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Chemoenzymatic Oxosulfonylation-Bioreduction Sequence

for the Stereoselective Synthesis of 3-Hydroxy Sulfones

Marina Lépez-Agudo,” Nicolas Rios-Lombardia,” Javier Gonzalez-Sabin,*®' lvan Lavandera,”

and Vicente Gotor-Fernandez*®

A series of optically active [-hydroxy sulfones has been
obtained through an oxosulfonylation-stereoselective reduction
sequence in aqueous medium. Firstly, B-keto sulfones were
synthesized from arylacetylenes and sodium sulfinates to
subsequently develop the carbonyl reduction in a highly
selective fashion using alcohol dehydrogenases as biocatalysts.
Optimization of the chemical oxosulfonylation reaction was
investigated, finding inexpensive iron(lll) chloride hexahydrate
(FeCl;-6H,0) as the catalyst of choice. The selection of
isopropanol in the alcohol-water media resulted in high

Introduction

[-Keto sulfones, also known as 2-oxo-sulfones, are privileged
motifs in organic chemistry due to their synthetic versatility to
produce a wide family of sulfur compounds.™ Their straightfor-
ward synthesis can be accomplished through different chemical
routes, probably the most useful ones being: (a) the acylation of
methyl sulfones; (b) reaction between generated enolates with
sulfonyl iodides; (c) oxidation of [(-keto sulfides; and the
reaction of sulfinate salts with (d) a-halo ketones or (e) either
alkynes or alkenes under aerobic conditions and metal- or
photo-catalysis (Scheme 1). In this context, the oxosulfonylation
of multiple C—C bonds has received special attention due to its
high atom-economy, simple set-up, and possibility to carry out
a difunctionalization of alkynes in both aqueous and organic
media.”! The presence of the sulfone moiety, a-acidic protons
at the methylene group, and the carbonyl function provide f3-
keto sulfones with multiple synthetic possibilities, the asymmet-
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compatibility with the enzymatic process for enzyme cofactor
recycling purposes, providing a straightforward access to both
(R)- and (S)-B-hydroxy sulfones. The practical usefulness of this
transformation was illustrated by describing the synthesis of a
chiral intermediate of Apremilast. Interestingly, the develop-
ment of a chemoenzymatic cascade approach avoided the
isolation of f(-keto sulfone intermediates, which allowed the
preparation of chiral B-hydroxy sulfones in high conversion
values (83-94 %) and excellent optical purities (94 to >99% ee).

ric reduction of the carbonyl group representing the simple
manner to provide access to optically active -hydroxy sulfones.
These stereoselective processes have been successfully
achieved using borane reductions,” metal-catalyzed transfer
hydrogenations,™ or enzymatic transformations using carbonyl
reductases.”’ In fact, B-hydroxy sulfones are highly attractive
hydroxy-functionalized compounds with remarkable biological
profiles such as in the case of Bicalutamide (Casodex®), an
antiandrogen medication for the treatment of prostate cancer,
and useful chiral synthetic intermediates, for instance towards
Apremilast (Otezla®), a drug employed in the treatment of
psoriasis and psoriatic arthritis (Scheme 1).

Nowadays, multicatalytic transformations are particularly
appealing, in order to gradually replace traditional synthetic
stepwise sequences by cascade strategies.® Thus, the straight-
forward construction of valuable compounds from accessible
low-cost raw materials and environmentally friendly catalysts
becomes plausible, presenting many benefits in terms of
economy, energy, waste minimization, and product yield. In this
context, the synthesis of 3-hydroxy sulfones has been described
in the last years by combining conventional chemical trans-
formations with metal-catalyzed asymmetric transfer hydro-
genations (ATHs). For instance, Liu and co-workers described a
one-pot process based on the nucleophilic substitution of a-
bromo ketones with sodium sulfinates and subsequent ruthe-
nium-catalyzed ATH using sodium formate as hydride source
(Scheme 2a).”’ Later on, the same research group reported a
similar one-pot approach using a supported chiral ruthenium
complex, which was efficiently recycled for at least six cycles
without significant decrease of the conversion and selectivity.®

Zhou and co-workers also took advantage of the stereo-
selective action of a ruthenium complex for the reductive step,
starting in this case with an oxosulfonylation reaction between
terminal alkynes and sodium sulfinates under aerobic condi-
tions. The resulting [-hydroxy sulfones were obtained in

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Scheme 1. General synthetic approaches towards f-keto sulfones, and their transformation into optically active -hydroxy sulfones. On the right, examples of

biologically active molecules containing or derived from p-hydroxy sulfones.
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Scheme 2. Multicatalytic approaches for the asymmetric synthesis of 3
hydroxy sulfones: (a) one-pot nucleophilic substitution of a-bromo ketones
with sodium sulfinates followed by metal-catalyzed ATH; (b, c) oxosulfonyla-
ation-ATH sequences with two metal catalysts or in co-immobilized form,
respectively; (d) oxosulfonylation-stereoselective bioreduction sequence pro-
posed in this contribution.

moderate to good yields and good to excellent selectivities
through a sequential one-pot approach (Scheme 2b).”) More
recently, Liu and co-workers have described the co-immobiliza-
tion of iron(lll) chloride and the ruthenium complex in
mesoporous silica to develop the oxosulfonylation-ATH se-
quence, although sodium formate was added once the
oxosulfonylation was finished (Scheme 2c). Interestingly, the
reusability of the hybrid catalyst was feasible along several
cycles without significant activity and selectivity loss."” Remark-
ably, an alcohol-water medium (3:1 v/v, methanol or ethanol)
was employed in all these asymmetric metal-catalyzed trans-
formations. Until now, the reported syntheses of chiral 3-
hydroxy sulfones are limited by the use of a unique ruthenium
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catalyst, therefore providing access in all cases to the same
product enantiomer.

The combined use of metals and enzymes illustrates
practical and elegant matches to increase molecular complexity,
at the same time that the generation of chiral stereocenters can
be accomplished." In this context, iron plays a pivotal role in
organic chemistry,l'? catalyzing, for instance, a myriad of redox
transformations. At the same time, its abundance in Earth, low
cost, and environmental profile in comparison with other
metals"® make highly advisable the use of iron species with
synthetic purposes. Therefore, encouraged by the symbiosis
between iron catalysis and enzymes,"* and their compatibility
in aqueous medium," the design of an oxosulfonylation-
stereoselective bioreduction sequence is herein attempted,
searching for the production of both [-hydroxy sulfone
enantiomers (Scheme 2d). With the aim to prepare them, the
use of alcohol dehydrogenases (ADHs) with opposite stereo-
preference will be investigated, trying to combine the exquisite
chemoselectivity of metal catalysis, in this case an iron salt, with
the enantiodiscrimination displayed by enzymes, which is an
ideal solution for stereodivergent synthesis.

Results and Discussion

The synthesis of 1-phenyl-2-(phenylsulfonyl)ethan-1-one (3a)
was selected as model reaction due to the commercial
availability of phenylacetylene (1a) and sodium benzenesulfi-
nate (2a), which reacted under aerobic conditions in the
presence of inexpensive FeCl;-6H,0, to design an efficient
oxosulfonylation reaction. The selection of this procedure was
based on its capacity to be carried out in agueous medium,
which would be of interest to later develop the stereoselective
cascade process previously depicted in Scheme 2d. The use of
an alcohol-aqueous medium turned out to be critical since the
reaction did not proceed at any extension in neat water at 50°C
for 24 h. Such aqueous media were already explored in the
literature for cascade PB-hydroxy sulfone syntheses,”" but in
our case, the implementation of propan-2-ol (isopropanol,
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2-PrOH) as the co-solvent instead of methanol or ethanol was
aimed for cofactor recycling purposes in the bioreduction step.
A comprehensive study is disclosed in Table 1, considering
different optimization parameters that affect this reaction such
as the temperature, phenylacetylene concentration, sulfinate
molar excess, reaction medium composition, and catalyst
loading.

The oxosulfonylation reaction of 1a was firstly attempted at
different temperatures ranging from room temperature, which
led to the recovery of the unaltered starting materials (entry 1),
to 50°C (38% conversion, entry 2) or 80°C (55% conversion,
entry 3), the highest temperature providing the best result.
Next, various acetylene concentrations were tested (1a, 50-
300 mm, entries 4-6), obtaining the best conversion at 200 mm
(74%, entry 5). In comparison with the reaction described by
Zhou and co-workers using identical conditions (50 mm) but
methanol as co-solvent (93%),” a lower reactivity was observed
(38%). A minor influence was found when employing different
2-PrOH/water ratios (3:1 to 1:2, entries 5 and 7-9), although a
remarkable 84% of 3a was attained with the 1:1 mixture
(entry 8). The amount of sodium benzenesulfinate was also
investigated (entries 8, 10, and 11), reaching a slight improve-
ment with 2 equivalents of the salt (87 % conversion, entry 11),
although for atom efficiency and waste minimization, 1.5
equivalents of 2a were selected for a final study in terms of
catalyst loading (10-30 mol%, entries 8 and 12-14). Satisfyingly,
the desired P-keto sulfone 3a was attained in over 95%
conversion for both 25 and 30 mol% of FeCl;-6H,0 (entries 13
and 14).

Alternatively, other salts (as hexahydrate form) such as
CuCl,, CoCl,, and NiCl, did not provide better results, only
finding conversion for copper(ll) chloride (41% at 20 mol%). In
spite of the high FeCl; catalyst loading for a catalytic process, it
must be pointed out that this iron salt is a low-cost reagent

ADH, NAD(P)H

Lg Cofactor recycling system )01/9
Ph &'Ph Buffer pH 7.0-7.5 PR 4"Ph
3a 30 °C, 24 h, 250 rpm 4a

KRED-119: (S)-4a: >99% conversion and 98% ee

E. colilRasADH, KRED-P1-B12, KRED-P1-B02 and KRED-P1-B10:
(R)-4a: >99% conversion and >99% ee

Scheme 3. Bioreduction of -keto sulfone 3a using ADHs.

presenting very minor toxicity issues with regards to other
metallic complexes and salts.*'®

Finally, the reaction was scaled up at 2 mmol of 1a under
the conditions described in entry 8, producing highly pure 3a
in 76% isolated yield after liquid-liquid extraction. It is worth
mentioning that further purification through column chroma-
tography led to a significant yield loss (61 %), highlighting the
present chemoenzymatic cascade towards optically active f3-
hydroxy sulfone 4a as a valuable synthetic approach to tackle
the challenging and low-yielding purification of the ketone
intermediate.

Next, the bioreduction of 3a (7 mm) was studied under
standard conditions at 30°C for 24 h (Scheme 3), using seven
made in-house ADHs heterologously expressed in E. coli from
Ralstonia  species  (RasADH),"”  Sphingobium  yanoikuyae
(SyADH),"®  Thermonoaerobacter species (ADH-T),"® Thermo-
noaerobacter ethanolicus (TeSADH),*® Rhodococcus ruber (ADH-
A2 Lactobacillus brevis (LbADH),”? and Lactobacillus kefir
(LKADH),”* plus 20 commercial ketoreductases from Codexis
Inc. (Codex® KRED Screening Kit) or Evoxx Technologies
(evo.1.1.200). In each case, the best reported cofactor recycling
system was employed. Extensive screening results and reaction
conditions can be found in the Supporting Information
(Table S1), finding quantitative conversions towards the forma-

Table 1. Optimization of the oxosulfonylation reaction between 1a and 2a.”
©/ . @SOzNa FeCl;6H,0 ©)OK/§
2-PrOH/H,0 ('3'\@
1a 2a 2h 3a
Entry FeCl;-6 H,0 [1a] 2a 2-PrOH/H,0 T Conv.”!
[mol %] [mm] [equiv.] [v/vl [°d [%]
1 20 100 1.5 3:1 RT <3
2 20 100 1.5 3:1 50 38
3 20 100 1.5 3:1 80 55
4 20 50 1.5 3:1 80 38
5 20 200 1.5 3:1 80 74
6 20 300 15 3:1 80 61
7 20 200 1.5 2:1 80 77
8 20 200 1.5 1:1 80 84
9 20 200 1.5 1:2 80 76
10 20 200 1.2 1:1 80 77
11 20 200 2.0 1:1 80 87
12 10 200 1.5 1:1 80 34
13 25 200 1.5 1:1 80 96
14 30 200 1.5 1:1 80 99
[a] Sodium benzenesulfinate (2a, 1.2-2.0 equiv.) and FeCl;-6H,0 (10-30 mol%) were added over a solution of phenylacetylene (1a, 0.18-1.05 mmol) in a 2-
PrOH/H,0 mixture (3.5 mL), and it was stirred in the range between room temperature and 80°C for 24 h under aerobic conditions. After this time, the
reaction was quenched and the product recovered as described in the Experimental Section. [b] Conversion values were measured by HPLC.
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tion of both 1-phenyl-2-(phenylsulfonyl)ethan-1-ol (4a) enan-
tiomers depending on the enzyme of choice. Remarkably,
KRED-119 provided access towards the (S)-enantiomer in 98%
ee, while RasADH, KRED-P1-B12, KRED-P1-B02, and KRED-P1-B10
resulted as the best enzymes for the selective production of the
(R)-antipode.

In order to approach a manufacture setting, biotransforma-
tions at higher substrate concentrations (50 mm, Table 2,
entries 1, 3, and 5-7) were also tested, leading in every case to
quantitative conversions with excellent selectivities towards the
production of enantiopure 4a. In spite of also reaching a good
productivity, further increase to 100 mm concentration revealed
that KRED-119 notably decreased the conversion (entries 1 and
2), while KRED-P1-B12 remained very selective towards (R)-4a
with excellent activity (entries 3 and 4).

At this point, the substrate scope was extended to a series
of arylacetylenes (1b-f) and sodium sulfinates (2a-c), looking

Table 2. Bioreduction of 3a at different concentrations with selected
ADHs ™

[a] Bioreduction with KRED-119: KRED-119 (1 mg), -keto sulfone 3a (50—
100 mm), DMSO (1.8% v/v), and 2-PrOH (17.1% v/v) were added to a
1.5 mL Eppendorf tube containing the mix-N. Bioreduction with KRED-
P1-B12, KRED-P1-B02 and KRED-P1-B10: the corresponding KRED (1 mg),
p-keto sulfone 3a (50-100 mm), DMSO (1.8% v/v), and 2-PrOH (17.1% v/v)
were added to a 1.5mL Eppendorf tube containing the mix-P.
Bioreduction with E. coli/RasADH: lyophilized cells of RasADH hetero-
logously expressed in E. coli (15 mg), -keto sulfone 3a (50 mm), DMSO
(2.5% v/v), an aqueous solution of p-glucose (50 mm, 10% v/v), and GDH-
105 (10 U, 11.7 % v/v) were added to a 1.5 mL Eppendorf tube with TrisHCI
buffer pH 7.5 (50 mm) and NADPH (1 mm). The reaction was shaken at
250 rpm and 30°C for 24 h, analyzing the reaction outcome as described
in the Experimental Section. [b] Conversion and enantiomeric excess
values were measured by HPLC. The obtained -hydroxy sulfone 4a
enantiomer appears in parentheses.

for the development of a general strategy towards the synthesis
of optically active B-hydroxy sulfones 4b-h. For this selection
(Scheme 4), a search of commercially available acetylene
derivatives was made, finding 1b-e as suitable candidates, as
well as sodium sulfinates bearing a phenyl (2a), a 4-meth-
ylphenyl (2b), or a methyl (2c) substitution. Remarkably, the
synthesis of 3-keto sulfone 3h was also considered, since it has
been described as a suitable intermediate of Apremilast
(Scheme 1), a medication employed in the treatment of certain
types of psoriatic diseases.””

Prior to the assessment of the chemoenzymatic cascade, the
B-keto sulfone intermediates 3b-h were purified trying to
identify the optimal ADHs for the bioreduction process. In spite
of the very high conversion values (90-94 %), the ketones were
obtained in low to moderate yield after liquid-liquid extraction
and column chromatography purification (31-67%). This fact
stresses the importance of avoiding the isolation/purification of
the transiently formed carbonyl species due to their instability,
this step being avoided in the cascade approach.

Pleasingly, highly stereoselective and complementary ADHs
were identified for most of the -keto sulfones 3 b-h. Although
a comprehensive study can be found in the Supporting

Entry ADH [3a] Conv."” ee®

[mM] [9%] [%] Information (Tables S2-S8), the best results in terms of enzyme
] KRED-119 50 > 99 =99 (5) activity and selectivity have been included in Table 3.
5 KRED-119 100 75 >99 (5) Remarkably, KRED-119 allowed the access to the (S)-p3-
3 KRED-P1-B12 50 >99 >99 (R) hydroxy sulfones with high activity and selectivity (92 to >99%
4 KRED-P1-B12 100 >99 >99 (R) . . .
p KRED-P1-B02 50 Z o9 200 R) for both conver5|.o.n and ee, entries 1, 5,'8, 13,17, and 21), losing
6 KRED-P1-B10 50 ~99 ~99 (R) only the selectivity for the generation of (5)-4h (8% ee,
7 RasADH 50 >99 >99 (R) entry 26). Conversely, other reductases such as KRED-P2-D03

and KRED-P2-D12 led to (S)-4h in 98 and 95% ee (entries 27
and 28), respectively, but with moderate conversions (34-42 %).
Attempts to improve the conversion towards this alcohol were
accomplished by testing DMSO as co-solvent in different ratios
(1.5-10% v/v), different substrate concentrations (2.5-7 mm),
and raising the temperature from 30 to 45°C (Table S9). As a
result of this parametrization, optimal results were found when
using KRED-P2-D12 at 7 mm of substrate concentration, 30°C,
and the reaction medium supplemented with 10% of DMSO,
the target B-hydroxy sulfone being recovered in 49% con-
version and 98% ee. Continuing with the production of (S)-f3-

FeCl;6H,0 (25 mol%) O O

0
R1

1b-f

R3SO,Na (2a-c, 1.5 equiv.) R2 &
Ji)
2-PrOH/H,0 (1:1 viv) 0]
80°C,24h R'

oo oMo oMo oMo

3b, 92% conv
44% isolated yield

3¢, 94% conv
50% isolated yield

e,

3f, 90% conv
31% isolated yield

n=0

O

Scheme 4. Synthesis of -keto sulfones 3b-h.
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hydroxy sulfones, KRED-P1-B05 resulted to be a highly selective
ketoreductase in many cases, rendering good to excellent
conversions (entries 6, 9, 14, and 22). Regarding the production
of the (R)-enantiomers, it is worth mentioning that except for
the formation of the alkoxy-substituted (R)-4c and (R)-4h, or
bulky (R)-4e, suitable commercial ADHs such as KRED-P1-B02
were found to catalyze the bioreduction in very high to
excellent conversions (94 to >99%). In this context, and
moving to the tested heterologously expressed enzymes on
E. coli, RasADH provided the best results, favoring in all cases
the formation of (R)-4b-h with 60 to >99% conversion and 80
to >99% ee (entries 2, 7, 10, 15, 18, 24, and 29).

Next, the performance of the oxosulfonylation-bioreduction
sequence was explored, being the use of 2-PrOH, instead of
methanol, a crucial decision for the correct behavior of the
selected ADHs. It must be mentioned that a sequential
approach was devised due to the high temperature required for
the oxosulfonylation reaction (80°C), which is not compatible
with the thermostability of the ADHs herein employed. For this
reason, the concurrent cascade approach was discarded.
According to the optimized conditions (see entry 13 in Table 1),
which were alkyne 1a (200mm in a 2-PrOH/H,O 1:1 v/v

Table 3. Selected results in the bioreduction of B-keto sulfones 3b-h."’
ADH, NAD(P)H
o o Cofactor recycling OH O
Rﬁﬁ\Rs system R2]©)’\/§‘R3
o Buffer 7.0-7.5
R! 30°C, 24 h, 250 rpm  R!
3b-h 4b-h
Entry Ketone 3b-h ADH 4b-h" e
[%] (%]
1 3b KRED-119 >99 >99 (5)
2 (R'=Me, R*=H, R®*=Ph) RasADH 86 >99 (R)
3 KRED-130 >99 >99 (R)
4 KRED-P1-B02  >99 >99 (R)
5 3c KRED-119 >99 92 (S)
6 (R'=0Me, R*=H, R®*=Ph) KRED-P1-B05 94 >99 ()
7 RasADH 95 >99 (R)
8 3d KRED-119 >99 >99 ()
9 (R'=Br, R°>=H, R*=Ph) KRED-P1-BO5  >99 >99 (S)
10 RasADH 91 >99 (R)
1 KRED-130 97 >99 (R)
12 KRED-P1-B02 94 >99 (R)
13 3e KRED-119 92 >99 (5)
14 (R'=Ph, R?=H, R®®*=Ph) KRED-P1-BO5 89 >99 ()
15 RasADH 60 >99 (R)
16 KRED-130 55 >99 (R)
17 3f KRED-119 >99 93 (S)
18 (R'=R’=H, R®=4-Me—-C,H,)  RasADH 97 95 (R)
19 KRED-P1-B02  >99 >99 (R)
20 KRED-P1-B10  >99 >99 (R)
21 39 KRED-119 >99 >99 (S)
22 (R'=R>=H, R*=Me) KRED-P1-BO5  >99 >99 (S)
23 KRED-P1-B02  >99 >99 (R)
24 RasADH >99 98 (R)
25 KRED-P1-B10  >99 >99 (R)
26 3h KRED-119 95 8(S)
27 (R'=0OMe, R*=OFEt, R®*=Me) KRED-P2-D03 34 98 (S)
28 KRED-P2-D12 42 95 (S)
29 RasADH 93 80 (R)
[a] See the Experimental Section for additional details. [b] Conversion
values and enantiomeric excess values were measured by HPLC. The major
p-hydroxy sulfone 4b-h enantiomer appears in parentheses.
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mixture), 1.5 equivalents of sulfinate 2a and 25 mol% of
FeCl;6H,0 at 80°C, the oxosulfonylation was carried out for
24 h. Then the reaction mixture was cooled down, and two
possibilities were studied: (a) take directly an aliquot (eighth of
the total volume) from the reaction; or (b) centrifuge the
mixture and take the same aliquot volume from the super-
natant. Both aliquots were adjusted to a total volume
corresponding to different substrate concentrations (10 or
50 mm for commercially available ADHs, and 25 mm for
RasADH), and later subjected to the bioreduction process for
24 h at 30°C and 250 rpm. Interestingly, the same results were
achieved independently of the centrifugation step, so it was
avoided for future experiments.

A comprehensive study regarding the development of this
sequential approach has been addressed in the Supporting
Information (Table S10), starting the oxosulfonylation reaction
at 200 mm substrate concentration at 80°C, and after 24 h the
reaction mixture being alternatively diluted to 10, 25, or 50 mm
substrate concentration, and the enzyme, NAD(P)H, and the
nicotinamide cofactor recycling system subsequently added.
The best results have been summarized in Table 4, where the
highest ketone concentration was used to achieve the
maximum productivity, maintaining excellent selectivity to-
wards the formation of both -hydroxy sulfone 4a-g enantiom-
ers.

Pleasingly, the sequential process proceeded smoothly since
the ketone intermediates were obtained in high conversions
(85-94%), and these carbonyl intermediates were stereoselec-
tively reduced using the previously identified enzyme candi-
dates. In fact, in some cases a cooperative action of the metal
and enzyme catalysts was observed, improving the final
reaction conversion. All the alcohols 4a-g were obtained in
enantiomerically pure form, except methyl sulfone (S)-4 g, which
was recovered with a remarkable 94% ee (entry 15). The
synthetic utility of this sequential transformation was demon-
strated by setting up semipreparative reactions under opti-
mized reaction conditions starting from 0.39 mmol of phenyl-
acetylene. Thus, enantiopure (R)-4a was recovered after liquid-
liquid extraction and column chromatography with commercial
KRED-P1-B02 (66 % yield) and RasADH heterologously expressed
in E. coli (53 % yield).

Finally, we performed a simplified environmental impact
analysis making use of the E-factor concept,”” and comparing it
with the ones obtained for the most similar approaches”*'”
shown in Scheme 2 to synthesize 3-hydroxy sulfone 4a (Section
VI in the Supporting Information). Taking into the account the
reagents, catalysts, and solvents employed in all these sequen-
tial protocols, we could confirm that our methodology
presented a comparable value to the others (1.5-fold higher
than the one shown by Liu and co-workers,"? 1.4-fold higher
than the method described by Zhou and co-workers,”” and 1.2-
fold lower than the one shown by Liu and co-workers™), with
the advantage in our case that the most-contributing factor, the
solvent, is mainly composed of water, while in the other
examples the medium is mostly organic. This shows that our
chemoenzymatic method is competitive with other described
chemical systems and demonstrates its high potential.

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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Table 4. Cascade oxosulfonylation-bioreduction sequence between 1a-e and 2a-c for the production of enantioenriched 4a-g."”
. RPSO:Na (2a-<c, 1.5 equiv.) 0o o ADH, NAD(P)H OH O
= FeCl;6H,0 (25 mol%) §\R2 Cofactor recycling system . §‘R2
o 2-PrOH/H,0 (1:1 v/v) o} Buffer pH 7.0-7.5 0
tae 80°C, 24 h R! (diluted to 10, 25, or 50 mM) ~ R! .
(200 mM) 3a-g ) 30 °C, 24 h, 250 rpm
(85-94% conversion)
Entry R' R? 3a-g"” ADH [3a-g] 4a-g¢ eel
[mm] [%] [%]

1 H Ph 3a (94%) KRED-119 10 >99 (94) >99 (5)

2 RasADH 25 > 99 (94) >99 (R)

3 KRED-P1-B02 50 >99 (94) >99 (R)

4 Me Ph 3b (92%) KRED-119 10 >99 (92) >99 (S)

5 RasADH 25 >99 (92) >99 (R)

6 KRED-P1-B02 10 >99 (92) >99 (R)

7 OMe Ph 3¢ (94%) KRED-119 10 >99 (94) >99 (5)

8 RasADH 25 95 (89) >99 (R)

9 Br Ph 3d (92%) KRED-119 50 >99 (92) >99 (5)

10 KRED-130 10 >99 (92) >99 (R)

1 Ph Ph 3e (90%) KRED-119 10 92 (83) >99 (5)

12 KRED-130 50 > 99 (90) >99 (R)

13 H 4-Me-C¢H, 3f (85%) KRED-119 50 >99 (85) >99 (5)

14 KRED-P1-B02 50 > 99 (85) >99 (R)

15 H Me 39 (88%) KRED-119 50 >99 (88) 94 (S)

16 KRED-P1-B02 50 > 99 (88) >99 (R)

[a] Sodium sulfinate salt 2a-c and FeCl;-6H,0 were added to a solution of arylacetylene 1a-e in a 2-PrOH/H,O mixture, and it was stirred at 80°C for 24 h
under aerobic conditions. After this time, an aliquot was taken and added to another 1.5 mL Eppendorf tube. Subsequently, DMSO, 2-PrOH, mix-P (for
KRED-P1-B02) or mix-N (for KRED-119 and KRED-130), and the corresponding KRED were added. The reaction mixture with the required 3 a--g concentration
(10-50 mm) was shaken at 250 rpm and 30°C for 24 h. For the reactions using E. coli/RasADH, after the oxosulfonylation reaction, DMSO, TrisHCI buffer
pH 7.5, NADPH, an aqueous solution of p-glucose, GDH-105, and the enzyme were added. [b] Conversion values of the oxosulfonylation step were
measured by HPLC. [c] Conversion values of the bioreduction step were measured by HPLC. The overall conversion value for the oxosulfonylation-
bioreduction sequence appears in parentheses. [d] Enantiomeric excess values of the (-hydroxy sulfones 4a-g were measured by HPLC using a chiral
column. The major enantiomer appears in parentheses.

The assignment of the absolute configurations for the p-
hydroxy sulfones 4a-g was established by comparison of their
HPLC elution orders (Table S13) and optical rotation values
(Table S14) with those reported in the literature, even though
some discrepancies were found when analyzing the previously
reported data. With this aim, the optical rotation values of
optically active alcohols 4a-g were measured after the perform-
ance of semipreparative bioreduction processes, and the assign-
ment of their absolute configurations is next discussed.

The hydroxy sulfone 4a obtained using RasADH led to
similar optical rotation values as the ones obtained using
complementary chemical methods such as the oxygenation of
(R)-1-phenyl-2-phenylthioethan-1-0l® or a (R)-B-hydroxy sulfox-
imine derivative,”” the asymmetric transfer hydrogenation of
3a using (S5,5)-RuCI[N-(tosyl)-1,2-diphenylethylenediamine](p-
cymene),*"*® or the enantioselective conjugate boration of the
corresponding a,f-unsaturated sulfone using a (R,S)-phosphine
ligand.*® In accordance, the opposite sign was found when (S)-
4a was obtained by enzymatic reduction with Curvularia
lunata,”® chemical reduction of 3a using a chiral sulfonamide
as ligand,®™ or by metal-catalyzed asymmetric transfer hydro-
genations of 3a using a ruthenium(ll) catalyst and a (S)-
diphenylphosphine ligand,"*” a cationic (R,R)-ruthenium diamine
catalyst,”*? or the combination of iridium and a chiral ferrocene-
based ligand.””
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The optical rotations obtained for other substrates such as
4b-d and 4g were also in accordance with those reported in
the literature.*s" All these works showed consistent results, only
finding discrepancies in the literature since Zhou and co-
workers seem to have wrongly assigned the absolute config-
uration of 4a when studying the Ru-catalyzed asymmetric
transfer hydrogenation of 3a using a (S,5)-ruthenium catalyst
complex.”!

On the other hand, the elution order of the chemoenzymati-
cally obtained 4a enantiomers using a Chiralcel AD—H column
was compared with the one reported in the literature, finding a
clear trend and appearing first the (R)-enantiomer when using
the same chiral stationary phase.”"®*9" Similarly, the enantiomer
elution orders for 4b"" and 4h® in the same column, and
also for 4c*” and 4d“" in the Chiralcel OJ-H were in
agreement with our previous assignment based on their optical
rotation values. As pointed out before, it seems that an
opposite elution order has been wrongly proposed by Liu and
co-workers and Zhou and co-workers when using a ruthenium
catalyst.”

Conclusions

The combined use of metal and enzyme catalysis has been
demonstrated this time for the development of a sequential

© 2021 The Authors. ChemSusChem published by Wiley-VCH GmbH
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oxosulfonylation-bioreduction cascade transforming easily ac-
cessible acetylenes into highly valuable B-hydroxy sulfones in
optically active form. To achieve this aim, both steps have been
individually analyzed. Firstly, the oxosulfonylation reaction of a
series of arylacetylenes, bearing different substitutions at the
C-3 and C-4 positions, in the presence of sodium alkyl and aryl
sulfinates has been optimized by studying different parameters
that affected to this catalytic system. The FeCl; loading,
substrate concentration, sulfinate molar excess, and temper-
ature are key parameters in order to achieve very high
conversions. This process has been performed in an aqueous-
alcoholic medium, replacing the traditional use of methanol by
isopropanol, which simplifies the coupling of the bioreduction
step as it provides the hydrogen donor for cofactor recycling
purposes.

Exhaustive biocatalyst screening was made to identify active
and stereoselective alcohol dehydrogenases, providing access
to the desired -hydroxy sulfones with excellent conversion and
selectivity. The sequential transformation was performed in two
steps, firstly allowing the production of the p-keto sulfone
intermediates (85-94% conversion), which were immediately
diluted and transformed under ideal enzymatic conditions.
Thus, B-hydroxy sulfone enantiomers were obtained depending
on the enzyme of choice with excellent enantioselectivity (94 to
>99%) and high to excellent global conversion values of the
two consecutive processes (83-94 %).

Experimental Section

Materials

Codex® KRED Screening Kit and glucose dehydrogenase GDH-105
(48 Umg™" prepared as a stock solution of 3 mg in 1 mL of water)
were purchased from Codexis Inc. KRED recycle mix-P contains
128 mm sodium phosphate, 1.7 mm magnesium sulfate, and
1.1 mm NADP*, pH7.0, while mix-N contains 263 mm sodium
phosphate, 1.7 mm magnesium sulfate, 1.1 mm NADP*, 1.1 mm
NAD*, 80 mm D-glucose, and 4.3 UmL™" GDH, pH 7.0. Lyophilized
E. coli/RasADH cells were obtained as previously described in the
bibliography, and their activity was approximately 0.3 Umg™' for
the bioreduction of its model substrate (propiophenone)."””
Nicotinamide cofactors NADH and NADPH were acquired from
Sigma Aldrich. Information from other ADHs can be found in the
Supporting Information (Section I).

General procedures

Oxosulfonylation reaction: Arylacetylene 1a-f (0.7 mmol) was
dissolved in a 2-PrOH/H,O mixture (3.5mL, 1:1 v/v) in a 25mL
round-bottom flask. Then, sodium sulfinate 2a-c (1.05 mmol) and
FeCl;-6H,0 (25 mol%) were added and the mixture stirred at 80°C
for 24 h under aerobic conditions. An aliquot was taken (5 uL) and
dissolved in MeOH (200 puL) to determine the conversion by
reverse-phase HPLC. After this time, the reaction was quenched by
the addition of H,0 (5.0 mL), and the mixture extracted with ethyl
acetate (3x10 mL). The combined organic layers were dried over
Na,SO,, filtered. and evaporated under reduced pressure. The
residue was purified by silica gel column chromatography to give
the corresponding f-keto sulfone 3a-h (31-67 % vyield, Scheme 4).
The identities of these products were confirmed by the perform-

ChemSusChem 2022, 15, €202101313 (7 of 8)

ance of NMR analyses and comparison with the reported spectra in
the literature; data can be found in the Supporting Information
(Section 11.2).

Bioreduction with ADHs from Codex® KRED Screening Kit: The
corresponding KRED (1 mg), p-keto sulfone 3a-h, (7 mm, 555 uL
total volume), DMSO (10 pL, 1.8% v/v), and 2-PrOH (95 pL, 17.1%
v/v) were added to a 1.5 mL Eppendorf tube containing the mix-P
(450 pL of a stock solution of 300 mg mix-P per 10 mL of water).
The reaction was shaken at 250 rpm and 30°C for 24 h. After this
time, the mixture was extracted with ethyl acetate (2500 pL), and
the organic layers were separated by centrifugation (90s,
13000 rpm), combined, and finally dried over Na,SO,. Conversions
were determined by reverse-phase HPLC and enantiomeric excess
values of the alcohols were measured by HPLC using different chiral
columns after evaporating the solvent and dissolving the samples
in EtOH (see Tables S1-S9 in the Supporting Information). In the
case of KRED-101, KRED-119, KRED-130, KRED-NADH-101, and
KRED-NADH-110, the mix-N (450 uL of a stock solution of 90 mg
mix-N per 3 mL of water) was used.

Bioreduction with E. coli/RasADH: Lyophilized cells of RasADH
heterologously expressed in E. coli (15 mg), p-keto sulfone 3a-h
(25 mm, 600 pL total volume), DMSO (15 pL, 2.5% v/v), an aqueous
solution of D-glucose (50 mm, 60 pL, 10% v/v) and GDH-105 (10 U,
70 puL, 11.7% v/v) were added to a 1.5 mL Eppendorf tube with
TrisHCI buffer pH 7.5 (50 mm, 395 uL) and NADPH (1 mm, 60 pL of
a 10 mm NADPH water solution). The reaction was shaken at
250 rpm and 30°C for 24 h. After this time, the mixture was
extracted with ethyl acetate (2x500 pL), and the organic layers
were separated by centrifugation (90 s, 13000 rpm), combined, and
finally dried over Na,SO,. Conversion and enantiomeric excess
values were determined as already described for commercially
available enzymes.

Oxosulfonylation-bioreduction process in a sequential mode
using ADHs from Codex® KRED Screening Kit: Arylacetylene 1a-e
(0.7 mmol) was dissolved in a 2-PrOH/H,0 mixture (3.5 mL, 1:1 v/v)
in a 25 mL round-bottom flask. Then, the corresponding sodium
sulfinate salt 2a-c (1.05 mmol) and FeCl;-6H,0 (25 mol%) were
added and the mixture was stirred at 80°C for 24 h under aerobic
conditions. After this time, an aliquot (0.004 mmol, 20 uL) was taken
and added to another 1.5 mL Eppendorf tube. Subsequently, DMSO
(16 pL, 4% v/v), 2-PrOH (60 pL, 15% v/v), mix-P (304 uL for KRED-
P1-B02 and KRED-P1-B05) or mix-N (304 pL for KRED-119 and KRED-
130), and the corresponding KRED (1 mg) were added. The reaction
mixture with a final 3a-g concentration of approximately 10 mm
was shaken at 250 rpm and 30°C for 24 h. Finally, the mixture was
extracted with ethyl acetate (2x500 pL), and the organic layers
were separated by centrifugation (90 s, 13000 rpm), combined, and
finally dried over Na,SO,. Conversion and enantiomeric excess
values were determined by HPLC as previously stated for the
individual oxosulfonylation and bioreduction reactions.

Oxosulfonylation-bioreduction process in a sequential mode
using E. coli/RasADH: Arylacetylene 1a or 1b (0.67 mmol) was
dissolved in a 2-PrOH/H,0O mixture (3.36 mL, 1:1 v/v) in a 25mL
round-bottom flask. Then, sodium benzenesulfinate (2a, 165 mg,
1.01 mmol) and FeCl;-6H,0 (36 mg, 25 mol%) were added and the
mixture was stirred at 80°C for 24 h under aerobic conditions. After
this time, an aliquot (0.015 mmol, 75 pL) was taken and added to
another 1.5 mL Eppendorf tube. Subsequently, DMSO (15 uL, 2.5%
v/v), TrisHCI buffer pH 7.5 (50 mm, 320 pL), NADPH (1 mm, 60 pL of
a 10 mm NADPH water solution), an aqueous solution of D-glucose
(50 mm, 60 pL, 10% v/v), GDH-105 (10U, 70 uL, 11.7% v/v), and
E. coli/RasADH (15 mg) were added. The reaction mixture with a
final 3a or 3b concentration of approximately 25 mm was shaken
at 250 rpm and 30°C for 24 h. Finally, the mixture was extracted
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with ethyl acetate (2x500 uL), and the organic layers were
separated by centrifugation (90s, 13000 rpm), combined, and
finally dried over Na,SO,. Conversion and enantiomeric excess
values of B-hydroxy sulfone 4a or 4b were determined by HPLC as
previously stated for the individual oxosulfonylation and bioreduc-
tion reactions.
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