
Green Chemistry

PAPER

Cite this: Green Chem., 2024, 26,
7320

Received 20th March 2024,
Accepted 17th April 2024

DOI: 10.1039/d4gc01373e

rsc.li/greenchem

Cross-acyloin condensation of aldehydes
catalysed by transketolase variants for the
synthesis of aliphatic α-hydroxyketones†
Giuseppe Arbia, Camille Gadona, Hubert Casajus, Lionel Nauton,
Franck Charmantray* and Laurence Hecquet*

We demonstrate that transketolase variants from Geobacillus stearothermophilus catalyse an acyloin con-

densation reaction involving two hydroxylated or not aliphatic aldehydes. This promiscuous TK-catalysed

reaction offers an attractive alternative to the ketol transfer from α-ketoacids used as donor substrates in

the usual TK mechanism, adding atom economy by avoiding carbon dioxide release. Transketolase var-

iants H102L/L118I/H474G(S) showed a de novo activity towards the self-condensation of propanal, and to

a lesser extent of ethanal, and a remarkable ability to control the selectivity of the more challenging

cross-acyloin condensation reaction with propanal or iso-butanal used as nucleophiles, and different

hydroxylated aldehydes (C2–C4) as electrophiles. The synthesis of seven aliphatic symmetrical and

unsymmetrical α-hydroxyketones was performed from stoichiometric amounts of aldehydes, giving yields

similar to those obtained with the common TK reaction based on α-ketoacid decarboxylation. This novel

enzymatic cross-acyloin condensation reaction extends the toolbox for the synthesis of unsymmetrical

aliphatic α-hydroxyketones while improving mass metrics of previous enzymatic and chemical strategies.

Introduction

α-Hydroxyketones (acyloins) are highly valuable compounds
for numerous applications in fine chemicals,1 especially in
pharmaceuticals,2 where they are used as building blocks for
the synthesis of drugs and pro-drugs,3 such as olmesartan
medoxomil,4 used to treat high blood pressure. Although sym-
metrical (aromatic or aliphatic) α-hydroxyketones can be pre-
pared by chemo-benzoin-type condensation reactions catalysed
by N-heterocyclic carbenes (NHCs) coupled with a base,5 this
strategy is much less convenient for access to a broad range of
unsymmetrical, aliphatic, and hydroxy-functionalised
α-hydroxyketones,6 owing to the difficulty controlling both
chemo- and regio-selectivity. Some organocatalytic methods
are reported but they all use “chemical tricks” such as a large
excess (typically 10-fold) of one of the reagents,7 or sterically-
hindered substrates (e.g. ortho-substituted aromatics),8 an
approach that inherently narrows the scope of applications
and lowers overall efficiency. Biocatalysis is an interesting
alternative for aliphatic α-hydroxyketone synthesis. Indeed,

NHCs are chemical mimics of thiamine diphosphate (ThDP), a
natural derivative of vitamin B1 which is a cofactor present in a
variety of enzymes used for the synthesis of α-hydroxyketones.
The biocatalytic strategies offer not only high chemo–regio-
and stereoselectivities but also mild reaction conditions
(neutral pH, room temperature, atmospheric pressure and
water as solvent). The enzymatic mechanisms of ThDP-depen-
dent enzymes can be a transfer of a ketol or acyl unit from an
α-ketoacid to an aldehyde (pyruvate decarboxylase,9 pyruvate
dehydrogenase,10 transketolase11) or an acyloin-type conden-
sation reaction of two different aldehydes (benzaldehyde
lyase,12 acetoin dehydrogenase,13 formolase14). This last strat-
egy has the great advantage of adding to previous green cri-
teria, atom economy by avoiding the release of carbon dioxide
generated by the decarboxylation of α-ketoacids required by
transferases but the best regio- and stereo-selectivities were
obtained by cross-acyloin condensation of an aliphatic alde-
hyde with an aromatic or branched aldehyde.

Here we found that acyloin-type condensation reaction can
be catalysed by the ThDP-dependent enzyme transketolase
(TK) which controls both the regio- and the stereoselectivity
with two different aliphatic aldehydes (hydroxylated or not)
leading to unsymmetrical, aliphatic, and hydroxy-functiona-
lised α-hydroxyketones in one step. This unreported promiscu-
ous cross-acyloin-type condensation reaction avoids carbon
dioxide generation from α-ketoacids required by the common
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TK-catalyzed reaction and offers green advances compared to
the chemical strategies catalysed by NHCs.

For biocatalytic applications, the common TK donor sub-
strate is the α-ketoacid, hydroxypyruvate (HPA). The reaction
being under kinetic control, the equilibrium is displaced
toward the release of the α-hydroxyketone and carbon dioxide
(Scheme 1). The TK-catalyzed reaction is stereospecific, and
the newly-formed asymmetric centre of the product displays S
absolute configuration. While HPA was exclusively used for
biocatalytic applications, TKs offer more flexibility towards
acceptor substrates than most other ThDP-dependent
enzymes. Although TKs showed a preference for (2R)-hydroxyl-
ated aldehydes, differently substituted, non-phosphorylated
alkyl, allyl, aromatic, or heterocyclic moieties have been
demonstrated to be substrates, and many corresponding pro-
ducts have been isolated on a preparative scale.15–17 The meso-
philic TKs from Saccharomyces cerevisiae18 (TKsce) and from
Escherichia coli19 (TKeco) have been largely used for biocatalytic
applications and altered by mutagenesis.15,16 More recently,
we discovered the first thermostable TK from the thermophilic
organism Geobacillus stearothermophilus (TKgst), offering sig-
nificant tolerance to elevated temperatures and robustness
towards non-conventional reaction conditions, whether with
free or immobilised enzyme.17,20 Using HPA as donor sub-
strate, we showed that selected TKgst variants were able to
accommodate new acceptor substrates17a,c such as (2S)-hydro-
xyaldehydes of ranging carbon chain length (C4–C8), or ali-
phatic or arylated aldehydes.

We also reported that selected TKgst variants accepted pyru-
vate and some analogues as novel hydrophobic donors in
place of HPA, offering interesting prospects.17e,f,h In the well-
known TK mechanism, the activated ThDP (ylide) carries out a
nucleophilic attack on the carbonyl of the donor substrate
(α-ketoacid), followed by decarboxylation of the intermediate,
yielding the α,β-dihydroxyethylthiamine carbanion (DHEThDP)
as a ketol activated donor ready to condense with an aldehyde
as an acceptor substrate. For example, this reaction leads to
L-erythrulose with HPA as donor and glycolaldehyde as accep-
tor (Scheme 2, pathway A).

Besides this commonly accepted ping-pong TK mechanism,
a promiscuous acyloin-condensation reaction (Scheme 2,
pathway B) has been reported with glycolaldehyde (GoA) only,
this latter playing the role of both nucleophile and
electrophile.21,22 In 2017, Hanefeld et al.21 suggested that the
formation of the DHEThDP II intermediary occurred in two
stages (Scheme 2). First, the activated ThDP I (ylide) carries
out a nucleophilic attack on the carbonyl of a first GoA mole-

cule (nucleophile) followed by a deprotonation reaction cata-
lysed by His 481 in the active site of TK from Saccharomyces
cerevisiae to generate the DHEThDP ThDP II common to both
pathways A and B. In a second step, the carbonyl group of a
second GoA molecule undergoes a stereospecific condensation
with II to give L-erythrulose. Hanefeld et al.21 suggested that
DHEThDP from pathway B should be catalysed more slowly
than its generation by decarboxylation (Scheme 2, pathway A).

Here, our aim was first to exemplify the promiscuous self-
acyloin-condensation reaction described with GoA, using three
aliphatic aldehydes (ethanal 1, propanal 2, iso-butanal 3) in
the presence of TKgst variants and to compare the results with
the common TKgst reaction involving the corresponding
α-ketoacids (pyruvate 1′, 2-oxobutyrate 2′ and 3-methyl-2-oxo-
butyrate 3′) that transfer the same acyl group after decarboxyl-
ation in the presence of ethanal 1, propanal 2, and iso-butanal
3 respectively as electrophiles.

Then, TKgst variants were selected to specifically control the
cross-acyloin condensation to form mainly one
α-hydroxyketone from two different aldehydes (R1–CHO acting
as nucleophilic acyl donor and R2–CHO as an electrophilic
acceptor) while the uncontrolled cross-acyloin condensation
leads to four potential products (Scheme 3).

Finally, the cross-acyloin condensation was performed
using two different aldehydes, propanal 2 and iso-butanal 3 as

Scheme 1 Transketolase-catalysed transfer of a ketol (or an acyl group)
from an α-ketoacid to an aldehyde.

Scheme 2 Proposed mechanisms catalysed by yeast TK for the for-
mation of L-erythrulose from α,β-dihydroxyethylthiamine diphosphate
carbanion (DHEThDP) generated with two different nucleophiles, hydro-
xypyruvate (HPA) by decarboxylation (pathway A) or from glycolalde-
hyde (GoA) by deprotonation (pathway B).21

Scheme 3 Possible α-hydroxyketone product distribution from two
different aldehydes by TKgst variant-catalysed cross-acyloin conden-
sation or uncontrolled acyloin condensation.
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nucleophiles and aldehydes 4–6 (C2–C4) as electrophiles,
giving unsymmetrical aliphatic α-hydroxyketones 9–13
(Scheme 4).

Results and discussion
Analytical study of TKgst variants for self-acyloin condensation

In previous studies, we reported the improvement of TKgst

activity towards aliphatic acyloins.17g We used a semi-rational
engineering approach that focused on residues H102, L118,
H474 as key positions. We screened five libraries,
H102L/H474X/D470X (or L382X, or F435X or L191X or L118X),
with aliphatic α-hydroxy ketone propioin 8, the product of the
self-acyloin condensation reaction of propanal 2. During this
work, when we performed the controls with propanal 2 only
(R2vCH2–CH3), we observed that four variants H102L/L118I,
H102L/H474S, H102L/L118I/H474S and H102L/L118I/H474G
(selected here) were able to catalyse the self-acyloin conden-
sation of this aldehyde to give propioin 8. This hitherto unre-
ported finding with this type of aldehyde prompted us to study
this phenomenon further. Indeed, this promiscuous self-
acyloin-condensation reaction has been described with
GOA only and wild-type TK by different groups (Scheme 2,
pathway B) but the product L-erythrulose was obtained in quite
low amounts.21,22

Following our previous results with propanal 2 and the best
four variants H102L/L118I, H102L/H474S, H102L/L118I/H474S
and H102L/L118I/H474, we set out to study the self-acyloin
condensation of two other aldehydes, ethanal 1 and iso-
butanal 3 (Scheme 3, pathway B). These variants were used
earlier with the corresponding α-ketoacids (pyruvate 1′, 2-oxo-
butyrate 2′, 3-methyl-2-oxobutyrate 3′) as nucleophiles in the

presence of the aldehydes 1, 2, and 3 as electrophiles to obtain
the corresponding α-hydroxyketones.17d,f,h

For this study, TKgst variants were expressed in E. coli BL21
(DE3)pLysS strain and purified by Ni2+ chelating affinity
column chromatography. To quantify the formation over time
of α-hydroxyketones (Fig. 1) produced by the self-condensation
reaction of aldehydes 1, 2, 3 (Scheme 3, pathway B) and
compare the results with the corresponding α-ketoacids
bearing the same acyl group (pyruvate 1′, 2-oxobutyrate 2′,
3-methyl-2-oxobutyrate 3′) in the presence of aldehydes 1, 2, 3
(Scheme 3, pathway A), we used a spectropho tometric discon-
tinuous assay based on the selective detection of
α-hydroxyketone by reaction with 2-(4-iodophenyl)-3-(4-nitro-
phenyl)-5-(2,4-disulfophenyl)-tetrazolium (WST-1) as a water-
soluble tetrazolium salt. WST-1 was also used to determine the
activity of other ThDP enzymes including pyruvic acid decar-
boxylase,23 TK,24 and transaminases.25 The principle of this
assay consists in regularly drawing aliquots of TK-catalysed
reactions assayed separately with WST-1 under basic con-
ditions at 60 °C. The reaction generates a blue formazan
colour, followed by measuring absorbance at 600 nm.26 We
also determined the standard curves for acetoin 7 and pro-
pioin 8 to calculate the molar extinction coefficient ε of these
two α-hydroxyketones 7 and 8 (ESI†).

After a first screening of the three aldehydes 1, 2 and 3 in
the presence of the four variants and wild-type TKgst as
control, H102L/L118I and H102LH474S were discarded
because conversion was low whichever aldehyde was used,
showing that the cooperative effect of the three mutations
(H102L/L118I/H474S(G) was required to 1′, 2-oxobutyrate 2′,
3-methyl-2-oxobutyrate 3′) used in pathway A, an exchange of
the two histidine H102 and H474 by smaller and less polar
amino acids was required to make space for larger hydrophobic

Scheme 4 Synthesis of α-hydroxyketones 7–13 catalysed by TKgst variants from α-hydroxy-β-(polyhydroxy)alkylthiamine diphosphate (acyl ThDP)
carbanion II generated with two possible nucleophiles, aliphatic α-ketoacids 1’, 2’, 3’ (pathway A) or aliphatic aldehydes 1, 2, 3 (pathway B) in the
presence of aldehydes 1–6 as electrophiles.
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donor substrates compared with HPA (commonly used as
donor), while keeping the catalytic mechanism intact. We expect
similar results for the self-condensation of corresponding alde-
hydes 1, 2 and 3 in pathway B. In addition, as the Leu118
residue is involved in the stabilisation of the thiazolium cycle of
ThDP, the mutation of Leu118 into an isoleucine (L118I) may
also increase the stabilisation of these aliphatic substrates.

According to our experimental results at analytical scale
(Fig. 1) in the presence of substrates and cofactor or in the
presence only of wild-type TKgst, the self-acyloin condensation
of aldehydes 1, 2, and 3 or ketol transfer from α-ketoacid 1′, 2′,
3′ did not take place, as confirmed by in situ NMR analysis of
the reaction mixtures (ESI†). After 24 h, the largest amounts of
α-hydroxyketone 8 (41–43 mM) were obtained in the presence
of the TKgst variant H102L/L118I/H474G with 2-oxobutyrate 2′
and propanal 2 (pathway A) or with propanal 2 only (pathway
B) (Fig. 1b–d), but this concentration level was achieved more
slowly from pathway B. Pathway A (with 2′ and 2) gave the
α-hydroxyketone 8 (43 mM) after 4 h (Fig. 1b), while pathway B
catalysed by the same variant yielded a similar concentration
(41 mM) after 24 h (Fig. 1d). This result confirms the hypoth-
esis of Hanefeld21 suggesting a slower DHEThDP generation
from pathway B (in the presence of GoA only) compared to its
generation by decarboxylation of α-ketoacid from pathway A in
the presence of HPA and GoA (Scheme 2).

We did not observe self-condensation of iso-butanal 3 or
ketol transfer from 3-methyl-2-oxobutyrate 3′ to iso-butanal 3
(ESI†). These results show that TKgst variants
H102L/L118I/H474S(G) greatly improved the formation of
α-hydroxyketones particularly with propanal 2 compared to
wild type TKgst. The concentrations of products 7 or 8 were
similar whatever the pathway A (from decarboxylation of
α-ketoacid 1′ or 2′) or pathway B (from self-condensation of
aldehyde 1 or 2). These analytical results extend the self-
acyloin condensation described only with GoA and wild type
TK21,22 to non-hydroxylated aldehydes 1 and 2.

In silico study of acylThDP carbanion formation from pathway B

To propose a possible mechanism for acylThDP carbanion for-
mation from aldehydes 1 and 2 (Scheme 3, pathway B), we con-
ducted in silico studies using H102L/L118I/H474G(S) TKgst

variant active site models (ESI†). The mechanism reported by
Hanefeld for yeast TK21 cannot be applied in our case. His 481
in yeast TK identified as a possible residue for the deprotona-
tion of the ThDP intermediate leading to DHEThDP corres-
ponds to His 474 in TKgst replaced in the selected variants by a
serine or glycine. This residue H474 in wild-type TKgst is
responsible for ThDP carbanion formation, but in TKgst var-
iants used in this work, His 474 was replaced by a glycine or
serine, which are unable to capture the proton of the inter-

Fig. 1 Determination of α-hydroxyketone concentration using 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-tetrazolium (WST-1) assay
following pathway A with pyruvate 1’ and ethanal 1 (a) 2-oxobutyrate 2’ and propanal 2 (b) or pathway B with ethanal 1 only (c) propanal 2 only (d).
Control without TKgst wild-type TKgst H102L/L118I/H474S H102L/L118I/H474G . The reactions were performed at 37 °C in 200 µL phosphate
buffer (50 mM, pH 7.0) containing ThDP (0.1 mM), MgCl2 (1 mM), aldehyde alone 1 or 2 (100 mM) or a mixture of aldehyde 1 or 2 (50 mM) with
α-ketoacid 1’ or 2’ (50 mM) in the presence of wt-TKgst or TKgst variants (2.5 mg mL−1).
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mediate I-B. We explain the acylThDP carbanion formation in
TKgst variant H102L/L118I/H474G with propanal 2 as nucleo-
phile by an attack on the carbonyl of a first molecule of 2 fol-
lowed by a proton transfer of I-B via a water molecule to His
263 (Fig. 2). This mechanism was confirmed by molecular
dynamics studies (ESI†).

In addition, the presence of leucine in place of histidine in
the 102 position (H102L) near the methyl group of propanal 2
stabilised the molecule and favoured this mechanism. In a
second step, the nucleophile and GoA 4 as electrophile. Both
compounds compete for the same active site, but the well-
known TK reaction proceeds according a ping-pong mecha-
nism.29 Hence, with H102L/L118I/H474G TKgst, variant as ali-
phatic substrate, propanal 2 reacts firstly as nucleophile to give
the DHEThDP carbanion, which carbonyl group of a second
propanal molecule undergoes a condensation with acylThDP
carbanion to give the acyloin product 8. The lower reactivity of
1 compared with 2 observed earlier (Fig. 1) could be explained
by the smaller size of 1, leading to a lower stabilisation by the
active site residues. The molecular dynamics studies also
showed one main position of propanal 2, whereas iso-butanal
3 gave three possible positions, explaining the lower stereo-
selectivity in the presence of GoA 4 as acceptor substrate
(ESI†). The absence of a self-condensation product in the pres-
ence of iso-butanal 3 may be due to steric hindrance prevent-
ing the condensation of the acylThDP carbanion on another
iso-butanal molecule 3.

Preparative-scale synthesis and characterisation of
α-hydroxyketones obtained by acyloin condensation

To study and identify the cross-acyloin condensation products
(Scheme 3, pathway B), the three aldehydes (ethanal 1, propa-
nal 2, iso-butanal 3) were chosen as nucleophiles in the pres-
ence of hydroxylated aldehydes (C2–C4) 4, 5 and 6 already
reported as substrates of TKgst variants H102L/L118I/H474S
and H102L/L118I/H474G according pathway A17h (Table 1).

In the common TKgst reaction based on decarboxylation of
α-ketoacids as nucleophile (pathway A), we showed that
H102L/L118I/H474G was selected in the presence of an alde-
hyde acceptor with short carbon chain (C2–C3) and
H102L/L118I/H474S with hydroxylated and longer carbon
chain aldehyde C3–C4.17g

The reactions were performed at 37 °C at 1 mmol scale, in
the presence of 1.5 to 3 mg of purified TKgst variants in 20 mL
phosphate buffer (50 mM) adjusted to pH 7.0. The substrates
and products were quantified by in situ 1H NMR analysis using
3-(trimethylsilyl) propionic-2,2,3,3-d4 acid (TSP-d4) as an
internal standard from aliquots taken from the reaction mix-
tures over time, allowing th measurement of the final conver-
sion levels (ESI†). The products were purified by silica gel
chromatography and characterised by NMR.

Ethanal 1 gave only the self-condensation product 7 (ESI†)
with good in situ (84%) and isolated yields (67%).

Propanal 2 alone or glycolaldehyde 4 alone led to the self-
condensation products propioin 7 or L-erythrulose respectively
(ESI†). When propanal 2 and glycolaldehyde 4 were together in
the presence of TKgst variant, one main cross-acyloin conden-
sation product 9 (80% in situ yield and 50% isolated yield) was
obtained. Two minor products were observed: L-erythrulose
from self-acyloin condensation of GoA 2 (8%) and propioin
(8%) 8 from self-condensation of propanal 4. To explain the
structure of the compound 9, propanal 2 should be considered
as nucleophile and then attacks the carbonyl of glycolaldehyde
4 considered as electrophile (additional experiments in ESI†
confirmed that glycolaldehyde 4 is a better acceptor substrate
than propanal 2).

Propanal 2 with (2R)-hydroxylated aldehydes 5 and 6
bearing one and two carbon(s) more than GoA gave the corres-
ponding α-hydroxyketones 10 and 11 respectively. 10 was
obtained with lower in situ and isolated yields than 11 (48%
and 31% after 72 h and 75% and 50% after 48 h respectively).
In all cases, the analysis of the reaction mixtures by NMR
showed a small amount of propioin 8 from the self-acyloin
condensation of the nucleophile 2 (0–24%).

Although no self-acyloin condensation was observed with
iso-butanal 3 only, probably owing to the steric hindrance of
the isobutyl group, the cross-acyloin condensation with linear
aldehydes 4 and 5 was efficient, the corresponding expected
α-hydroxyketones 12 and 13 being isolated with excellent to
fairly good in situ yields (82% for 12 and 39% for 13) after 72 h
of reaction. To limit the formation of L-erythrulose resulting
from the self-condensation of GoA 4 in the synthesis of
α-hydroxyketones 12 and the chemical transformation of
D-glyceraldehyde 5 into dihydroxyacetone in the synthesis of
13, aldehydes 4 and 5 were added to the reaction mixtures by
syringe perfusion.

Overall, and following pathway B, the α-hydroxyketones
7–13 were obtained with yields and reaction times similar to
those obtained following pathway A, except that the quantities
of enzymes used were roughly 1.5 to 2 times greater.17h

Overall, the results showed a greater ability of propanal 2 to
catalyse self- and cross-condensation with a broader spectrum

Fig. 2 Model of H102L/L118I/H474G TKgst active site with propanal 2
(cyan) as nucleophile and ThDP (light purple). Active site construction
was based on 3M49 pdb structure with Chimera.27 The propanal 2 posi-
tion was determined from a molecular dynamics study carried out by
NAMD.28
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of electrophilic aldehydes. These results corroborate our pre-
vious findings showing that oxobutyrate 2′ was a better donor
substrate than pyruvate 1′ or 3-methloxobutyrate 3′.17e,f,h

The selected TKgst variants were able to control the regio-
selectivity of the condensation, giving in all cases the targeted
α-hydroxyketone. The stereoselectivity study conducted by
chiral GC-MS chromatography after derivatization of products
9 and 12 (obtained with GoA 4 as eclectrophile and propanal 2
or iso-butanal 3 respectively as nucleophiles) gave the same
enantiomeric excess (ee) values when products 9 and 12 were
synthesised according pathway A (with α-ketocids 2′ and 3′)
(ESI†). The higher ee for 9 (69%) than for 12 (34%) could be
explained by the better stabilisation of the nucleophile propa-
nal 2 in the active site compared to iso-butanal 3 as shown by
molecular dynamics studies (ESI†). In the presence of chiral
di- or tri-hydroxylated aldehyde 5 and 6 as electrophiles and
propanal 2 or iso-butanal 3 as nucleophile, only one diastereo-
isomer of α-hydroxyketones 10, 11 and 13 was obtained as
demonstrated by the in situ NMR analysis of the reaction mix-
tures. We considered that the new asymmetric carbon had
mainly an S absolute configuration, given the NMR spectra
identical to those obtained with the same compounds syn-
thesised with α-ketoacids 2′ and 3′ and aldehydes 5 or 6

already reported in the literature.17d,h The high diastereo-
selectivities obtained with products 10, 11 and 13 (>95%) may
be explained by a specific interaction of the C2 (R) hydroxyl
group of the electrophiles 5 and 6 with Asp 470 as reported
previously17 allowing a better stabilisation of these aldehydes
compared to the mono-hydroxylated GoA 4, and favouring the
formation of one diastereoisomer.

The characterisation of the cross-acyloin products 9–13
obtained with good yields confirms that pathway B can be an
efficient and economical alternative to the decarboxylation of
α-ketoacids required for the common pathway A. The determi-
nation of some mass metrics31 gave notably 100% of Atom
Economy (AE) for pathway B against 60% for pathway A. This
novel strategy can also be compared in terms of environmental
impact to chemical approaches particularly those using NHCs.
Triazolium or thiazolium Rovis salts were also reported to cata-
lyse the cross-acyloin condensation with aliphatic aldehydes as
nucleophiles such as ethanal 1, propanal 2 and iso-butanal 3
but only with aromatic aldehydes as electrophiles.32,33 The
cross-products were obtained in good yields (55–80%) and ee
(60–81%) but the reactions were performed in THF or m-xylene
as solvents in the presence of a base (RbCO3 or CsCO3) and
required often an excess of nucleophile (1.2 to 15 eq.) giving E

Table 1 Synthesis of α-hydroxyketones using TKgst variants in the presence of propanal 2 and iso-butanal 3, as nucleophiles (50 mM) and aliphatic
aldehydes (ethanal 1, propanal 2) or aldehyde (glycolaldehyde 4, D-glyceraldehyde 5, D-erythrose 6) as electrophiles (50 mM). Reactions were per-
formed at 37 °C in phosphate buffer (50 mM) at pH 7.0

Nucleophile Electrophile Product Time (h) TKgst variant
TKgst
(mg mL−1)

In situ yieldb

(%)
Isolated yield
(%)

eec or deb

(%)

72 H102L/L118I/H474G 2.5 80 50 69

72 H102L/L118I/H474S 3 48 31 >95

48 H102L/L118I/H474S 2.5 75 50 >95

72 H102L/L118I/H474G 2 82 60 34

72 H102L/L118I/H474S 3 39 31 >95

a Addition of the total amount of 3 at initial time, sequential addition of stoichiometric amount of 4 or 5 for 20 h (2.5 mM h−1). bDetermined by
in situ 1H NMR using TSP-d4 as an internal standard and calculated based on in situ product formation. cDetermined by chiral GC-MS analysis
after derivatization.17d
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factor values from 1.1 to 8.8 (ESI†). TKgst catalysed cross-
acyloin reactions described in this paper with stoichiometric
amounts of substrates gave lower E factor range of 0.6–1.9
(ESI†). In addition, E factor does not include the nature of cat-
alysts important for our purpose since enzymes are biosourced
while NHCs are synthetic and toxic.

Experimental
General

All chemicals were purchased from Sigma-Aldrich, Alfa-Aesar
TCI chemicals and CarboSynth. Bradford reagent was from Bio-
Rad. Ni-NTA resin was obtained from QIAGEN. Lyophilisation
was carried out with Triad LABCONCO dryer. UV-visible absor-
bance was measured using a Spark control 10 microplate reader
from TECAN and an Agilent Technologies.
MARCHEREY-NAGEL GmbH & Co KG 60/40-63 mesh silica gel
for Liquid Flash Chromatography and MARCHEREY-NAGEL
GmbH & Co KG 60 F254 silica gel TLC plates with anisaldehyde
stain for detection were used. Reaction pH for preparative syn-
thesis was maintained using a TitroLine®7000 autotitrator.
NMR spectra were recorded in D2O on 400 MHz Bruker Avance
III HD and 500 MHz Avance III HD spectrometers. Chemical
shifts are referenced to the residual solvent peak. The following
multiplicity abbreviations are used: (s) singlet, (d) doublet, (dd)
doublet of doublet, (dq) doublet of quartet, (ddq) doublet of
doublet of quartet (dqd) doublet of quartet of doublet, (sep)
septuplet, (t) triplet, (q) quadruplet, (m) multiplet.

In silico studies of TKgst variants. Molecular modelling

The TKgst variants H102L/L118I/H474G(S) were modelled from
the native TKgst structure deposited in the pdb (3M49). Each
residue was mutated using the Chimera Rotamer module. The
choice of the position of the side chains was made according
to the steric bulk and the best possible choice in the Dunbrack
positioning. Propanal was introduced into the active site and
placed in such a way that the reactive carbons of ThDP and
propanal were at a distance of 3.0 Å (determined in our pre-
vious studies),29 corresponding to an initial state. This con-
struction was then solvated in a water box of 120 Å × 120 Å ×
120 Å while retaining the crystallographic water molecules of
3M49 (38 221 water molecules). The NaCl concentration was
0.15 M, i.e. 108 Cl− and 138 Na+ for charge equilibration of the
system. A minimisation followed by a temperature rise to
300 K in NVT was carried out. Equilibration of the volume was
done using a 4 ns dynamic simulation in NPT, and further 10
ns production dynamic simulation was run in NPT. One mole-
cule of propanal was introduced in each site and the dynamics
run under constraints for a distance of 3.2 Å between the react-
ing carbons to study the stabilisation of propanal.

Production of TKgst wild-type and variants

Expression was carried out in E. coli BL21(DE3) pLysS strain.
This strain was transformed by heat shock with the following
TKgst: artificial wild-type TKgst,

17a H102L/L118I,17f

H102LH474S,17c H102L/L118I/H474S17f and
H102L/L118I/H474G.17f These strains were stored at −80 °C in
glycerol 60% (10% final). A 100 μl culture aliquot of each of
the clones was transferred to 50 ml liquid LB medium contain-
ing kanamycin (30 μg mL−1) and grown at 27 °C, 200 rpm,
12 h. The pre-culture (20 ml) was used to inoculate 1 L of
culture medium containing kanamycin (30 μg mL−1) and
grown at 37 °C, 200 rpm. Isopropyl β-D-1-thiogalactopyranoside
(IPTG) at 0.5 mM was added when the OD600 nm range
reached 0.6–0.8 A.U. Cells were then grown at 30 °C, 200 rpm,
overnight. Cells were recovered by centrifugation (8000 rpm,
4 °C, 15 min), washed twice with phosphate buffer
NaH2PO4·2H2O (50 mM), NaCl (300 mM) at pH 8.0, and finally
harvested (4000 rpm, 4 °C, 15 min). The culture medium was
removed and the bacterial pellets were stored at −25 °C (≈5 g
of wet bacterial pellet per L).

Purification of TKgst wild-type and variants

Harvested recombinant cells expressing TKgst wild-type and
variants (H102L/L118I, H102LH474S, H102L/L118I/H474S and
H102L/L118I/H474G) obtained from 1 L of culture were resus-
pended in 35 mL of phosphate buffer (50 mM) containing
NaCl (300 mM) at pH 8. The cells were disrupted by sonication
on ice for 30 min and the insoluble pellets were discarded
after centrifugation at 8000 rpm for 15 min at 4 °C. Crude
extracts were applied to a Ni-NTA column equilibrated with
phosphate buffer for TKs and with phosphate buffer (50 mM)
containing NaCl (1 M) and imidazole (20 mM). After washing
each column with the same buffer, the His6-tagged TKs were
finally eluted with phosphate buffer (50 mM) containing NaCl
(300 mM) and imidazole (500 mM) at pH 8.0 for TKs. The frac-
tions containing the eluted proteins were collected and dia-
lysed against triethanolamine buffer (2 mM, pH 7.5) and then
against water (pH 7.5) through dialysis tubing (cut-off 14 kDa)
at 4 °C and twice against water (pH 7.5). These protein solu-
tions were then lyophilised. Protein concentration was deter-
mined by the Bradford method.30 Bovine serum albumin (BSA)
was used as the standard.

Determination of TKgst activity

The pH-based colorimetric assay described earlier was per-
formed in 96-well plates.13 One unit of TKgst activity was
defined as the amount of enzyme that catalyses the formation
of 1 µmol of product per minute at 37 °C in TEA buffer (2 mM,
pH 6.8). TKgst enzymatic assay was performed in the presence
in 96-well plates at 37 °C (200 μL per well). The assay mixture
contained wild-type or variant TKgst (8 μg), acceptor (50 mM),
ThDP (0.1 mM), MgCl2 (1 mM), TEA (2 mM, pH 7.0) and
phenol red (0.084 mM). α-Ketoacid (50 mM) was added to start
the reaction. Absorbance was measured at λ = 620 nm using a
microplate reader. Absorbance data were converted into
HCO3

− concentrations according to the standard curve of the
assay determined using a series of NaHCO3 concentrations
(0–0.5 mM).
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α-Hydroxyketone quantification

The 2-(4-iodophenyl)-3-(4-nitrophenyl)-5-(2,4-disulfophenyl)-
tetrazolium (WST-1 assay)26 was performed in 96-well plates.
Each well (200 μL) contained 90 µL of NaOH solution (0.22 M)
90 µL of water-soluble tetrazolium dye WST-1 solution
(0.25 mM) and 20 µL of acyloin sample diluted in phosphate
buffer (50 mM) at pH 7.0 containing ThDP (0.1 mM) and
MgCl2 (1 mM). After incubation at 60 °C at 100 rpm and 1 h,
the absorbances were recorded at 600 nm on a microplate
reader.

Determination of acyloin standard curves. Acyloin standard
curves were determined in the 5–50 μM range in 96-well plates
using WST-1 assay (see ESI†). The experiments were performed
in triplicate. Standard curves were generated by linear
regression analysis. The limits of detection (LOD) and of
quantification (LOQ) were calculated by the formulae LOD =
3.3Sb/a and LOQ = 10Sb/a, where Sb is the standard deviation
of the control and a the slope of the standard curve.

Screening of aliphatic aldehydes as putative nucleophiles.
The reactions were performed at 37 °C in 200 µL phosphate
buffer pH 7.0 containing ThDP (0.1 mM) and MgCl2 (1 mM).
Using ethanal or propanal as nucleophiles, the assay mixtures
contained (i) aliphatic aldehyde alone (100 mM) or (ii) a
mixture of α-ketoacid (50 mM) and aliphatic aldehyde (50 mM)
as positive control. The reactions were initiated by adding wt-
TKgst or TKgst variants at 2.5 mg mL−1 and performed in tripli-
cate. 5 µl samples were drawn at 0, 4 h, 6 h and 24 h, diluted
800-fold in phosphate buffer and assayed following the WST-1
assay.

In situ 1H NMR measurements

Preparative-scale enzymatic reaction progress was monitored
using quantitative in situ 1H NMR relative to 3-(trimethylsilyl)
propionic-2,2,3,3-d4 acid (TSP-d4) as internal standard.
Aliquots of the reaction mixture were removed over time
(450 µL) and mixed with 50 µL of TSP-d4 (50 mM in D2O)
before 1H NMR analysis.

General procedure of TKgst-catalysed reaction for
α-hydroxyketone synthesis

In a 50 mL, round-bottom flask, ThDP (1 mg, 0.1 mM) and
MgCl2·6H2O (4 mg, 1 mM) were dissolved in H2O (20 mL, total
volume) in NaH2PO4 (50 mM) and the pH adjusted to 7.0. To
this solution, the lyophilised TKgst variants H102L/H474S/L118I
or H102L/H474G/L118I (0.5–3.5 mg mL−1) was added and the
mixture stirred at 150 rpm at 37–50 °C. The reaction was
initiated by aldehyde addition: propanal (58 mg, 50 mM, 1 eq.),
ethanal (44 mg, 50 mM, 1 eq.) or iso-butanal (72 mg, 50 mM, 1
eq.). Reaction progress was followed by measuring aldehyde
consumption by in situ 1H NMR. After total substrate conversion
(24–96 h), enzyme was discarded from the solution by precipi-
tation with 15 ml of methanol followed by centrifugation at
4000 rpm for 10 min at 20 °C.

Purification of α-hydroxyketone products

The pure products 9–13 were obtained after a two-step work-up
consisting in the addition of 1 mL of silica gel in the reaction
mixtures followed by evaporation to dryness under reduced
pressure. The dry products adsorbed to silica were loaded onto a
flash silica column pre-equilibrated with ethyl acetate/MeOH 95/
5 for products 9, 10 and 11 and with ethyl acetate/MeOH/H2O
90/2.5/2.5 for products 12 and 13. The products 7 and 8 were iso-
lated after liquid–liquid extraction. Product 7 was purified from
the reaction mixture using salting out extraction, performed in
20 mL ethyl acetate and 20 ml reaction mixture containing
K2HPO4 (3.2 M) for 4 h at 550 rpm. The process was repeated
twice. After 4 h, the organic phase was dried over MgSO4 and the
solvent evaporated under vacuum to give product 7. Product 8
was extracted with MTBE (3 × 150 mL). The organic phase was
dried over MgSO4 and the solvent was removed in vacuo to afford
product 8, isolated as a colourless oil.

3-Hydroxybutan-2-one 7 was isolated as a white powder
(59 mg, 67% yield with TKgst variant H102L/L/118I/H474G) fol-
lowing the general procedure of the TKgst reaction. TLC: Rf
0.31 (cyclohexane/ethyl acetate, 8.5/1.5 v : v). The NMR data
obtained for 7 matched precisely the commercial product
reference. 1H NMR (400 MHz, D2O): δ = 1.38 (d, 3H, J = 7.2 Hz,
H-4), 2.22 (s, 3H, H-1), 4.42 (q, 2H, J = 7.2, H-3); 13C NMR
(101 MHz, D2O): δ = 18.2 (C-4), 24.9 (C-1), 73.0 (C-3), 215.4
(C-2), m/z HRMS ESI-MS calculated for C4H9O2: 89.0597; found
[M + H]+ C4H9O2: 89.0603.

4-Hydroxyhexan-3-one 8 was isolated as a colourless oil
(70 mg, 85% yield with TKgst variant H102L/L118I/H474G) fol-
lowing the general procedure of the TKgst reaction. TLC: Rf 0.46
(cyclohexane/ethyl acetate, 2/8 v : v). The NMR data obtained for
8 matched precisely the commercial product reference. 1H NMR
(400 MHz, D2O): δ = 0.91 (t, 3H, J = 7.4 Hz, H-6), 1.03 (t, 3H, J =
7.4 Hz, H-1), 1.67 (m, 1H, H-5a), 1.86 (ddq, 1H, J1 = 4.3 Hz, J2 =
7.4 Hz, J3 = 14.5 Hz, H-5b) 2.61 (dqd, 2H, J1 = 3.6 Hz J2 = 7.4 Hz
J3 = 14.5 Hz, H-2), 4.32 (dd, 1H, and J1 = 4.3 Hz and J2 = 7.4 Hz,
H-4); 13C NMR (101 MHz, D2O): δ = 8.2 (C-1), 9.1 (C-6), 23.8 (C-5),
32.1 (C-2), 81.6 (C-4), 211.8 (C-3); m/z HRMS ESI-MS calculated
for C6H13O2: 117.0910; found [M + H]+ C6H13O2: 117.0914.

1,2-Dihydroxypentan-3-one 9 was isolated as a white powder
(72 mg, 60% yield with TKgst variant H102L/L118I/H474G) fol-
lowing the general procedure of the TKgst reaction. TLC: Rf
0.60 (methanol/ethyl acetate/H2O, 0.5/9/0.5 v : v). NMR data for
9 were identical to those previously described.17d 1H NMR
(400 MHz, D2O): δ = 0.95 (t, 3H J = 7.2 Hz, H-5), 2.56 (q, 2H, J =
7.2 Hz, H-4), 3.78 (dd, 1H, J1 = 3.8 Hz, J2 = 12.3 Hz, H-1a), 3.85
(dd, 1H, J1 = 3.8 Hz, J2 = 12.3 Hz, H-1b), 4.33 (t, 1H, J = 3.8 Hz,
H-2); 13C NMR (125 MHz, D2O): δ = 6.6 (C-5), 32 (C-4), 62.8
(C-1), 77.4 (C-2), 215.4 (C-3); m/z HRMS ESI-MS calculated for
C5H10O3Na: 141.05222; found [M + Na]+: 141.0524.

1,2-Dideoxy-D-threo-hex-3-ulose 10 was isolated as a pale
yellow oil (50 mg, 34% yield with TKgst variant
H102L/L118I/H474S) following the general procedure of the
TKgst reaction. TLC: Rf 0.41 (methanol/ethyl acetate, 0.5/9.5
v : v). NMR data for 10 were identical to those previously descri-
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bed.17h Product ratio: α-furanose anomer (6%) : β furanose
anomer (14%) : open chain (80%). 1H NMR (400 MHz, D2O): δ
= 1.05 (t, 3H, J = 7.2 Hz, H-1), 2.67 (m, 2H, H-2), 3.64 (dd, 1H, J
= 7.1 and 11.4 Hz, H-6a), 3.72 (dd, 1H, J = 5.8 and 11.4 Hz,
H6b), 4.16 (m, 1H, H-5), 4.41 (d, J = 2.1 Hz, H-4); 13C NMR
(101 MHz, D2O): δ = 6.7 (C-1), 31.9 (C-2), 62.2 (C-6), 71.7 (C5),
76.7 (C-4), 215.7 (C-3); β furanose anomer: 1 H NMR (400 MHz,
D2O): δ = 0.96 (t, 3H, J = 7.5 Hz, H-1), 1.76 (m, 2H, H-2), 3.60
(dd, 1H, J = 4.8 and 9.7 Hz, H-6a), 3.90 (d, 1H, J = 5.4 Hz, H-4),
4.16 (m, 1H, H-6b), 4.34 (ddd, 1H, J = 5.4 and 10.9 Hz, H-5);
13C NMR (101 MHz, D2O): δ = 6.9 (C1), 30.1 (C-2), 69.4 (C-6),
75.2 (C-5), 78.8 (C-4), 104.5 (C-3); α-furanose anomer: 1H NMR
(400 MHz, D2O): δ = 0.99 (t, 3H, J = 7.6 Hz, H-1), 1.76 (m, 2H,
H-2), 3.86 (dd, 1H, J = 6.3 and 12.9 Hz, H-6a), 3.99 (d, 1H, J =
1.0 Hz, H-4), 4.24 (m, 2H, H-5 and H-6b); 13C NMR (101 MHz,
D2O): δ = 7.2 (C-1), 26.8 (C-2), 72.0 (C-6), 76.3 (C-5), 79.6 (C-4),
108.2 (C-3); m/z HRMS ESI-MS calcd for C6H13O4: 149.0808;
found [M + H]+: 149.0807.

1,2-Dideoxy-D-arabino-hept-3-ulose 11 was isolated as a pale
yellow oil (90 mg, 50% yield with TKgst variant
H102L/L118I/H474S) following the general procedure of the
TKgst reaction. TLC: Rf 0.44 (methanol/ethyl acetate, 1/9 v : v).
NMR data for 11 were identical to those previously descri-
bed.17h Product ratio: open chain (7%), α-pyranose anomer
(21%) : β-pyranose anomer (58%). β-Pyranose anomer: 1H NMR
(400 MHz, D2O): δ = 0.84 (m, 3H, H-1), 1.78 (m, 2H, H-2), 3.56
(dd, 1H, J = 2 Hz and 12.2 Hz, H-7a), 3.60 (d, J = 10.0 Hz, H-4),
3.77 (dd, 1H, J = 3.6 Hz and 10.0 Hz, H-5), 3.87–3.93 (m, 2H,
H-6 and H-7b); 13C NMR (101 MHz, D2O): δ = 4.6 (C-1), 28.4
(C2), 61.4 (C-7), 67.3 (C-6), 67.6 (C-4), 67.8 (C-5), 97.8 (C-3); α
pyranose anomer: 1H NMR (400 MHz, D2O): δ = 0.86 (t, 3H, J =
7.2 Hz, H-1), 1.68 (m, 2H, H-2), 3.66 (m, 1H, H-7a), 3.73–3.82
(m, 2H, H-6 and H-7b), 3.85 (d, J = 8 Hz, 1H, H-4), 3.97 (m, 1H,
H-5); 13C NMR (101 MHz, D2O): δ = 5.0 (C-1), 28.3 (C-2), 60.6
(C-7), 72.9 (C-5), 76.0 (C-4), 78.5 (C-6), 101.3 (C3); open form:
1H NMR (400 MHz, D2O): 0.96 (t, 3H, J = 7.2 Hz, H-1), 2.56 (m,
2H, H-2), 3.62–3.65 (m, 1H, H-7a), 3.7–3.8 (m, 1H, H-6),
3.81–3.85 (m, 1H, H-7b), 4.0–4.05 (m, 1H, H5), 4.5 (d, J = 1.3
Hz, H-4); 13C NMR (101 MHz, D2O): δ = 5.0 (C-1), 30.0 (C-2),
61.0 (C-7), 68.8 (C-6), 69.2 (C-5), 74.5 (C4), 214.4 (C-3); m/z
HRMS ESI-MS calculated for C7H14O5Na 201.0733; found [M +
HCOO]− C7H14O5Na: 201.0736.

1,2-Dihydroxy-4-methylpentan-3-one 12 was isolated as a
pale yellow oil (79 mg, 60% yield with TKgst variant
H102L/L118I/H474G) following the general procedure of the
TKgst reaction. TLC: Rf 0.41 (methanol/ethyl acetate, 1/9 v : v).
NMR data for 12 were identical to those previously descri-
bed.17d β-Pyranose: 1H NMR (400 MHz, D2O): δ = 1.07 (d, 3H, J
= 7 Hz, H-5a), 1.12 (d, 3H, J = 7 Hz, H-5b), 3.03 (sep, 1H, J = 7
Hz, H-4), 3.89 (dd, 1H, J = 4 and 12.3 Hz, H1-b), 3.94 (dd, 1H, J
= 4 and 12.3 Hz, H-1a), 4.59 (t, 1H, J = 4 Hz, H-2); 13C NMR
(101 MHz, D2O): δ = 16.6 (C-5a), 18.2 (C-5b), 36.5 (C-4), 62.6
(C-1), 76.3 (C-2), 218.6 (C-3), m/z HRMS ESI-MS calculated for
C6H13O3: 133.0589; found [M + H]+: 133.0857.

4,5,6-Trihydroxy-2-methylhexan-3-one 13 was isolated as a
white powder (51 mg, 31% yield with TKgst variant

H102L/L118I/H474S). TLC: Rf 0.39 (methanol/ethyl acetate, 1/9
v : v). NMR data for 13 were identical to those previously descri-
bed.17d Product ratio: open-chain form (80%), β-anomer (15%),
α-anomer (5%). Open-chain form: 1H NMR (400 MHz, D2O): δ
= 4.59 (d, 1H, J = 2 Hz, H-4), 4.19 (m, 1H, H-5), 3.73 (dd, 1H, J
= 11.5 and 6 Hz, H-6a), 3.67 (dd, 1H, J = 11.5 and 6 Hz, H-6b),
3.08 (sep, 1H, J = 6.9 Hz H-2), 1.12 (d, 3H, J = 2 Hz, H-1a), 1.09
(d, J = 1.5 Hz, 3H, H-1b) 13C NMR (101 MHz, D2O): δ = 16.8
(C-1α), 18.4 (C-1b), 36.2 (C-2), 62.3 (C-6), 71.4 (C-5) 75.5 (C-4),
218.7 (C-3) β-anomer: 1H NMR (400 MHz, D2O): δ = 4.32 (m,
1H, H-5), 4.14 (dd, J = 6.3 and 9.7 Hz, H-6b), 4.01 (d, 1H, J = 5
Hz, H-4), 3.60 (dd, 1H, J = 4.1 and 9.9 Hz, H-6a), 1.96 (m, 1H,
H-2), 0.99 (d, 3H, J = 1.8 Hz, H-1a), 0.97 (d, 3H, J = 1.8 Hz,
H-1b); 13C NMR (101 MHz, D2O): δ = 15.8 (C-1a), 16.0 (C-1b),
34.9 (C-2), 69.3 (C-6), 75.8 (C-5), 77.8 (C-4), 106.0 (C-3), m/z
HRMS ESI-MS calculated for C7H15O4: 163.0965; found [M +
H]+: 163.0964.

Conclusions

Here we show that TKgst variants H102L/L118I/H474G(S) cata-
lysed a de novo self-(R1CHO = R2CHO) or cross-(R1CHO ≠
R2CHO) acyloin condensation of aldehydes 1–3 as nucleo-
philes on identical or different aldehydes 4–6 as electrophiles
for the synthesis of aliphatic, and hydroxy-functionalised
α-hydroxyketones 7–13.

The self-condensation of ethanal 1 and especially propanal
2 was proved with variant H102L/L118I/H474G leading to the
expected α-hydroxyketones 7 and 8 respectively. According to
the analysis of TKgst active site of the variant
H102L/L118I/H474G, pathway B seems to be based on the
same acylThDP carbanion as pathway A, which could be
formed by the proton transfer via a water molecule to His 263.

We found that this promiscuous TKgst-catalysed reaction
could be extended to the challenging cross-acyloin conden-
sation with propanal 2 or iso-butanal 3 as nucleophiles and
aldehydes 4, 5, 6 as electrophiles, leading to the
α-hydroxyketones 9–13 with good to excellent yields compar-
able to those obtained with pathway A by increasing enzyme
quantity to a factor of 1.5–2 only. In addition, the TKgst var-
iants H102L/L118I/H474G(S) were able to control the regio
and stereoselectivity, giving mainly one stereoisomer of the
targeted α-hydroxyketones 9, 10, 11 and 13. This hitherto
unreported application of TKgst acyloin-condensation reac-
tion improves the green chemistry metrics of the common
strategy avoiding the release of carbon dioxide from
α-ketoacids, which could add instability and/or cost, and
extends the toolbox of ThDP enzyme-catalysed acyloin con-
densation with non-aromatic aldehydes as nucleophiles. This
novel strategy performed in mild conditions with natural bio-
catalysts and stoichiometric amounts of substrates reduces
the environmental impact compared to the chemical ways
catalysed by synthetic and toxic NHCs coupled with a base
and performed in organic solvents with often an excess of
nucleophile.
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