection strategies.24

Scheme 2  Biocatalytic synthesis of mercaptoalkanols 722
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The possibility of combining the thia-Michael reaction
for the synthesis of ketones 6 with the enzymatic step in a
cascade reaction was then explored. However, the borax-
catalysed thia-Michael synthesis of 6 was carried out under
conditions (non-neutral pH) incompatible with the biocata-
lytic reduction. Thus, merging the chemocatalytic thia-Mi-
chael reaction with the biocatalytic reaction in a one-pot
protocol turned out to be unfeasible.

Visible-light photoredox catalysis represents an import-
ant tool for organic synthesis, and has become popular in
the last two decades.25 Photoredox-active metal complexes
or organic dyes can be used to initiate photoinduced pro-
cesses upon excitation with visible light. Such photocatalyt-
ic approaches can be carried out with cheap equipment and
proceed through a radical mechanism permitting unique
reactions to occur under mild conditions. Photocatalysis
can be well exploited for the construction of C–S bonds
through the reaction of thiols with alkenes (thio-ene pho-
tocatalysis).26 Thus, the possibility of accessing the mercap-
to ketone 6 through a photocatalytic thia-Michael reaction
under biocatalytic reaction conditions (buffer medium at
pH 7) was investigated. Whereas the vinyl ketones 12a–c
and thiophenol reacted slowly in a DMSO/buffer mixture at
pH 7,27 it was found that the photoinitiator [Ru(bpy)3]Cl2
was able to catalyse the thia-Michael reaction with full con-
versions in less than five minutes under visible light under
the same conditions. Thus, the photocatalysed thia-Michael
and the biocatalysed KRED reduction were combined into a
one-pot photo-biocatalytic cascade, as shown in Table 1.
The vinyl ketone 12a–c and the appropriate thiol were sus-
pended in DMSO/buffer medium, to which the
[Ru(bpy)3]Cl2 photoinitiator was added. After a few min-
utes, isopropanol, NAD(P)H cofactors, and the KRED en-
zyme was then added to the reaction mixture, leading to
enantiopure mercaptoalkanols 7a–j with excellent yields
and enantioselectivities.

The kinetics of the photo-biocatalytic cascade were also
studied through in situ 19F NMR on compound 7d. 19F NMR
was preferred to 1H NMR because of the background inter-
ference caused by the aqueous medium, as well as the bio-
catalyst, cofactors, and recycling system. As shown in Figure
3, the photocatalysed reaction of 2-fluorobenzenethiol
with methyl vinyl ketone was almost instantaneous follow-
ing the addition of photoinitiator [Ru(bpy)3]Cl2. The KRED
enzyme was then added to the reaction mixture after three
minutes, together with isopropanol and the cofactor, lead-
ing to almost full conversion into the alcohol (R)-7d after
about 10 hours.28

4 Photo-Biocatalysed Cascade Reactions

Photo-biocatalysed cascade reactions have acquired a
growing interest in the last few years.29 The possibility of

combining biocatalysis with light for the sustainable syn-
thesis of organic compounds is an attractive field of re-
search. In fact, merging together various catalysts able to
mediate complementary chemical reactions in a one-pot
protocol can lead to the development of novel and more
sustainable synthetic routes for the construction of chal-
lenging molecules, otherwise unobtainable by standard
methods. Several works describing combinations of photo-
catalysis and biocatalysis have been recently reported (Fig-

Table 1  One-Pot Two-Step Photo-Biocatalysed Cascade to Yield 1,3-
Mercaptoalkanols23

Entry R1 R2 Product KRED Conv.a 
(%)

eea 
(%)

Yieldb 
(%)

 1 Ph Me 7a 311 99 >99 (R) 73

 2 Ph Me 7a 349 99 >99 (S) 71

 3 Bn Me 7b 311 99  99 (R) 66

 4 Bn Me 7b 349 99  97 (S) 54

 5 All Me 7c 311 99 >99 (R) 43

 6 2-FC6H4 Me 7d 311 98  99 (R) 68

 7 4-Tol Et 7f 311 97c >99 (R) 45

 8 Ph Et 7f 349 95 >99 (S) 60

 9 Bn Et 7g 311 98  99 (R) 40

10 All Et 7h 311 99  99 (R) 49

11 Ph Ph 7j 349 98  95 (R) 38
a Determined by HPLC using a ChiralPak IC column.
b Isolated yield.
c After 48 h.
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OH

S
(S)-7a–h
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R2-SH

[Ru(bpy)3]Cl2 (0.3 mol%)
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Figure 3  19 F NMR in situ NMR of the photo-biocatalytic cascade
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ure 4). Hartwig and Zhao developed an elegant photo-bio-
catalysed dynamic kinetic resolution reaction in which a
light-activated photocatalyst catalyses the isomerization of
aryl alkenes 13, which, in turn, are converted into enantio-
merically pure derivatives 14 by an ERED biocatalyst. The
ERED is active on the E-isomer of alkene 13, which is re-
duced enantiospecifically to the alkane 14 with high yields
(60–96%) and high enantioselectivities (88–99% ee).30 How-
ever, alkenes can often exist as mixtures of E- and Z-iso-
mers and therefore, in the presence of such a mixture, the
Z-alkene would remain unreacted. Also, the synthesis of Z-
alkenes is sometimes favoured over the E-isomer. Thus, a
combination of an Ir-catalysed photoisomerization with a
biocatalytic reduction leads to enantiopure alkanes 14 from
E/Z-alkene mixtures.

Ward’s research group reported a photo-biocatalysed
cascade for the synthesis of enantiopure pyrrolidines 17.31

A water-soluble Ir catalyst was combined with monoamine
oxidase from Aspergillus niger (MAO-N) to convert a race-
mic mixture of amine 17 into the enantiomerically pure

products. Imines 15 are initially transformed into the highly
reactive radicals 16, which, in turn, are converted into race-
mic amines 17. Then, the MAO-N biocatalyst selectively ox-
idises one of the amine enantiomers into the imine 15, and
the cycle is repeated until only the pure amine (R)-17 re-
mains.

Yang et al. recently reported a light-mediated dynamic
kinetic resolution of primary amines 18 by using Candida
antarctica lipase B (CAL-B).32 The photocatalysed process
permitted the rapid racemisation of the amines 18, while
the CAL-B selectively acylated the R-enantiomers. In this
way, the racemic amines could be converted into the (R)-
amides 19, which were obtained with up to 99% ee and high
conversions.

Photocatalysis is not only used for promoting the isom-
erization of enantiomers. Ding et al. developed a photo-bio-
catalytic cascade to synthesise 2,2-disubstituted indol-3-
ones 23 from 2-arylindoles 20 by the combined use of a
Ru(bpy)3Cl2 photocatalyst and a wheat-germ lipase
(WGL).33 The photocatalyst promotes the oxidation of 20 to

Figure 4  Photo-biocatalysed cascades for the synthesis of fine chemicals
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yield the prochiral imine intermediate 21, a suitable sub-
strate for WGL. Then, the ketone reagent 22 reacts with 21
to yield indoles 23 with a stereodefined chiral quaternary
carbon centre.

Finally, Hönhe, Schmidt, and their co-workers exploited
photocatalysis to generate a range of prochiral ketones 25,
which were then transformed into a variety of derivatives
26–30 by using various biocatalysts.34 Sodium anthraqui-
none-2-sulfonate (SAS) was used as photoinitiator to con-
vert a series of alkanes 24 into ketones 25. The latter were,
in turn, treated with an appropriate biocatalyst [lyase,
ERED, KRED, monooxygenase (CHMO or HAPMO), or amine
transaminase] to generate compounds 26–30 in good con-
versions and with high enantioselectivities.

Despite these initial successes in the development of
photo-biocatalysed cascades, a number of potential issues
will need to be addressed in the near future, such as the in-
terferences between the photocatalysed conditions and the
redox cofactors, the mutual deactivation of some enzymes
with the photocatalysts, and the occurrence of side reac-
tions due to the presence of radical intermediates in the re-
action media.

Also, the use of organo-photoredox catalysts,26b instead
of the metal ones, might offer a greener and cheaper alter-
native and a better compatibility with the reaction condi-
tions of biocatalytic transformations.

5 Conclusions

This Synpact article summarises the development of a
novel photo-biocatalysed cascade for the synthesis of 1,3-
mercaptoalkanol derivatives from readily available building
blocks. The discovery of two new KRED enzymes able to ca-
talyse the reduction of mercapto ketones with high enantio-
selectivity is described. In particular, the development of
two screening approaches, a colorimetric and a spectro-
photometric assay, for the rapid selection of the most-ac-
tive KRED biocatalysts from a library of 384 enzymes is
highlighted. The work then focused on the development of
photo-biocatalytic cascade transformations that might per-
mit the direct synthesis of key chemical compounds
through a combination of photocatalytic and biocatalytic
reactions in a one-pot process. An overview of the most re-
cent and innovative photo-biocatalysed approaches for the
synthesis of chemical building blocks is also presented.
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