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In this study, we present a concurrent chemo/biocatalytic one pot
reaction cascade by combining a metal (Pd/Cu) assisted Liebeskind—
Srogl (L-S) coupling with an enantioselective enzymatic reduction for
the production of chiral amines and alcohols. The latter transformation
was realized by applying enantiocomplementary alcohol dehydro-
genases from Lactobacillus kefir (R-selective) and Rhodococcus ruber
(S-selective). Compatibility issues were solved by investigating first the
L—S-coupling protocol in water at room temperature. Subsequently,
we investigated two different biphasic systems and applied a
biomimicking approach to separate enzyme-deactivating compo-
nents. By using a lipophilic membrane in a smart reactor design, we
were able to perform concurrent catalytic cascades with overall
concentrations up to 100 mM substrate and to produce 1-phenyl-
ethylamine and several chiral alcohols in high yields (up to 81% over
2 steps) and enantiomeric purity ((+) and (—)-enantiomers both
with 99% ee).

Cascade-type reactions have gained substantial attention in the
fields of chemistry and biocatalysis in the past decade.’
Tremendous time and efforts have been devoted to the combi-
nation of various kinds of reactions and different types of
catalysis to establish novel, sustainable, and environmentally
benign methods.>™ Especially interesting are combinations of
metal assisted and biocatalytic reactions since their chemo-
orthogonality offers high potential for accessing new, highly
efficient, and stereoselectively controlled synthetic strategies.'*””
So far, only a few successful chemo- (especially metal assisted) and
enzyme catalyzed concurrent reactions have been published.®™®
A major constraint of such combinations is the different
conditions of chemical and enzymatic reactions leading
prospectively to the mutual inactivation of the catalytic species.
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Whereas chemo-catalyzed reactions operate within a broad
range of feasible reaction conditions such as temperature,
solvent, and pH, enzyme mediated transformations are often
restricted to aqueous reaction media, ambient temperature, a
narrow pH range, and low substrate concentrations.'” Hence,
concurrent tandem-type cascades, in which all reagents are
present in the reaction mixture from the beginning, are even
more challenging. In this particular case, the bond forming
step or a functional group interconversion is a particular
prerequisite to enable the subsequent step of the cascade.
In addition, all involved catalytic species have to display exclusive
chemo selectivity to avoid side reactions, which potentially reduce
the overall productivity.”

Different concepts have been applied to overcome such
limitations for the combination of metal assisted and biocatalytic
tandem cascades. The most prominent concept is based on the
spatial separation of both catalyst types and is inspired by nature.
Biological compartmentalization allows living organisms to main-
tain different reaction conditions (e.g., pH) and operate numerous
tandem reactions in a ‘one-pot’ system. In the past, chemists and
engineers have imitated this concept with biphasic systems,>"®
supramolecular hosts," artificial metalloenzymes,'* and spatial
separation by flow chemistry™® to realize and optimize multi-
catalytic reactions.” Lately, Rios-Lombardia et al. demonstrated a
ruthenium-catalysed isomerisation of allylic alcohols, coupled with
an asymmetric bioamination in a one-pot process.'” Recently, the
Groger group developed a two-step one-pot transformation of
styrenes into the corresponding chiral alcohols by combination
of the Wacker oxidation with subsequent reduction by an alcohol
dehydrogenase (ADH) from Lactobacillus kefir."® However, to the
best of our knowledge, only one chemoenzymatic tandem process
in a concurrent fashion has been published, which does not
require an intermediate work-up step of the chemocatalytic reac-
tion mixture (e.g., dilution, adaption of the pH value, or separation
of inhibiting components) prior to performing the biocatalytic
transformation.>

In the following, we envisaged the simultaneous operation
of a chemical C-C coupling reaction, which generates a new
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Fig.1 Concurrent chemo/biocatalytic cascade. Different engineering
strategies were applied: (A) biphasic system (heptane/buffer); (B) heptane/
superabsorber (sodium polyacrylate); and (C) polydimethylsiloxane (PDMS)
membrane.

functional group that, subsequently, undergoes a biocatalytic
functional group interconversion leading to enantiomerically
pure products (Fig. 1). This work focused on different compart-
mentalization concepts to overcome the necessity of intermediate
manipulation steps and tackled the compatibility issue of chemo-
and enzyme catalysed reactions.

In 2000, Liebeskind and Srogl (L-S) published a copper
mediated, palladium catalyzed C-C cross-coupling protocol of
thioesters (TEs) with boronic acids for the formation of ketones
under aerobic conditions (Scheme 1).>'>* The method was
later successfully extended to aryl coupling reactions based
on the orthogonal behavior of the S-alkyl leaving group.>* This
coupling reaction operates at neutral pH (base free conditions),
in organic solvents (e.g., THF) and with a phosphite additive,
activating the catalyst to work at room temperature.>® Recently,
we reported the first example of a L-S reaction in water at 50 °C
that led to bi(hetero)aryl products; while yields remained
modest for this reaction, it opened up the principal applic-
ability of the methods to operate in protic solvents.>

Based on this finding we envisioned to exploit such aqueous
conditions for the formation of ketones at room temperature,
with the newly formed carbonyl group serving as a prospective
substrate for redox biocatalysts (ADHs or o-transaminases/o-
TAs) to produce chiral primary alcohols or amines, respectively
(Scheme 2). According to this concept, intermediate formation
of the new ketone function via L-S coupling of thioesters with
boronic acids was expected to enable a true concomitant
tandem transformation in combination with suitable biocata-
lysts, as the actual substrate function for the biotransformation

Published coupling protocols by Liebeskind and Srogl

o [Pd,(dba);}ITFP
1JL + R'B(OH) CuTC, THF ﬁ\
—_—
R ‘? 2 50 °C R'" "R®
RZ
R', R? = alkyl, aryl [Pd,dba);]/P(OEt); o
R3=aryl, styryl 3 CuTC, THF
R®B(OH), —————»
R‘lLS + ROBOH), RT R11LR3
1
RZ
Scheme 1 “Classical” L-S coupling (top) and optimized reaction conditions
(bottom).
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Scheme 2 Liebeskind—Srogl coupling reaction and the subsequent
biocatalytic reduction or transamination of the newly formed prochiral
ketone.

was generated in situ. To realize such a concurrent chemoenzymatic
tandem process, we had to overcome the general compatibility
issues of the individual cascade steps: differences in the required
solvent (water vs. THF) and enzyme inhibition/inactivation by both
substrates and copper-(I)-thiophene-2-carboxylate (CuTC), an addi-
tive typically required in stoichiometric amounts in L-S reactions.
The inhibition of biocatalysts by heavy metals and especially copper
salts is well-known™'® and represents the most important issue
needed to be solved.

First, we investigated different L-S coupling procedures to
gain deeper insights into the limitations towards a more
biocompatible protocol. We tested two TEs (phenyl thioester
(1a) and #butyl-thioester (1b)), varied their concentrations,
tested phenylboronic acid (2a) as a coupling partner, and
screened three different temperatures (Table 1). Initially, we
applied standard conditions (Pd(0), THF, and 50 °C; Table 1,
entry #1) and obtained the desired ketone 3a in 69% GC-yield.
As the first compartmentalization strategy, we changed the
solvent to heptane to establish a two-phase system for the
target chemoenzymatic cascade (Fig. 1A).

The conversion increased to 99% (Table 1, entry #2) and
prompted us to decrease the temperature to be biocompatible
(37 °C) (Table 1, #3) and to additionally reduce the TE concen-
tration from 250 mM to 100 mM (Table 1 #4). Unfortunately,
the yield dropped significantly in both cases from 99% to
30% and 24%, respectively (Table 1, entries #3 and #4). This
indicates that the temperature had a more pronounced effect
than the overall concentration of the reaction. Next, we inves-
tigated a different protocol, with Pd,dba; as a catalyst precursor
(tris(dibenzylideneacetone)-dipalladium(0)) and triethyl phos-
phite in THF at room temperature (Table 1, entry #5), which
gave the desired acetophenone 3a in perfect yields.>

Subsequently, we moved to heptane and were delighted to
obtain 3a still in 99% yield (Table 1, entry #6). Furthermore, we
tested a 90:10-mixture of water and isopropanol (i-PrOH)
under otherwise identical conditions.

Unfortunately, we observed prominent hydrolysis of the
phenyl thioester 1a. We changed to the more stable ¢butyl-
thioester 1b to avoid hydrolysis of the TE and were able to
produce the desired ketone 3a in 78% yield (Table 1, entry #8).
Thus, we were confident to have established a biocompatible
L-S protocol for an application in a biphasic system or in the
biomimetic approaches as described above. For our target chemo-
enzymatic cascade, we selected a solvent tolerant (S)-selective
ADH from Rhodococcus ruber (ADH-a)*>” and an (R)-selective,
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Table 1 Optimized reaction conditions for biocompatible L-S coupling
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o Pd catalyst
R, papoom g
V —_—
R diff. solvents
diff. temp.
1 2a 3a
Entry TE” (R) TE [mM] Solv. system T[°C] Catalytic system Conv. 3a 24 h [%]
" Ph (1a) 250 THF 50 Pd(PPh;),” 69
#2 Ph (1a) 250 Heptane 50 Pd(PPh;),” 99
#3 Ph (1a) 250 Heptane 37 Pd(PPh;),” 30
#4 Ph (1a) 100 Heptane 37 Pd(PPh,),” 24
#5 Ph (1a) 100 THF RT Pd,(dba),;® P(OEt), 99
#6 Ph (1a) 100 Heptane RT Pd,(dba);“ P(OEt); 99
#7 Ph (1a) 100 H,0/i-PrOH(90: 10) RT Pd,(dba);® P(OEt); TE hydrolysis
#8 t-Bu (1b) 100 H,0/i-PrOH(90: 10) RT Pd,(dba),° P(OEt), 78

“TE = thioester; Ph = phenyl; £-Bu = t-butyl. * Phenyl boronic acid (1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh;), (5 mol%). ° Phenyl boronic acid
(1.7 equiv.), CuTC (1.6 equiv.), Pd,(dba); (2.5 mol%), P(OEt); (20 mol%); RT = room temperature; i-PrOH = isopropanol.

isopropylamine dependent o-transaminase from Codexis
(ATA025). As a model reaction, we focused on the formation
of acetophenone 3a that undergoes a biochemical reduction
towards the secondary alcohol 4a or the corresponding primary
amine 5a. First, we tested a sequential approach (Fig. 1A),
where the coupling reaction was performed in heptane at
50 °C. This mixture was centrifuged before the biocatalyst
was added (Table 2, method A) and the procedure resulted in
the formation of the desired alcohol 4a in 57% yield, whereas
no conversion to the corresponding amine was observed.
Additionally, we employed a second compartmentalization
strategy: a biphasic system involving heptane as organic solvent
and sodium polyacrylate/H,O for trapping the components of
the biocatalytic reaction (Fig. 1B).

Table 2 Combination of L-S coupling and biocatalytic reductions for the
synthesis of chiral alcohols and amines

o] Pd o OH NH.
Py BOH:z ¢ 1¢ ADHI/oTA 3
? * — = —_—
R a bic
1 2a 3a 4a Sa
Product Method Enzyme Mode of operation Yield [%] ee [%]
4a A LK-ADH Sequential 57 >99
5a A ATA025  Sequential n.a. n.a.
4a B LK-ADH Sequential 81 >99
5a B ATA025 Sequential 51 >99
4a C LK-ADH Concurrent 65 >99
5a C ATA025 Concurrent n.a. n.a.

Method A: heptane/water: (a) 50 mM TE 1a, phenyl boronic acid 2a
(1.1 equiv.), CuTC (1.2 equiv.), Pd(PPh;), (5 mol%), 50 °C, heptane;
(b) centrifuged coupling reaction 10% (v/v), ADH (10 mg whole-cell
lyophilisates), NADP", glucose (15 mM), glucose dehydrogenase (GDH,
(1 UmL™")), 30 °C; method B: heptane/superabsorber: (a) 100 mM TE
1a, phenyl boronic acid 2a (1.7 equiv.), CuTC (1.6 equiv.), Pd,(dba);
(2.5 mol%), P(OEt); (20 mol%); (b) ADH (40 mg CFE), NADP', glucose
(15 mM), glucose dehydrogenase (GDH, (1 U mL ™)), sodium polyacrylate
(2 x 5 mg); (c) »-TA (40 mg, ATA025 Codexis screening kit), isopropylamine
(1 M); method C: (a) coupling chamber: 50 mM TE 1b, phenyl boronic acid
2a (1.7 equiv.), CuTC (1.6 equiv.), Pd,(dba); (2.5 mol%), P(OEt); (20 mol%),
water/i-PrOH (10% v/v coupling chamber), (b) biocatalytic chamber:
ADH (200 mg whole-cell lyophilisates), Tris-HCl buffer (320 mM, pH 8),
i-propanol (30% v/v).
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Fig. 2 Reactor device for a chemoenzymatic reaction sequence in a
one-pot fashion.

Remarkably, we could obtain both chiral products in good to
very good yields with perfect enantiomeric purity (Table 2,
method B). Furthermore, we aimed for the concurrent approach
and applied the third concept of compartmentalization (Fig. 1C).
Thereby, we designed a membrane reactor with two chambers
separated by a polydimethylsiloxane (PDMS) membrane
(Fig. 2).'®?® PDMS facilitates the transport of lipophilic com-
pounds but restricts the diffusion of hydrophilic components
between the two catalytic chambers. Since organic solvents
such as heptane have a detrimental effect on the integrity of
the PDMS membrane, we applied the L-S reaction under
aqueous/i-PrOH conditions as depicted in Table 1, entry #8.
The second chamber was charged with ADH-a, buffer, and
i-PrOH (for nicotinamide adenine dinucleotide phosphate
(NADP") cofactor recycling). However, the reaction did not yield
the desired product. This was due to the present boronic acid
(1.7 equiv.) and the released thiophene-2-carboxylic acid
(1.6 equiv.), which decreased the pH value in the enzymatic
chamber to 5.1 after 24 h. This inactivated the ADH and
decreased the yield significantly.

By changing the reaction parameters to 320 mM Tris-HCl
buffer, maintaining pH 8.0, we were able to run the chemo-
enzymatic reaction in a concurrent fashion. We obtained the
desired chiral alcohol 4a in 65% overall yield and perfect

This journal is © The Royal Society of Chemistry 2018
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Table 3 Concurrent cascade composed of L-S coupling and enantio-
divergent ADHs for the synthesis of chiral alcohols

ADH-a LK-ADH
# R Yield [%)] ee [%] Yield [%] ee [%]
4a Ph 65 99 (5) 81 99 (R)
b 4-Cl-Ph 60 99 (S) 57 99 (R)
4c 3-Cl-Ph 47 99 (S) 53 99 (R)
ad 4-Br-Ph 99 99 (S) 50 99 (R)
4e 4-F-Ph 75 99 (S) 64 99 (R)
af 4-CF;-Ph 61 99 (S) 53 99 (R)

ADH-a from Rhodococcus ruber; LK-ADH from Lactobacillus kefir. Reac-
tion conditions: 100 mM concentration of 1b, boronic acid (1.7 equiv.),
CuTC (1.6 equiv.), Pd,(dba); (2.5 mol%), P(OEt); (20 mol%), ADHs in
Tris-HCI buffer (320 mM, pH 8.0) and i-PrOH (30% (v/v) referring to the
biocatalytic reaction chamber) as cosubstrate, 24 h reaction time.

enantioselectivity (>99% ee). At the end of the reaction, alcohol 4a
slowly diffused back into the coupling chamber. Under these
optimized conditions, we also tested the ®-TA from Codexis but
no conversion to the desired chiral amine 5a was observed.

Parameter investigations resulted in the strong enzyme
deactivating effect by phenyl boronic acid (2a) or the corres-
ponding i-propyl ester, which was lipophilic enough to penetrate
the PDMS membrane. Furthermore, already 20 mol% of P(OEt);
and the TE 1a resulted in complete enzyme inhibition or deactiva-
tion whereas CuTC was still tolerated by the w-TA (for further
details see the ESIL,1 Table S3).

Nevertheless, we could expand the substrate portfolio to
different halogenated phenylboronic acids 2a-f (Table 3) and
tested them with the (S)-selective ADH-a and an (R)-selective
LK-ADH?® to obtain the antipodal chiral alcohols 4a-f. To
demonstrate the synthetic applicability we performed an
experiment on the preparative scale and isolated both enantio-
meric alcohols 4a (S) and (R) in 47% and 51% over two steps
respectively (see the ESI, Table S4).

In summary, we disclose two approaches for realizing a L-S
coupling-enzymatic reduction/amination protocol. First, a sequen-
tial approach, which requires only a simple centrifugation step
after the L-S reaction. Second, and more importantly, a simulta-
neous chemoenzymatic process, combining the metal (Pd/Cu)
catalyzed L-S coupling reaction and the subsequent biocatalytic
reduction of the newly created carbonyl group in one-pot generat-
ing optically pure alcohols by applying enantiodivergent ADHs,
importantly, without any intermediate isolation. We understand
the formation of a novel functional group within a C-C bond
formation reaction and its subsequent interconversion, a particu-
larly novel feature of this chemo-enzymatic cascade.

By employing a biomimetic compartmentalization approach,
the desired chiral secondary alcohols were accessible in up to 99%
yield and perfect enantioselectivity (>99% ee) over two steps. Even
though the applied reactor is not in the standard laboratory
inventory, the setup is very simple and readily available from
commercial sources. Furthermore, the required membrane can
be easily prepared, which overall allows the application of this
method in any lab without much effort.
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