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ABSTRACT

Amino transaminases (ATAs) have been supported on a 2D ITQ-2 zeolite through electrostatic

interactions, resulting in a highly stable active biocatalyst to obtain a variety of valuable chiral amines
starting from prochiral ketones derived from biomass. We have extended the biocatalyst applications by
designing a chemo-enzymatic process that allows, as the first step, prochiral ketones to be obtained from

biomass-derived compounds through an aldol condensation-reduction step using a bifunctional

metal/base catalyst. The prochiral ketone is subsequently converted into the chiral amine using the

immobilized ATA. We show that it is feasible to couple both steps in a semi-continuous process to produce

industrially relevant chiral amines with yields of >95% and ~100% enantiomer excess.

Keywords: amino transaminase, ITQ-2 zeolite, chemo-enzymatic process, biomass, semi-continuous

process, Pd/MgO

INTRODUCTION

Biomass, along with CO,, constitutes the only re-
newable source of carbon compounds as an alter-
native to fossil fuels to produce chemicals and fuels
[1,2]. Particularly from biomass, hundreds of chem-
ical compounds can be obtained through thermal,
catalytic and fermentative processes. The specific
functional groups existing in these biomass-derived
chemicals represent an important advantage for in-
troducing heteroatoms such as N, P, S, etc. Par-
ticularly, nitrogen-containing compounds are high-
added-value chemicals for the preparation of drugs,
agrochemicals, polymers or surfactants in the form
of amines, amides, nitriles, heterocyclic compounds,
etc. In fact, N-chemicals are present in >80% of
the 200 most important products of the pharma-
ceutical industry and they are usually obtained from
petrochemical platforms. For this reason, in recent
years, there has been great interest in developing N-
chemicals through efficient and sustainable routes
from renewable raw materials from biomass [3].

Particularly, optically pure amines are valuable com-
pounds for the pharmaceutical and agrochemical in-
dustries [4-13]. However, conventional chemical
methods used for the synthesis of chiral amines suf-
fer from several limitations such as low selectivity
and high generation of wastes [14]. Thus, during
the last two decades, many efforts have been car-
ried out to develop alternative biocatalytic routes.
Besides the biocatalytic approaches based on the ki-
netic resolution of racemic amines (using for exam-
ple lipases) and the dynamic kinetic resolution (via
in situ racemization of the unreactive enantiomer)
[15-17], diverse types of enzymatic activities have
been explored, such as imine reductases, amine
dehydrogenases, ammonia lyases, monoamine oxi-
dases and transaminases [18].

An interesting group of w-transaminases are
the amino transaminases (ATAs) able to transfer
an amino group from a simple amine (donor) to
a prochiral ketone (acceptor) (Scheme 1). These
enzymes use the cofactor pyridoxal 5'-phosphate

© The Author(s) 2022. Published by Oxford University Press on behalf of China Science Publishing & Media Ltd. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original

work is properly cited.

€20z Aey /1 uo Jasn eiousje) ap BoIuda)I|0d 1BlSIsAIuN A |69 S99/SE | OBMU/G/6/3]01E/ISU/Woo dnoolwapeoe//:sdiy Woll papeojumoq


https://doi.org/10.1093/nsr/nwac135
https://orcid.org/0000-0002-2232-3527
mailto:acorma@itq.upv.es
mailto:siborra@itq.upv.es
https://creativecommons.org/licenses/by/4.0/

Natl Sci Rev, 2022, Vol. 9, nwac135

(0] NH, NH, O
)K ' /\ o /k +/\K
PLP
R, R, R R,

Scheme 1. Chiral amines from prochiral ketones using
amino transaminases (ATAs).

(PLP) for assisting the reaction that s in situ restored
at the end of the reaction, and no additional and
costly cofactor regeneration is required, as is the case
of other enzymes [19-22].

This property, combined with the excellent stere-
oselectivity shown by that class of enzymes, makes
the transaminases potential biocatalysts for the syn-
thesis of chiral amines [23].

Nevertheless, for the large-scale application
of transaminases, several problems typically asso-
ciated with enzymes need to be solved, namely
the limited range of substrates that can be used or
problems related to enzyme stability and reusability.
To overcome these problems, biotechnological
strategies to increase the substrate scope of the
enzyme, such as rational design or gene mining
[24,25], have been developed, while enzyme im-
mobilization over different supports has been the
most-used strategy to increase the stability and the
reusability of these biocatalysts [22]. However,
the moderate operational stability of ATAs upon
immobilization has prompted a number of studies
on the immobilization of w-transaminases on
different supports directed at improving the overall
performance of the biocatalyst. Thus, transaminases
have been immobilized over a variety of carriers,
such as organic supports as cellulose or chitosan
via covalent interaction [26], over macrocellular
silica [27], commercial resins as Sepabeads EC-HA
[13] via hydrophobic, ionic or covalent interaction.
Controlled porosity glass, polymer-hybrid versions
(HybCPG) [28] and polydopamine magnetic
nanoparticles [29] chelated with Co™® and Ni*?,
respectively, have been used to immobilize transam-
inases via electrostatic interactions of metals and
histidine residues. Also, bisepoxide-activated poly-
meric resins [30] and lens-shaped polyvinyl alcohol
particles [31] have been recently reported.

An important challenge often associated with
ATA catalysed transamination is the unfavorable
thermodynamic equilibrium of the reaction. To
overcome this drawback, different strategies have
beenused [32], such as removing the product (or co-
product) from the reaction by using different meth-
ods. However, a promising alternative is the use of
immobilized ATAs in flow systems. Here, as the car-
bonyl compound is converted into the amine, the lat-
ter is removed from the reaction environment, shift-
ing the equilibrium toward amine formation while
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enzyme inhibition is avoided. However, the effec-
tive enzyme immobilization is a crucial factor for suc-
cessful biotransformations in a flow system.

Recently, we have reported that the pure silica
2D ITQ-2 zeolite is an excellent carrier to support
enzymes such as naringinase [33] and alcohol de-
hydrogenases [34] that have been used efficiently,
in both batch and flow mode, in the production of
citrus flavonoids as well in the production of chiral
alcohols from racemic mixtures through a chemo-
enzymatic cascade process respectively. The ITQ-
2 zeolite that can be prepared by a dual-templating
one-step synthesis or by the delamination of a lay-
ered Mobil twenty two (MWW) zeolite precursor
[35-38] is a 2D system of 2.5-nm-thick thin sheets.
Thus, the ITQ-2 zeolite exhibits high external sur-
face area (~600 m* g~') where the enzyme can be
immobilized with high stability in aqueous media
and provides a suitable support for enzyme immo-
bilization through electrostatic or covalent linkages.

Considering that a wide variety of prochiral ke-
tones can be obtained from lignocellulosic biomass
through thermal, catalytic or fermentative pro-
cesses, we present in this work an efficient process
to obtain valuable chiral amines from biomass-
sourced prochiral ketones using an immobilized
w-transaminase (ATA) on the laminar zeolite ITQ-
2 through electrostatic interactions. Moreover, we
have designed a chemo-enzymatic cascade process
to produce chiral 4-phenyl-2-butanamide deriva-
tives from biomass, such as 4-(4-methoxyphenyl)-
2-butanamine and 4-phenyl-2-butanamine. The
4-(4-methoxyphenyl)-2-butanamine is a valuable
intermediate in the synthesis of drugs such as
Dobutamine, which is widely used for the treatment
of heart failure and cardiogenic shock [39], while
4-phenyl-2-butanamine has been recently described
as a chiral building block for the synthesis of amides
that are modulators of lysophosphatidic acid recep-
tors beneficial for the prevention or treatment of
liver, skin and lung diseases [40].

The chemo-enzymatic route to produce the chi-
ral 4-(4-methoxyphenyl)-2-butanamine involves as
the first step the synthesis of the prochiral 4-
(4-methoxyphenyl)-2-butanone through a one-pot
process performed in the presence of a bifunc-
tional base-metal catalyst formed by Pd nanopar-
ticles supported on MgO. This catalyst is able
to perform the aldol condensation between 4-
methoxybenzaldehyde (or substituted benzaldehy-
des that can be sourced from lignin) [41] and ace-
tone (that can be sourced from the acetone-butanol-
ethanol (ABE) sugar fermentation process) [42]
yielding an o,B-unsaturated ketone that is selec-
tively reduced in situ into 4-(4-methoxyphenyl)-2-
butanone in the presence of hydrogen [43]. The
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Scheme 2. Chemo-enzymatic cascade process.

prochiral ketone is subsequently stereoselectively
aminated into 4-(4-methoxyphenyl)-2-butanamine
with the enzyme w-transaminase (ATA) immobi-
lized on a 2D zeolite (ITQ-2) using isopropylamine
as the amino group donor (Scheme 2).

RESULTS AND DISCUSSION

Characterization of the support and
immobilization of ATAs

Transaminases have been immobilized over dif-
ferent supports using different strategies; how-
ever, a common methodology is through electro-
static interactions between supports bearing amino
groups and the carboxylic acids of the enzyme
[13]. Therefore, the surface of the zeolite ITQ-2
was functionalized with amino groups, using (3-
aminopropyl)triethoxysilane (3-APS) as described
in the experimental section. The resulting material
labeled as NITQ-2 contained a density of amino
groups of 1.26 mmol g ™! as determined by elemen-
tal analysis (see Supplementary Table S1).

Both zeolites (ITQ-2 and NITQ-2) were
characterized using Fourier transform infrared
spectroscopy (FTIR) analysis (Supplementary
Fig. S1) As can be observed, the stretching vibration
band associated with silanol groups (Si-OH)

appears in the ITQ-2 sample at 3735 cm™ (Sup-
plementary Fig. Sla). However, when the surface
of the zeolite ITQ-2 is chemically modified with
(3-aminopropyl)triethoxysilane through covalent
bonding with the silanol groups (NITQ-2 sample),
the intensity of the stretching vibration band of
the later decreases dramatically, while the bands
associated with the amino groups appear at 3422
and 1657 cm™!, along with the bands at 2930 and
2865 cm™! associated with —-CH, stretching vibra-
tion bonds of the propyl group (Supplementary
Fig. S1b).

The Brunauer-Emmett-Teller surface area of
the zeolite ITQ-2 pure silica was calculated to be
592 m* g~ ! and, after chemical modification with 3-
APS, the Brunauer, Emmett and Teller (BET) sur-
face area decreased by <375 m? gf1 ; nevertheless, it
represents a high surface area support where the en-
zyme is electrostatically anchored (see Supplemen-
tary Table S2).

FESEM images of ITQ-2 and NITQ-2 (Supple-
mentary Fig. S2a and b, respectively) show the char-
acteristic 2D structure of the material able to carry
enzymes with huge sizes and, from tansmission elec-
tron microscopy (TEM) images, it is possible to ob-
serve the crystallinity of the material (Supplemen-
tary Fig. S3a and b).

Properties of immobilized ATA

First, we optimized the enzyme loading by varying
the amount of the enzyme on the support as shown
in Table 1. The immobilization of the enzyme
(ATA(S)) was performed by incubating different
amounts of enzyme with NITQ-2 in a phosphate
buffer solution at pH 7 for 24 h. The amount of pro-
tein immobilized was determined by analysing the
amount of free enzyme in the supernatant using the
bicinchoninic acid protein test. As can be observed,
when the ratio of the enzyme/support (wt/wt) was
increased (Entries 1-4), the amount of immobilized
enzyme increased from 12.1 (Entry 1) to 40 mg
ATA/g NITQ-2 (Entry 4), while the percentage of
immobilized enzyme was maintained at 69%-80%.

Table 1. Optimization of the enzyme loading over the zeolite NITQ-2.

ATA(S) NITQ2 Immobilization conditions Immobilization Ratio
Entry (mg) (2) mgATA/gNITQ-2 (%) mgATA/g NITQ-2
1 3 0.2 15 81 12.1
2 S 0.2 25 69 17.2
3 4 0.1 40 71 28.4
4 S 0.1 S0 80 40.0
S 8 0.1 80 49 38.0
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However, when the ratio enzyme/support was
further increased (Entry S), the immobilization
level was considerably lower (49%) while the
amount of immobilized enzyme per gram of support
slightly decreased (38.0 mgATA/gNITQ-2). Then,
an optimized enzyme/support ratio was found
under the conditions presented in Entry 4. The
catalytic activity of the samples with different
loadings was tested taking as a model reaction
the amination 4-(4-methoxyphenyl)-2-butanone
into (S)-4-(4-methoxyphenyl)-2-butanamine.
Reactions were performed at 37°C using a molar
ratio substrate/cofactor of 15/1. In Supplementary
Fig. S4 the results of the activity for the different
samples are presented, measured as the yield of
amine produced after 60 min of reaction time versus
enzyme loading. As can be seen, the activity of the
biocatalyst is directly proportional to the amount
of enzyme present on the surface of the solid.
Therefore, we selected the sample corresponding
to Entry 4 (Table 1) labeled as ATA(S)@NITQ-2
with 81% of enzyme immobilization for performing
all the subsequent studies. To compare the intrinsic
activity of the free and supported enzyme, the
activity recovery was calculated as the activity of
immobilized enzyme/activity of free enzyme x 100,
being 62%.

Catalytic activity as a function of pH and
thermal stability

To study the effect of pH on the transamination
of 4-(4-methoxyphenyl)-2-butanone, the activity of
ATA(S) @NITQ-2 was studied at pH 5, 7 and 9 at
37°C and compared with that of the free enzyme
(see Supplementary Fig. SS). As can be observed, the
free and supported form of the enzyme showed the
maximum activity at pH = 7, while acidic pH (5) or
basic pH (9) was detrimental for the enzyme activ-
ity, particularly acidic media.

The thermal stability of ATA(S)@NITQ-2
was determined by exposing the supported en-
zyme to different temperatures: 37, 60 and 80°C
for 1 h at pH 7. After that, the substrate 4-(4-
methoxyphenyl)-2-butanone and the cofactor
(PLP) was added and the residual catalytic activity
was determined under the conditions described
in the Supplementary data. In Supplementary
Fig. S6, the residual relative activities of the free and
immobilized enzyme after the thermal treatment
are presented. As can be seen, at 37°C, the free
enzyme performs faster than the immobilized form,
giving ~100% activity and 60%, respectively. After
treatment at increasing temperatures, both the
immobilized and free enzyme undergo a strong loss
of activity. In fact, the free enzyme lost its activity
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completely at 60°C, while the immobilized enzyme
retained a residual activity. It has been described
that enzyme immobilization can restrict unfolding
of the enzyme and therefore the thermal stability
could be somewhat improved [44]. However, the
results show that the optimum temperature of the
biocatalytic process should not surpass 37°C in
order to maintain high enzymatic activity.

Scope of the transamination with
ATA(S)@NITQ-2

As commented on above, there are a variety of
prochiral ketones than can be obtained from
biomass and they can serve as starting reactants to
produce chiral amines useful in the fine chemical
industry. Therefore, we have selected a variety
of prochiral ketones with phenylethanone and
1-(4-methoxyphenyl)propanone ~structures that
can be obtained from p-coumaril alcohol derivatives
from lignin [41] and which chiral amines derivatives
(1-phenylethylamine, 1-(4-methoxyphenyl)-2-
propanamine) are important chiral inductors and
building blocks for the synthesis of drugs such as
Brivaracetam, Fenoterol and Formoterol, used as
anticonvulsant, anti-asthmatic and bronchodilator
agents, respectively [45,46]. In addition, several
linear (C;-Cy) 2-methylketones that can be ob-
tained through biomass fermentation processes
[47] or by catalytic cross ketonization of carboxylic
acids from biomass [48] can be prochiral sub-
strates for the production of aliphatic amines that
are important intermediates of pharmaceuticals
and other biologically active compounds [23].
Moreover, the ketoester methyl levulinate was
also selected as a prochiral precursor. The scope
of the reaction was studied using the enzymatic
derivative ATA(S)@NITQ-2 under the optimal
reaction conditions in batch mode and the results
are presented in Table 2. As can be observed,
excellent yields of the corresponding chiral amines
(80%-98%) could be obtained in short reaction
times, while the enantiomer excess (ee) was 99%
in all cases, showing the outstanding performance
of ATA(S)@NITQ-2 biocatalyst on a variety of
biomass-derived substrates. When the enantiocom-
plementary enzyme (ATA(R) @NITQ-2) (Entry 1)
was used for the amination of 4-phenyl-2-butanone,
the yield and enantioselectivity to the (R)-4-
phenylbutan-2-amine were also very high, although
a longer reaction time was required. The amination
of methyl levulinate (Entry 8, Table 2) afforded
(S)-S-methylpyrrolidin-2-one after spontaneous
cyclization of the intermediate product (S)-methyl
4-aminopentanoate.
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Table 2. Transamination of different ketones using ATA@NITQ-2 as the biocatalyst.

Yield (%)/
Entry Reactive Product Time (h) ee(%)
1 (S) 96/99
12 (R) 95/99
3 /@/\H/ 1 (S) 86/99
MeO’
4 NH, 2 (S) 80/99
5 M\ gHQ 2 (S) 86/99
/\/\/\/\
6 /H\/\/\/ A, 2 (S) 84/99
7 )OJ\/\/\ 4 2 o
/:\/\/\
8 0 24 (S) 90/99
O
OMe
N
0 H

Reaction conditions: ATA@NITQ-2 (104 mg), ketone (15 mM), the cofactor (PLP) (1 mM) in 2 mL of solvent (isopropylamine (pH 7,2 M)/phosphate
buffer solution, pH 7, 100 mM) (50/50, v/v) and DMSO (10%) as co-solvent, at 37°C while stirring at 1400 r/min.

Enzymatic amination of the prochiral
ketone in a continuous fixed-bed reactor

The amination of the prochiral ketone 4-(4-
methoxyphenyl)-2-butanone ~ was  performed
in a flow reactor system. Initially, the biocata-
lyst ATA(S)@NITQ-2 (208.0 mg) was diluted
with silicon carbide CSi (1.8 g) and packed in
a stainless-steel reactor. The reactor was fed
through a peristaltic pump with a solution 4-(4-
methoxyphenyl)-2-butanone and the cofactor (in
a substrate/cofactor molar ratio of 15) using a
mixture of isopropylamine/phosphate buffer pH 7,
100 mM (50/50 v/v) as a solvent and 10% DMSO
as co-solvent. The temperature was fixed at 37°C
and the contact time was evaluated keeping constant
the amount of 4-(4-methoxyphenyl)-2-butanone
and increasing the flow (0.25-3 mL h™'). As we can
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observe (Supplementary Fig. S7 and Supplementary
Table S3), when increasing the contact time from 1
to 7 h, the conversion increased from 50% to 71%,
respectively (~100% selectivity to amine); a further
increase in the contact time to 13 h led to 94%
conversion maintaining the selectivity to the opti-
cally pure S-4-(4-methoxyphenyl)2-butanamine at
~100%. Then, we selected a contact time of 13 h
(that corresponds to a weight hour space velocity
(WHSV) 0f0.076 h™!) to check the performance of
the enzymatic derivative. As can be seen in Fig. 1, the
conversion of 4-(4-methoxyphenyl)-2-butan-one
(93%) could be maintained during 160 h of opera-
tion. In fact, the reactor was kept under operation for
20 days, maintaining its activity. Similar data were
obtained using the ATA(R)@NITQ-2, obtaining
in this case 4-methoxyphenyl-(R)-2-butanamine
with ~100% selectivity (data not show). To study
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Figure 1. Results of the transamination of 4-(4-
methoxyphenyl)-2-butanone  to  (S)-4-(4-methoxyphenyl)-
2-butanamine in a continuous flow reactor using
ATA(S)@NITQ-2 as the biocatalyst. Reaction conditions:
ATA(S)@NITQ-2 (208 mg), 4-(4-methoxyphenyl)-2-butanone
(15 mmol L="), PLP (1 mmol L"), solvent: isopropy-
lamine/phosphate buffer pH 7, 100 mM (50/50 v/v) and
DMSO (10%) as co-solvent, flow 0.25 mL h™" at 37°C.

the possible catalyst deactivation, the reaction
was performed using a contact time of 1 h, which
afforded a conversion of ~50% and, as can be seen
in Supplementary Fig. S8, under these reaction
conditions, the biocatalyst activity was maintained
during the period studied. Moreover, the presence
of leached enzyme in the reaction crude (using the
bicinchoninic acid protein test) was not detected
during the time-on-stream, confirming the high
stability of the biocatalyst.

The continuous amination process using the
ATA(S)@NITQ-2 biocatalyst was also extended
to 4-phenyl-2-butanone, obtaining excellent yield
and selectivity to the corresponding chiral amine
(see Supplementary Figs S9 and S10, respectively).
These results reveal the high stability of the biocat-
alyst that in this experiment was able to produce
~40 g of chiral amine per gram of enzyme. In
Supplementary Table S4 the productivity and
operational stability of different supported transam-
inases are compared for the amination of different
carbonyl compounds previously reported in the
literature. As can be seen, the biocatalyst developed
in this work is among the most active, representing
an interesting alternative to produce chiral amines
from biomass-derived prochiral ketones.

Chiral amines trough a chemo-enzymatic
process

We have shown that ATA@NITQ-2 is a stable bio-
catalyst able to perform the stereoselective amina-
tion of prochiral ketones into the corresponding
enantiopure amines. Following the objective stated
above, we studied the possibility of coupling the syn-
thesis of a prochiral ketone with the amination pro-
cess into a chiral amine. Owing to the pharmacolog-
ical interest of chiral 4-methoxyphenylbutanamines,
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we performed the synthesis of the prochiral ketone
precursor (4-methoxyphenyl-2-butanone) as a re-
action model through the aldol condensation of 4-
methoxybenzaldehyde and acetone (both available
molecules from biomass), followed by hydrogena-
tion of the C=C bond in one pot (see Scheme 2) us-
ing a bifunctional catalyst (Pd/MgO) bearing basic
sites (able to perform the aldol condensation) and
metal sites (able to catalyse the hydrogenation of the
C=Cbond). Previously, we had shown that this pro-
cess is a highly sustainable route to producing the
target ketone as the calculated E factor is 0.01, wa-
ter being the main waste [49].

As can be observed in Supplementary Fig. S11,
the catalyst performs the one-pot reaction with
high selectivity, achieving total conversion of the
4-methoxybenzaldehyde in 2 h with 93% selectiv-
ity to 4-(4-methoxyphenyl)-2-butanone. Moreover,
the reusability of the Pd/MgO catalyst was studied
by performing the reaction trough three consecutive
cycles. As can be observed, the activity of the catalyst
was maintained in consecutive runs, demonstrating
the high stability of this catalytic system (see Supple-
mentary Fig. S11).

Additionally, the one-pot reaction was tested
with another aldehyde (benzaldehyde) under the
same reaction conditions giving similar results of
benzaldehyde conversion (99%) and 94% selectivity
to 4-phenyl-2-butanone.

To explore the efficacy of our proposal for the
synthesis of enantiopure primary amines, both
steps were coupled in a chemo-enzymatic process
carried out in a semi-continuous batch reactor
(SCBR) for the aldol-reduction step (first step)
combined with an fixed-bed continuous reactor for
the transamination reaction step. Thus, after the
first step in the SCBR reactor, the excess of acetone
was eliminated from the reaction mixture and

% ’_‘\/
90

50 T T T T T T T 1
0 20 40 60 80 100 120 140 160
Time (h)

Figure 2. Results of the combined semi-continuous chemo-
enzymatic process to produce (S)-4-(4-methoxyphenyl)-
2-butananime from 4-methoxybenzaldehyde and ace-
tone. Reaction conditions: ATA(S)@NITQ-2 (208 mg),
4-(4-methoxyphenyl)-2-butanone (15 mmol L="), PLP
(1 mmol L"), solvent: isopropylamine/phosphate buffer
pH 7, 100 mM (50/50 v/v) and DMSO (10%) as co-solvent,
flow 0.25 mL h™" at 37°C.
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Scheme 3. Semi-continuous chemo-enzymatic process.

the 4-(4-methoxyphenyl)-2-butanone (1.44 mmol)
was diluted with 95 mL of solvent (isopropy-
lamine/phosphate buffer pH 7, 100 mM
(50/50 v/v) and DMSO (10%)) and the cofactor
PLP was added (1 mM). Then, the fixed-bed reactor
where the ATA(S)@NITQ-2 was placed was fed
with this mixture. The continuous reactor was main-
tained at 37°C and the contact time was 13 h (that
corresponds to a WHSV of 0.076 h™'). Under the
optimized conditions, the biocatalytic amination
of 4-(4-methoxyphenyl)-2-butanone takes place
giving (S)-4-(4-methoxyphenyl)-2-butanamine, in
96% conversion and 99% ee. In good agreement
with the results presented in Fig. 1, the catalytic
activity was maintained for at least 150 h without
observing any deactivation (Fig. 2). The results pre-
sented above show that it is feasible to couple both
steps (one-pot aldol-reduction reaction with the
stereoselective amination of the prochiral ketone in-
termediate) in a semi-continuous process for obtain-
ing pharmaceutical products starting from prochiral
biomass-derived ketones. A schematic representa-
tion of the process is presented in Scheme 3. In this
system, after condensation between the aldehyde
and acetone, the acetone excess can be evaporated
using a flash-evaporation system and recollected to
be used again in the condensation step. In the second
step, the on stream of the methyl ketone formed (af-
ter adjusting their concentration and pH) along with
the required additives (amino-donor, cofactor and
co-solvent) is introduced at the top of the catalytic
bed where the supported transaminase is placed.
Interesting aspects of the chemo-enzymatic
process are the low E factor of the first step (aldol
condensation coupled with reduction) and the pos-
sibility of recovery and reuse in the first step of the
by-product (acetone) produced in the enzymatic
reaction, leading to a high atom-economy process.

CONCLUSION

We have shown that ATAs electrostatically sup-
ported on a 2D ITQ-2 zeolite resulted in a highly
stable active biocatalyst to obtain a variety of valu-
able chiral amines starting from prochiral ketones
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sourced from biomass. Moreover, we have expanded
the biocatalyst applications by designing a new fully
sustainable catalytic process by means of chemo-
enzymatic systems with a very high atom economy,
which allows process intensification. More specifi-
cally, we have introduced a catalytic process that in-
volves a bifunctional metal/base solid catalyst and
the enzyme transaminases supported on a 2D zeo-
lite to prepare chiral amines with yields of >95% and
ee of ~100% from biomass-derived compounds that
can take place in a cascade mode.

METHODS
Enzymatic reactions in batch reactor

Reactions were performed by incubating the im-
mobilized enzyme ATA(S) @NITQ-2 with the ke-
tone (4-(4-methoxyphenyl)-2-butanone) (15 mM),
the cofactor (PLP) 1 (mM) in 2 mL of solvent
(isopropylamine (pH 7, 2 M) /phosphate buffer so-
lution, pH 7, 100 mM) (50/50 v/v) and DMSO
(10%) as co-solvent, at 37°C while stirring at
1400 r/min. After the reaction, the biocatalyst was
separated from the mixture by centrifugation at
6000 r/min for 5 minutes, washed with phosphate
buffer (pH 7) and stored at 4°C until use. The
reaction mixture was supplemented with NaOH
8 M and then extracted using methyl tert-butyl
ether and dried with anhydrous MgSO,. The or-
ganic phase was analysed on a Varian 3900 gas chro-
matograph equipped with a capillary column HP-5
(30 m x 0.25 mm X 0.25 um) and flame ionization
detector. Dodecane was used as the external stan-
dard and the molar balance was in all cases >96%.

Transamination reactions of prochiral
ketones in a fixed-bed reactor

For experiments in the flow reactor, a dry sample of
ATA(S)@NITQ-2 (208 mg) was diluted with sil-
icon carbide (CSi > 0.25 um, 1.8 g) and packed
in a stainless-steel reactor (diameter 1 mm, height
35 mm). The catalyst dilution with the inert solid
particle, having the same size as the catalytic parti-
cles, reduces the local hot-spots and improves the
temperature distribution along the catalytic bed. The
dilution of the catalyst was performed following the
literature [SO] where it is recommended that the
volume of the bed (catalyst plus inert) has to fit
in a range depending on the diameter and length
of the reactor used. The temperature was fixed at
37°C for all experiments and the reactor was cou-
pled with a peristaltic pump for feeding. To eval-
uate the contact time, the flow rate was increased
from 0.25 to 3 mL h™! while the temperature and
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the concentration of 4-(4-methoxyphenyl)butan-2-
one dissolved in the feeding (isopropylamine (pH
7,2 M) /phosphate buffer solution, pH 7, 100 mM)
(50/50 v/v), DMSO (10%) as co-solvent, 1 mM
PLP were keep constant. The contact time (h)
has been calculated as the inverse of space ve-
locity WHSV (h™!), which is defined as: WHSV
(h™') =limiting reactant (gh™')/gram of catalyst.

Chemo-enzymatic process

The coupling of both reactors was carried out as fol-
lows: the one-pot reaction procedure to obtain 4-
(4-methoxyphenyl)-2-butanone was performed in a
SCBR; 4-methoxybenzaldehyde (1.94 mmol), ace-
tone hplc grade (70 mmol) and dodecane as inter-
nal standard were charged in a 13-mL stainless-steel
autoclave reactor with a Teflon vessel containing a
magnetic stirring bar. When the desired temperature
(100°C) was reached, the catalyst sample Pd/MgO
was added 5 wt% and hydrogen at a constant hydro-
gen pressure of S bar was applied for 2 h while stirring
at 750 r/min. Then the acetone solution was con-
centrated under reduced pressure on a Biichi rotary
evaporator. After that, the 4-(4-methoxyphenyl)-2-
butanone (1.44 mmol; 94% yield) obtained from the
first reactor SCBR was diluted with a mixture of (iso-
propylamine (pH 7, 2 M)/phosphate buffer solu-
tion, pH 7, 100 mM) (50/50 v/v), DMSO (10%)
as co-solvent until a volume of 95 mL. To this solu-
tion of 4-(4-methoxyphenyl)-2-butanone (15 mM),
the cofactor (PLP) (1 mM) was added and used for
feeding the second reactor (ADH(S)@NITQ-2) at
aflow of 0.25 mL h™'. The temperature was fixed at
37°C forall experiments and the reactor was coupled
with a peristaltic pump for feeding.
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Supplementary data are available at NSR online.
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