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Abstract

Saturated a-substituted 3 ketoesters are important building blocks in synthesis of pharmaceuticals and agrochemicals. Herein, we
report a one-pot biosynthesis of a-substituted 3 ketoesters via Knoevenagel condensation and reduction of received unsaturated
alkenes in situ, catalyzed by single ene-reductase (NerA). A series of inexpensive and readily available aldehydes and 1,3-
diketones were condensed and reduced by NerA in aqueous solution at room temperature. We also note that low loadings (3
mg/ml) of NerA are sufficient to facilitate the cascade process, both E and Z isomeric intermediates can be reduced effectively and
improved the overall yield up to 95%. Meanwhile, the method can be applied in preparative-scale synthesis of pharmaceutical
intermediate. This process conforms to the concepts of green chemistry and shows advantages for synthesis of high value

saturated o-substituted 3 ketoesters.

1 Introduction

In the pharmaceutical and fine chemistry, a-substituted p ketoesters are widely used as intermediates.
For example, ethyl-o-(2-furfuryl) acetoacetate is used with iridium in organic light-emitting diode screens
(Saha, Rozenberg, & Lemcoff, 2015). Ethyl-2-pentylacetoacetate is used to synthesize porphyrins (Mikhal-
itsyna et al., 2012) which are important components in supramolecular chemistry. Similarly, ethyl 2-[(4-
chlorophenyl)methyl]-3-oxobutanoate and ethyl 2-benzylacetoacetate have pharmaceutical uses. Their down-
stream products, including pyridine benzimidazole derivatives, have been used to develop anti-tuberculosis
and schistosomiasis drugs (Okombo et al., 2017; Pieroni et al., 2011). Currently, the main strategy to synthe-
size a-substituted [ ketoesters is through alkylation of 1,3-dicarbonyl compounds, during which nucleophiles
attack highly reactive carbons, leading to the formation of carbon-carbon bonds (Shirakawa & Kobayashi,
2007). For the nucleophilic substitution reactions, halogenated alkanes are traditional substrates. However,
these substrates have several disadvantages, such as salt treatment and effluent disposal restrictions due to
halogen removal. From the perspectives of atomic economic efficiency and product processing, alcohols and
enols have been identified as ideal substrates. For example, Makoto Yasuda and co-workers (Yasuda, Somyo,
& Baba, 2006) reported that indium can be used as a catalyst to generate carbon-carbon bonds between
alcohols and active methylene in toluene. In this method the byproduct, water, requires comparatively easy
post-treatment. The disadvantage of this strategy is that catalytic activation of alcohols is difficult due to
the poor leaving ability of the hydroxyl group. Thus, significant amounts of a Brgnsted acid or of Lewis acid
must be employed to promote the reactions.

Enzymes are green catalysts widely used in organic synthesis due to their excellent chemoselectivity, ste-
reoselectivity, and mild reaction conditions (Yang, Hechavarria Fonseca, & List, 2004; Yang, Hechavarria
Fonseca, Vignola, & List, 2005; Ouellet, Tuttle, & MacMillan, 2005; Tuttle, Ouellet, & MacMillan, 2006;
Shoda, Uyama, Kadokawa, Kimura, & Kobayashi, 2016). Some researchers promote the reduction of pro-
ducts of Knoevenagel condensation to synthesize a-substituted B ketoesters. For example, Jimenez et al.



catalyzed Knoevenagel condensation between aryl aldehydes and malononitrile in methanol and then re-
duced the unsaturated alkenes using whole cells of Penicillium citrinum CBMAI 1186, with excellent yields
(798%) ( Jimenez, Ferreira, Birolli, Fonseca, & Porto, 2016). However, the reaction requires separation
and purification between two sub-steps. Generally, cascade reactions contain several reactions in a single
pot, lowers consumption of energy, eliminates intermediate separation and purification steps when compared
with traditional stepwise synthesis (Kroutil & Rueping, 2014; Schrittwieser et al., 2013; Pellissier, 2013;
Oroz-Guinea & Garcfa-Junceda, 2013). Remarkable developments have recently occurred in the use of he-
terogeneous, homogeneous, organic, and biological catalysts in cascade systems (Pellissier, 2012; Wende &
Schreiner, 2012; Albrecht, Jiang, & Jgrgensen, 2011; Ricca, Brucher, & Schrittwieser, 2011; Grondal, Jeanty,
& Enders, 2010; Climent, Corma, & Iborra, 2009). Recently, researchers found that metal nanoparticles such
as Ni and Pd could promote Knoevenagel condensation (Javad Kalbasi, Mesgarsaravi, & Gharibi, 2019; H.
Wang et al., 2019). Sequentially, H2 was used to reduce condensation compounds in one pot to produce
saturated a-substituted [ ketoesters. But the condensation and reduction must be operated in sequence,
and difficult removing of the metal catalyst also restricted the application in pharmaceutical synthesis. In
most of one-pot systems, several catalysts work together to accomplish the desired reaction. Multi-step
reactions using a single catalyst have rarely been studied. Bifunctional catalyst, Pd-ZIF-8/rGO, was used as
an efficient catalyst for the Knoevenagel condensation-reduction tandem reaction (Scheme 1). However, both
conversion and selectivity were lower towards less active methylene compounds, such as diethyl malonate
and ethyl cyanoacetate. Meanwhile, condensation and reduction are still required to operate one by one
(Cuetos, Bisogno, Lavandera, & Gotor, 2013; Willemsen, van Hest, & Rutjes, 2013; Foulkes, Malone, Coker,
Turner, & Lloyd, 2011; KrauBer et al., 2011; Tenbrink, Sefller, Schatz, & Groger, 2011).

In this work, we show that ene-reductases (ERs) are effective biocatalysts, which directly catalyzed the
synthesis of saturated o-substituted 3 ketoesters 3a-k from readily available aldehydes 1a-k and 1,3-diketones.
This one-pot two sub-steps reaction which underwent the steps as Knoevenagel condensation to form a, 3
unsaturated intermediates 2a-k, which were immediately reduced to the saturated products by the same
single enzyme, NerA. Without the use of precious metals, heating and hazardous H2, the tandem reaction
was simply performed in an aqueous phase at room temperature, yield and selectivity as high as 95% and
100%, respectively. As shown in Scheme 1, this cascade reaction fulfills the requirements of green chemistry
and provides an environmentally friendly method for synthesizing saturated o-substituted 3 ketoesters.

2 Material and Experimental Section
2.1 General Information

Unless otherwise noted, reagents and organic solvents were obtained from chemical suppliers in reagent grade
quality and used without further purification. All reactions were monitored by thin-layer chromatography
(TLC) with Haiyang GF254 silica gel plates. Flash column chromatography was carried out using 100-200
mesh silica gel at increased pressure. For visualization, TLC plates were either placed under ultraviolet light,
or stained with iodine vapor, or acidic vanillin. NMR spectra were recorded on a 400 MHz spectrometer.

2.2 Gene cloning and protein generation.

A synthetic gene in E. coli codon usage, encoding for the GTN reductase (CAA74280.1), OYE2.6 (XP_-
001384055), IPR (Q6WAU1) and GDH (WP_003246720), were ordered from Beijing Genomics Institute
(BGI, Beijing, China). The synthetic genes were flanked with Nco I andXho I and cloned into the Nco
I/Xho 1 restriction sites of the pET28a vector (NerA and IPR), pET4la vector (OYE2.6), and pET32a
vector (GDH) respectively, to generate the expression plasmid pET28a-NerA, pET28a-IPR, pET32a-GDH
and pET41a-OYE2.6. The sequence of the resulting expression plasmid was verified by DNA sequencing
(Sangon Biotech, Shanghai, China).

Chemically competent E. coli BL 21 (DE3) cells were transformed with pET28a-NerA, pET28a-IPR,
pET32a-GDH and pET41a-OYE2.6 and protein expression was performed by standard protocols. Precul-
tures were grown in lysogeny broth (LB) supplemented with kanamycin (50 pg/mL) for NerA, IPR, OYE2.6
and ampicillin (100 yg/mL) for GDH at 37 °C for 12 h and were used to inoculate main cultures (800 mL



LB medium containing 50 pg/mL kanamycin or 100 pg/mL ampicillin) to an initial OD600 of 0.05. Cells
were grown at 37 °C to an OD600 of 0.6, and protein expression was induced by adding isopropyl-f-d-
thiogalactopyranoside (IPTG) with a final concentration of 0.1 mM. The cultures were incubated at 35 °C
for an additional 10 h, and cells were harvested by centrifugation. Cell pellets were washed with a NaCl
solution (0.9%, w/v) and frozen at -20 °C for later purification.

2.3 Cell disruption and purification:

The cell pellets were thawed on ice and resuspended in lysis buffer (50 mM phosphate buffer containing 300
mM NaCl and 10 mM imidazole, pH 8.0), with use of 10 mL buffer per 5 g of wet cells. Then the cells were
disrupted by sonication (2 x 4 min, 50% duty cycle; Sonicator QSonica Q500 Ultra Sonicator) with cooling
on ice. Cell debris was removed by centrifugation at 18000g for 30 min at 4 °C. The supernatant was filtered
through a 0.25 ym PVDF filter and was loaded onto a Ni-NTA column (Thermo scientific) equilibrated
with lysis buffer. After loading of the filtered lysate, the column was washed with six column volumes of
wash buffer (50 mM phosphate buffer containing 300 mM NaCl and 20 mM imidazole, pH 8.0). Finally,
the protein was eluted with elution buffer (50 mM phosphate buffer containing 300 mM NaCl and 250 mM
imidazole), and fractions containing target enzyme (determined by SDS-PAGE) were pooled and dialyzed at
4 °C against Tris-HCI buffer (20 mm, pH 7.5). Aliquots of concentrated enzymes with approximately 10-20
uM, flash-frozen on powdered dry ice, and stored at -80 °C until later use. Protein expression and purity was
assessed by SDS-PAGE (Figure S3).

2.4 General experimental procedure for the Knoevenagel reaction (1la-k-2a—k)

A 5 mL microcentrifuge tube, was charged with solvent (2 mL), to which the la-k (50 mM) and 1,3-dicarbonyl
compound (100 mM) were introduced. The resulting mixture was stirred for the specified amount of time at
25 0C. After completion, the product was extracted into EtOAc (4x5 mL), The combined organic layers were
dried over anhydrous NaySO, and evaporated under a vacuum. The residue was purified by flash column
chromatography with petroleum ether and ethyl acetate to afford the desired products.

2.5 General experimental procedure for ERs catalytic reduction of intermediates (2a-k-3a—k)

A 2 mL microcentrifuge tube, was charged with solvent (1 mL), 10 mM (2a-k), NAD(P)H (0.1 mM), ERs
(0.8 mg ml-1), sodium phosphate buffer (50 mM, pH 7), Incubate at 25 degC for 5 minutes, then The
reducing activity was determined by measuring the decrease of NAD(P)H at 340 nm.

2.6 General experimental procedure for the domino Knoevenagel reaction (la-k-3a—k)

A 25 mL round-bottomed flask was charged with NerA (3 mg mIL-1), GDH (1.5 mg mL-1), NAD+ (1 mM),
deionized water (10 mL), to which the aldehydes (50 mM) and 1, 3-dicarbonyl compound (100 mM) were
introduced. The resulting mixture was stirred for the specified amount of time at 25 oC. After completion,
the product was extracted into EtOAc (4x10 mL), The combined organic layers were dried over anhydrous
NasSOy4 and evaporated under a vacuum. The residue was purified by flash column chromatography with
petroleum ether/ethyl acetate to afford the desired products.

2.7 Molecular docking calculations with Surflex-Dock

NerA was docked on each one of the target ligands (ethyl (E)/(Z)-2-acetylhept-2-enoate) using the Surflex-
Dock module of Sybyl-X 2.0 program and visualized with PyMOL. All docking calculations were set to equal
parameters (10 poses each), only using the highest ranked pose by Surflex-Dock.

2.8 General Experimental Procedure for the NerA Catalyzed Tandem Reaction

A 25 mL round-bottomed flask was charged with NerA (3 mg mL?), GDH (1.5 mg mL?), NADT (1 mM),
deionized water (10 mL), to which the aldehydes (50 mM) and 1, 3-dicarbonyl compound (100 mM) were
introduced. The resulting mixture was stirred for the specified amount of time at 25 degC. After completion,
the product was extracted into EtOAc (4 x 10 mL). The combined organic layers were dried over anhydrous
NapSOy4 and evaporated under a vacuum. The residue was purified by flash column chromatography with



petroleum ether/ethyl acetate (4:1) to afford the desired products ethyl 2-(4-chlorobenzyl)-3-oxobutanoate
and ethyl 2-benzyl-3-oxobutanoate.

3 Results and Discussion
3.1 Preparation for appropriate catalysts

In 1909, Dakin found that primary amino acids can catalyze Knoevenagel condensation (DAKIN, 2009). The
fact that bovine serum albumin (BSA), which slightly catalyzed the condensation between benzaldehyde
and ethyl cyanoacetate in water phase (W. Li et al., 2015) encouraged us to investigate other enzymes
which may also possess the ability to promote Knoevenagel condensation. To test the idea, the enzymes
NerA (CAAT74280), OYE2.6 (XP_001384055), IPR (Q6WAU1), GDH (WP_003246720), and ADH, (XP_-
001387122) were chosen to compare with glycine (Chaudhry et al., 2016), proline, and lysine (Y. Wang,
Shang, Wu, Fan, & Chen, 2006; Y. Zhang, Sun, Liang, & Shang, 2010), as catalysts in the model reaction
(Figure S3). To date, it hasn’t been recorded in the literature that these enzymes have a direct role in
Knoevenagel condensation and natural amino acids can promote the reaction obviously. For the pretest, ethyl
acetoacetate (EAA) and valeraldehyde 1b were used as substrates. As shown in Table S1, both enzymes and
amino acids were able to efficiently promote Knoevenagel condensation in neat aqueous solvent. Interestingly,
the yield of the reaction was not significantly affected by the species of enzymes (Table S1, list 4-8), but
were positively correlated with the amount of catalyst (Table S1, list 4-8 and 9-13).

According to the literature (W. Li et al., 2015), lipases like PPL, MJL, YILip2 can also promote Knoevenagel
condensation in a water-ethanol solvent system. 10 mg mL™' enzymes and 96.7% ethanol by volume were em-
ployed to catalyze the reaction efficiently. Interestingly, unspecific reaction in lipase-catalyzed Knoevenagel
condensation was also observed in addition to specific reaction. Our work demonstrated that several enzymes
could catalyze the condensation, with the exception of lipases. 2.4 mg mL! enzymes in neat aqueous solvent
maintained the ability to catalyze Knoevenagel condensation. On the basis of the mechanism as reported by
Knoevenagel, we thought that the hydrophilic amino acids on the surface of enzymes were associated with
the formation of a Schiff base with aldehyde substrates, before the obtained imine intermediates condensed
with carbanions (Zheng, Li, Tao, & Zhang, 2019).

The Knoevenagel condensation catalyzed by a certain concentration of enzymes is comparable to that of the
amino acids, which inspired us to consider that a low catalytic turnover would be further promoted if the
condensation products could be converted by the same enzyme. Ene-reductases, which catalyze the reduction
of o, B-unsaturated alkene, have highlighted the potential reduction of Knoevenagel condensation products.
Subsequently, we tried to construct the tandem reaction using single ER which catalyzes both Knoevenagel
condensation andin situ reduction of the condensation products to obtain more stable and valuable products.
Several ERs were investigated to ascertain which one can reduce intermediates 2a -k . Following a review of
the literature, three of ERs (NerA, OYE2.6 and IPR) were cloned and expressed (Oberdorfer et al., 2013; B.
Zhang, Zheng, Lin, & Wei, 2016). The reduction activity of each catalyst towards intermediates 2a-k was
then tested, shown in Figure 1, except that IPR had no obvious catalytic activity for any of the products, the
other two reductases had wide substrate ranges. In particular, NerA presented a broader range of substrate
species and higher activity on nearly all the products we were interested in. It’s worth noting that the
products derived from the condensation of benzaldehyde (2f ) and furan aldehyde (2h , 2i ) with EAA were
reduced effectively. These bulky substrates are often difficult to reduce using other ERs (Peters, Frasson,
Sievers, & Buller, 2019). Phenyl group bound with the electron withdrawing groups (2g ) was reduced
faster than 2f , which may facilitate hydrogen transfer between olefin and reduced flavin cofactor (de Paula,
Zampieri, Nasério, Rodrigues, & Moran, 2017). OYE2.6 also had a wide reduction capacity, but the relative
activity on all substrates was at least 40% lower than that of NerA. OYE2.6 had relatively low reduction
activities, especially towards the large size compounds (2g-2k ), which may attribute to the smaller activity
centre (Oberdorfer et al., 2013; B. Zhang, Zheng, Lin, & Wei, 2016). In addition, NerA takes NADH as a
co-factor while the co-factor of OYE2.6 is NADPH. Considering economy and usability, NerA was chosen
for the one-pot reaction presented here.



3.2 Investigation of the key reaction parameters

The compatibility of all involved catalysts and their reaction conditions, especially the solvent, is a critical
factor that requires a compatibility window that is often difficult to meet in one pot (Gémez Baraibar et
al., 2016). To construct the tandem reaction, each sub-step was pre-tested. The kinetics of Knoevenagel
condensation in HoO was investigated. The highest concentration of1b was set as 50 mM due to the tolerance
of the enzymes. As shown in Figure 2 and Table S2, the condensation efficiency markedly accelerated with
increasing the concentration of 1b in first 1 hours, and significantly slowed down and reached equilibrium
in 2 hours, due to a decrease in substrate concentration and reversibility of the Knoevenagel condensation.
In addition, another possible reason may be because 1,3-diketones tend to form stable six membered cyclic
enols resulting in lower reactivity in water (Hu, Guan, Deng, & He, 2012). To solve this problem, we
considered the solvent in this system. Traditionally, Knoevenagel condensation is always conducted in DMF
and DMSO because aprotic solvents may lead to the deprotonation of the active hydrogen substrate, which is
why water is seemed as negative factor (Siebenhaar, Casagrande, Studer, & Blaser, 2001). It was understood
that all enzymes need essential bound water, and that enzymatic activity in organic solvents depends on
water content (C.-H. Wang, Guan, & He, 2011). Thus, we selected an organic solvent optimized by mixing
with water to promote Knoevenagel condensation. As expected, the species of the solvent affected the yield
obviously (Figure S1 and S2). 30% DMSO promoted the yield up to 35%, in contrast to the yield of only
20% in water. This shows that deprotonation is indeed vital in a reaction that is more facile in non-protonic
solvents, as expected according to the mechanism of Knoevenagel condensation. Meanwhile, compared to
classical Knoevenagel condensation in DMF combined with a molecular sieve, this sub-step presented a very
low yield due to aqueous environment (C.-J. Li & Chen, 2006).

Although the condensation process is significantly different in presence and absence of DMSO, the gap
may be narrowed when the condensation and reduction are synergistic. Firstly, the high cost of NADH
requiresin situ regeneration, as a common cofactor cycling system, GDH was selected. 1b and EAA were
chosen as substrates to conduct tandem reactions. As shown in Figure 3A, the addition of GDH greatly
increases the yield. But 3b was not synthesized in GDH alone, while GDH promotes the Knoevenagel
condensation. Meanwhile, all available NADH were used and 8% yield was obtained in NerA alone, indicating
that NerA may accomplish the condensation of 1b and EAA and reduction of 2bindependently. To verify
this conclusion, the reaction with NerA or GDH on their own were conducted, shown in Table S3. It was
found that NerA on its own was able to facilitate the reaction, achieving a yield of 84%.

Then, the yield was determined in both water and 30% DMSO. As shown in Figure 3B, the yield in 30%
DMSO achieved 53% in 1 hour, whereas only reached 36% in aqueous solvent. However, we noticed that
the product3b grows linearly in both systems (Figure 3B), prolonging the reaction time and improving the
loading of enzymes may compensate for the loss of yield due to the removal of organic solvent. To test the
idea, the same amount of NerA (2.4 mg mL™) was added in the aqueous phase, along with 30% DMSO and
the reaction time was extended to reach equilibrium. As shown in Figure 3C, the yield in water reached
89% in 4 hours, still lower than that after 3 hours in 30% DMSO (90%). There was almost no residue of
2b in water, and the yield was the same as in 30% DMSO at 5 hours, so that condensation is a limiting
step in water. In fact, some ERs, such as YersER, tend to reduce the F -isomer and the isomerization is
required to reduce the isomeric mixture (Litman, Wang, Zhao, & Hartwig, 2018). Both theE and Z isomers
formed by condensation of aldehydes with 1, 3-dicarbonyl compounds in this reaction can be effectively
reduced by NerA. Molecular docking experiments showed that carbonyl oxygen atom in either of the acetyl
or carboxylic acid group of 2b can form hydrogen bonds with H178 and N181 in catalytic pocket, and
the side chain extends into the hydrophobic cavity formed by Y65 and Y356 (Figure 4). Therefore, the
unsaturated double bond is correctly fixed and efficiently reduced. Next, 3 mg mL™' NerA was added with
1b and EAA in aqueous solvent, as shown in Figure 3D, equilibrium was achieved in 3 hours in both systems.
The yield in water was comparable with that of 30% DMSO (90% vs. 91%, respectively) while 30% DMSO
encumbered the separation and purification of the products. In addition, using water as the medium has
received considerable attention in organic synthesis due to its economic, environmental, safety, and other
advantages (Patel, Sharma, & Jasra, 2008). Based on these results, a neat aqueous solvent was chosen.



Next, the dosage of NerA and the molar ratio of substrates were tested to maximize the final yield. Shown in
Table 1, the yield was promoted by the addition of NerA. Furthermore, Figures 3C and 3D also showed that
when the amount of NerA was increased to 3 mg mL!, the formation of 3b was significantly accelerated
compared with 2.4 mg mL™!, and more 2b accumulated in the first hour. Indicating that the increase of
enzymes obviously promotes the condensation and reduction. However, 3 mg mL™! of NerA is sufficient,
since the yield of 3b is similar to that of 3.6 mg mL™!. To further optimize the reaction, we observed that
the yield was maximized when the substrate molar ratio was 1:2. Finally, 3 mg mL~' NerA and a substrate
molar ratio of 1:2 were used.

4 Scope of the biocatalytic one-pot reaction

Having obtained a system capable of high productivity, we chose a variety of aldehydes 1a -k , which were
derived easily from biomass (e.g., primary, aromatic, and furan aldehydes) (Wu, Moteki, Gokhale, Flaherty,
& Toste, 2016; Mahyari, Shaabani, & Bide, 2013; Boruah & Das, 2018; Lee et al., 2018) and mated with
o, B-unsaturated carbonyl tandem reaction under optimized conditions. As shown in Table 2, the enzyme
accepted a wide range of substrates. A high reaction rate was obtained using primary aldehydes whose
corresponding intermediates may possess suitable sizes for adoption in the active center. The appropriate
length branch-chain was vital in fastening the hydrophobic area in the active center of NerA (Peters, Frasson,
Sievers, & Buller, 2019). Benzene (3f ) and furan (3h , 3i ) derivatives also achieved high yields (80%, 75%,
and 70% respectively), other ERs like DBVPG and OPRI had only 3% and 4% yields after 24 hours (Re8,
Hummel, Hanlon, Iding, & Groger, 2015). Compared to 3f , the substrate with an electron-withdrawing
group (3g ) showed a higher yield (85%). These results are probably because benzene has electron donors
with conjugating effects, which is not conducive to hydrogen transfer. This can be further proven as furan,
a b5-center, 6-electron conjugate system with a higher electron cloud density, caused a lower yield. We also
noticed that although enantioselectivity is a general property of most reductases including NerA. However,
e.e% of 3a -k are only around 10% (data not shown), since the intermediates can be flipped at the active
center, and the keto-enol tautomerism of the ketone carbonyl in the products may be the other reason for
racemization under an aqueous environment. Metal nanoparticles such as Ni and Pd were found to possess the
ability to drive the cascade reactions containing Knoevenagel condensation and ene reduction as bifunctional
catalysts similar to NerA (Javad Kalbasi, Mesgarsaravi, & Gharibi, 2019; H. Wang et al., 2019). Compared
to our work, the reaction catalyzed by these metal nanoparticles must be separated into two sub-steps.
Meanwhile, as an alternative to using metal catalysts, enzymes are coincident with the concept of green
chemistry.

5 One pot synthesis towards pharmaceutical precursor

Ethyl 2-[(4-chlorophenyl)methyl]-3-oxobutanoate (3g ) is the precursor of antituberculosis drugs!® and can
be produced by tandem reaction optimized above. Motivated by the pharmaceutical application, we tried to
scale up the synthesis of3g . To avoid enzyme deactivation at high concentrations ofp -chlorobenzaldehyde,
fed-batch was selected. 50 mM 1g , 50 mM EAA and 50 mM glucose were added at 2 h, 4 h, 7 h, 10 h, 13 h,
17 h and 20 h, respectively. The reaction progress was monitored by GC and the result was shown in Figure
5, the product was continuously synthesized within 13 hours. Then, 1.5 mg mL' NerA and 1 mg mL-' GDH
were compensated for the loss of enzyme activity. At 20 hours, the rate of reaction slowed down again and
stopped feeding. The synthesis of 3g was completed at 28 hours, and the yield of 1g was 91%. Isolation of
most products was simply extracted by ethyl acetate, resulting in 88% yield (880 mg). The transformation
could be applied in preparative-scale synthesis without sacrificing yield.

6 Conclusion

Water, as an abundant, cost-efficient, environmentally compatible, nontoxic, and nonflammable substance,
is widely recognized as an important solvent for organic synthesis. In this study, a variety of saturated
o-substituted 3 ketoesters were efficiently prepared though the alkylation of EAA and aldehydes via a one-
pot tandem reaction catalyzed by an only NerA in HO. In the first sub-step, the amino acid residues on
the surface of NerA promoted the Knoevenagel condensation, and then, the enzyme reduced the received



intermediates immediately and shifted the equilibrium toward the final products, so that the substrates
could be converted continuously. This method was conducted under mild conditions, and eliminated the use
of organic solvents and toxic metals, consistent with the concept of green chemistry. The results also offer
an efficient, practical, and environmentally friendly way to prepare value-added saturated o-substituted (3
ketoesters from readily available compounds. Moreover, the transformation was suitable for the high yield
and preparative-scale synthesis of pharmaceutical precursor. All in all, our approach is facile and easy to
scale up, has great potential for “greener” syntheses of pharmaceutical precursor, compared to the established
methods.

Conflicts of interest
There are no conflicts to declare.
Acknowledgements

This work was supported by the National Natural Science Foundation of China (21572212, 51821006,
51961135104), the National Key R&D Program of China (2018 YFB1501604), the Major Science and Tech-
nology Projects of Anhui Province (18030701157), the Strategic Priority Research Program of the CAS
(XDA21060101), and the Local Innovative and Research Teams Project of Guangdong Pearl River Talents
Program (2017BT01N092), the Natural Science Foundation of the Anhui Higher Education Institutions of
China (KJ2019A0273).

References

Albrecht, L., Jiang, H., & Jgrgensen, K. A. (2011). A Simple Recipe for Sophisticated Cocktails: Organoca-
talytic One-Pot Reactions—Concept, Nomenclature, and Future Perspectives. Angewandte Chemie Interna-
tional Edition, 50(37), 8492-8509. doi:10.1002/anie.201102522

Boruah, J. J., & Das, S. P. (2018). Solventless, selective and catalytic oxidation of primary, secondary and
benzylic alcohols by a Merrifield resin supported molybdenum(vi) complex with H202 as an oxidant. RSC
Advances, 8(60), 34491-34504. doi:10.1039/C8RA05969A

Chaudhry, F., Asif, N., Shafqat, S. S., Khan, A. A., Munawar, M. A., & Khan, M. A. (2016). Efficient
ecofriendly synthesis of pyrazole acryloyl analogs by amino acid catalysis. Synthetic Communications, 46(8),
701-709. doi:10.1080/00397911.2016.1164863

Climent, M. J., Corma, A., & Iborra, S. (2009). Mono- and Multisite Solid Catalysts in Cascade Reactions
for Chemical Process Intensification. ChemSusChem, 2(6), 500-506. doi:10.1002/cssc.200800259

Cuetos, A., Bisogno, F. R., Lavandera, 1., & Gotor, V. (2013). Coupling biocatalysis and click chemistry: one-
pot two-step convergent synthesis of enantioenriched 1,2,3-triazole-derived diols. Chemical Communications,
49(26), 2625-2627. doi:10.1039/C3CC38674K

DAKIN, H. D. (2009). THE CATALYTIC ACTION OF AMINO-ACIDS, PEPTONES AND PROTEINS
IN EFFECTING CERTAIN SYNTHESES. Journal of Biological Chemistry, 7, 49-55.

de Paula, B. R. S., Zampieri, D. S., Nasdrio, F. D., Rodrigues, J. A. R., & Moran, P. J.
S. (2017). Regioselectivity Control of Enone Reduction Mediated by Aqueous Baker’s Yeast with
Addition of Tonic Liquid [bmim(PF6)]. Biocatalysis and Agricultural Biotechnology, 12, 166-171.
doi:https://doi.org/10.1016/j.bcab.2017.10.002

Foulkes, J. M., Malone, K. J., Coker, V. S., Turner, N. J., & Lloyd, J. R. (2011). Engineering a Biome-
tallic Whole Cell Catalyst for Enantioselective Deracemization Reactions. ACS Catalysis, 1(11), 1589-1594.
doi:10.1021/¢s200400t

Gémez Baraibar, A., Reichert, D., Mugge, C., Seger, S., Groger, H., & Kourist, R. (2016). A One-
Pot Cascade Reaction Combining an Encapsulated Decarboxylase with a Metathesis Catalyst for the



Synthesis of Bio-Based Antioxidants. Angewandte Chemie International Edition, 55(47), 14823-14827.
doi:10.1002/anie.201607777

Grondal, C., Jeanty, M., & Enders, D. (2010). Organocatalytic cascade reactions as a new tool in total
synthesis. Nature Chemistry, 2(3), 167-178. doi:10.1038 /nchem.539

Hu, W., Guan, Z., Deng, X., & He, Y.-H. (2012). Enzyme catalytic promiscuity: The papain-catalyzed
Knoevenagel reaction. Biochimie, 94(3), 656-661. doi:https://doi.org/10.1016/j.biochi.2011.09.018

Javad Kalbasi, R., Mesgarsaravi, N., & Gharibi, R. (2019). Synthesis of multifunctional polymer containing
Ni-Pd NPs via thiol-ene reaction for one-pot cascade reactions. Applied Organometallic Chemistry, 33(4),
€4800. doi:10.1002/a0c.4800

Jimenez, D. E. Q., Ferreira, I. M., Birolli, W. G., Fonseca, L. P., & Porto, A. L. M. (2016). Synthesis and
biocatalytic ene-reduction of Knoevenagel condensation compounds by the marine-derived fungus Penicillium
citrinum CBMATI 1186. Tetrahedron, 72(46), 7317-7322. doi:https://doi.org/10.1016/j.tet.2016.02.014

Krausser, M., Winkler, T., Richter, N., Dommer, S., Fingerhut, A., Hummel, W., & Groger, H. (2011).
Combination of C?C Bond Formation by Wittig Reaction and Enzymatic C?C Bond Reduction in a One-
Pot Process in Water. ChemCatChem, 3(2), 293-296. doi:10.1002/cctc.201000391

Kroutil, W., & Rueping, M. (2014). Introduction to ACS Catalysis Virtual Special Issue on Cascade Catal-
ysis. ACS Catalysis, 4(6), 2086-2087. do0i:10.1021/cs500622h

Lee, J., Ro, I, Kim, H. J., Kim, Y. T., Kwon, E. E., & Huber, G. W. (2018). Pro-
duction of renewable C4-C6 monoalcohols from waste biomass-derived carbohydrate via aqueous-
phase hydrodeoxygenation over Pt-ReOx/Zr-P. Process Safety and Environmental Protection, 115, 2-7.
doi:https://doi.org/10.1016/j.psep.2017.05.015

Li, C.-J., & Chen, L. (2006). Organic chemistry in water. Chemical Society Reviews, 35(1), 68-82.
doi:10.1039/B507207G

Li, W., Li, R., Yu, X., Xu, X., Guo, Z., Tan, T., & Fedosov, S. N. (2015). Lipase-catalyzed Knoevenagel con-
densation in water—ethanol solvent system. Does the enzyme possess the substrate promiscuity? Biochemical
Engineering Journal, 101, 99-107. doi:https://doi.org/10.1016/j.bej.2015.04.021

Litman, Z. C., Wang, Y., Zhao, H., & Hartwig, J. F. (2018). Cooperative asymmetric reactions combining
photocatalysis and enzymatic catalysis. Nature, 560(7718), 355-359. doi:10.1038/s41586-018-0413-7

Mahyari, M., Shaabani, A., & Bide, Y. (2013). Gold nanoparticles supported on supramolecular ionic liquid
grafted graphene: a bifunctional catalyst for the selective aerobic oxidation of alcohols. RSC Advances,
3(44), 22509-22517. do0i:10.1039/C3RA44696D

Mikhalitsyna, E. A., Tyurin, V. S., Nefedov, S. E., Syrbu, S. A., Semeikin, A. S., Koifman, O. L., &
Beletskaya, I. P. (2012). High-Yielding Synthesis of 3-Octaalkyl-meso-(bromophenyl)-Substituted Porphyrins
and X-ray Study of Axial Complexes of Their Zinc Complexes with THF and 1,4-Dioxane. European Journal
of Inorganic Chemistry, 2012(36), 5979-5990. doi:10.1002/ejic.201200868

Oberdorfer, G., Binter, A., Wallner, S., Durchschein, K., Hall, M., Faber, K., . . . Gruber, K. (2013).
The Structure of Glycerol Trinitrate Reductase NerA from Agrobacterium radiobacter Reveals the Molec-
ular Reason for Nitro- and Ene-Reductase Activity in OYE Homologues. ChemBioChem, 14(7), 836-845.
doi:10.1002/cbic.201300136

Okombo, J., Singh, K., Mayoka, G., Ndubi, F., Barnard, L., Njogu, P. M., . . . Chibale, K. (2017).
Antischistosomal Activity of Pyrido[1,2-a]benzimidazole Derivatives and Correlation with Inhibition of -
Hematin Formation. ACS Infectious Diseases, 3(6), 411-420. doi:10.1021/acsinfecdis.6b00205

Oroz-Guinea, 1., & Garcia-Junceda, E. (2013). Enzyme catalysed tandem reactions. Current Opinion in
Chemical Biology, 17(2), 236-249. doi:https://doi.org/10.1016/j.cbpa.2013.02.015



Ouellet, S. G., Tuttle, J. B., & MacMillan, D. W. C. (2005). Enantioselective Organocatalytic Hydride
Reduction. Journal of the American Chemical Society, 127(1), 32-33. doi:10.1021/ja043834¢g

Patel, H. A., Sharma, S. K., & Jasra, R. V. (2008). Synthetic talc as a solid base catalyst for
condensation of aldehydes and ketones. Journal of Molecular Catalysis A: Chemical, 286(1), 31-40.
doi:https://doi.org/10.1016 /j.molcata.2008.01.042

Pellissier, H. (2012). Recent Developments in Asymmetric Organocatalytic Domino Reactions. Advanced
Synthesis & Catalysis, 354(2-3), 237-294. doi:10.1002/adsc.201100714

Pellissier, H. (2013). Recent developments in enantioselective multicatalysed tandem reactions. Tetrahedron,
69(35), 7171-7210. doi:https://doi.org/10.1016/j.tet.2013.06.020

Peters, C., Frasson, D., Sievers, M., & Buller, R. (2019). Novel Old Yellow Enzyme Subclasses. Chem-
BioChem, 20(12), 1569-1577. doi:10.1002/cbic.201800770

Pieroni, M., Tipparaju, S. K., Lun, S., Song, Y., Sturm, A. W., Bishai, W. R., & Kozikowski,
A. P. (2011). Pyrido[l1,2-a]benzimidazole-Based Agents Active Against Tuberculosis (TB), Multidrug-
Resistant (MDR) TB and Extensively Drug-Resistant (XDR) TB. ChemMedChem, 6(2), 334-342.
d0i:10.1002/cmdc.201000490

Ress, T., Hummel, W., Hanlon, S. P., Iding, H., & Groger, H. (2015). The Organic-Synthetic Potential
of Recombinant Ene Reductases: Substrate-Scope Evaluation and Process Optimization. ChemCatChem,
7(8), 1302-1311. doi:10.1002/cctc.201402903

Ricca, E., Brucher, B., & Schrittwieser, J. H. (2011). Multi-Enzymatic Cascade Reactions: Overview and
Perspectives. Advanced Synthesis & Catalysis, 353(13), 2239-2262. doi:10.1002/adsc.201100256

Saha, S., Rozenberg, I., & Lemcoff, N. G. (2015). Synthesis of Furanyl -Diketone-based Heteroleptic
Iridium(III) Complexes and Studies of Their Photo-Luminescence Properties. Zeitschrift fiir anorganische
und allgemeine Chemie, 641(14), 2460-2465. doi:10.1002/zaac.201500293

Schrittwieser, J. H., Coccia, F., Kara, S., Grischek, B., Kroutil, W., d’Alessandro, N., & Hollmann, F.
(2013). One-pot combination of enzyme and Pd nanoparticle catalysis for the synthesis of enantiomerically
pure 1,2-amino alcohols. Green Chemistry, 15(12), 3318-3331. d0i:10.1039/C3GC41666F

Shirakawa, S., & Kobayashi, S. (2007). Surfactant-Type Brgnsted Acid Catalyzed Dehydrative Nucleophilic
Substitutions of Alcohols in Water. Organic Letters, 9(2), 311-314. doi:10.1021/01062813j

Shoda, S.-i., Uyama, H., Kadokawa, J.-i., Kimura, S., & Kobayashi, S. (2016). Enzymes as Green Catalysts for
Precision Macromolecular Synthesis. Chemical Reviews, 116(4), 2307-2413. doi:10.1021/acs.chemrev.5b00472

Siebenhaar, B., Casagrande, B., Studer, M., & Blaser, H.-U. (2001). An easy-to-use heterogeneous catalyst
for the Knoevenagel condensation. Canadian Journal of Chemistry, 79(5-6), 566-569. doi:10.1139,/v01-072

Tenbrink, K., Seller, M., Schatz, J., & Groger, H. (2011). Combination of Olefin Metathesis and Enzymatic
Ester Hydrolysis in Aqueous Media in a One-Pot Synthesis. Advanced Synthesis & Catalysis, 353(13), 2363-
2367. doi:10.1002/adsc.201100403

Tuttle, J. B., Ouellet, S. G., & MacMillan, D. W. C. (2006). Organocatalytic Transfer Hydrogenation of
Cyclic Enones. Journal of the American Chemical Society, 128(39), 12662-12663. doi:10.1021/ja0653066

Wang, C.-H., Guan, Z., & He, Y.-H. (2011). Biocatalytic domino reaction: synthesis of 2H-1-benzopyran-
2-one derivatives using alkaline protease from Bacillus licheniformis. Green Chemistry, 13(8), 2048-2054.
doi:10.1039/C0GC00799D

Wang, H., Wang, Y., Guo, Y., Ren, X.-K., Wu, L., Liu, L., . . . Wang, Y. (2019). Pd nanoparticles confi-
ned within triazine-based carbon nitride NTs: An efficient catalyst for Knoevenagel condensation-reduction
cascade reactions. Catalysis Today, 330, 124-134. doi:https://doi.org/10.1016/j.cattod.2018.04.020



Wang, Y., Shang, Z.-c., Wu, T.-x., Fan, J.-c., & Chen, X. (2006). Synthetic and theoretical study on proline-
catalyzed Knoevenagel condensation in ionic liquid. Journal of Molecular Catalysis A: Chemical, 253(1),
212-221. doi:https://doi.org/10.1016/j.molcata.2006.03.035

Wende, R. C., & Schreiner, P. R. (2012). Evolution of asymmetric organocatalysis: multi- and retrocatalysis.
Green Chemistry, 14(7), 1821-1849. doi:10.1039/C2GC35160A

Willemsen, J. S., van Hest, J. C. M., & Rutjes, F. P. J. T. (2013). Potassium formate as a small molecule
switch: controlling oxidation-reduction behaviour in a two-step sequence. Chemical Communications, 49(30),
3143-3145. doi:10.1039/C3CC00126 A

Wu, L., Moteki, T., Gokhale, Amit A., Flaherty, David W., & Toste, F. D. (2016). Production
of Fuels and Chemicals from Biomass: Condensation Reactions and Beyond. Chem, 1(1), 32-58.
doi:https://doi.org/10.1016/j.chempr.2016.05.002

Yang, J. W., Hechavarria Fonseca, M. T., & List, B. (2004). A Metal-Free Transfer Hydrogenation:
Organocatalytic Conjugate Reduction of o,p-Unsaturated Aldehydes. Angewandte Chemie International
Edition, 43(48), 6660-6662. doi:10.1002/anie.200461816

Yang, J. W., Hechavarria Fonseca, M. T., Vignola, N., & List, B. (2005). Metal-Free, Organocatalytic Asym-
metric Transfer Hydrogenation of a,3-Unsaturated Aldehydes. Angewandte Chemie International Edition,
44(1), 108-110. doi:10.1002/anie.200462432

Yasuda, M., Somyo, T., & Baba, A. (2006). Direct Carbon—Carbon Bond Formation from Alcohols and
Active Methylenes, Alkoxyketones, or Indoles Catalyzed by Indium Trichloride. Angewandte Chemie Inter-
national Edition, 45(5), 793-796. doi:10.1002/anie.200503263

Zhang, B., Zheng, L., Lin, J., & Wei, D. (2016). Characterization of an ene-reductase from Meyerozyma
guilliermondii for asymmetric bioreduction of a,3-unsaturated compounds. Biotechnology Letters, 38(9),
1527-1534. do0i:10.1007/s10529-016-2124-1

Zhang, Y., Sun, C., Liang, J., & Shang, Z. (2010). Catalysis by L-Lysine: A Green Method for the Conden-
sation of Aromatic Aldehydes with Acidic Methylene Compounds in Water at Room Temperature. Chinese
Journal of Chemistry, 28(11), 2255-2259. doi:10.1002/cjoc.201090373

Zheng, L., Li, P., Tao, M., & Zhang, W. (2019). Regulation of polar microenvironment on the surface
of tertiary amines functionalized polyacrylonitrile fiber and its effect on catalytic activity in Knoevenagel
condensation. Catalysis Communications, 118, 19-24. doi:https://doi.org/10.1016/j.catcom.2018.09.009

Scheme 1. Design for the one-pot synthesis of saturated o-substituted 3 ketoesters catalyzed by single NerA
in water.

Figure 1. The reduction activity of ERs toward 2a-2k .[2/Conditions: 2a-k (10 mM), NADH (0.1 mM)
for NerA or NADPH (0.1 mM) for OYE 2.6 and IPR, enzyme (0.2-2.5 mg mL-1), sodium phosphate buffer
(100 mM, pH 7), 25 °C,[P)The reducing activity was determined by measuring the decrease of NAD(P)H at
340 nm.[!One unit of activity is as the amount of enzyme that convert 1 umol NAD(P)H into NAD(P)* per
minute at 25 °C.

Figure 2. The effect of different substrate concentration on the yield of intermediate. [*!Condition:1b (2.5
mM, 5 mM, 10 mM, 20 mM, 50 mM), EAA (5 mM, 10 mM, 20 mM, 40 mM, 100 mM), NerA (2.4 mg mL1),
GDH (1.5 mg mL™"), HyO (1 mL) at 25 °C.[PIThe yield was determined by external standard method by
GC.

Figure 3 . [¥Conditions: All reactions were carried out with 1b (50 mM), EAA (100 mM), glucose (100
mM) and solvent (2 mL) at 25 °C. [P/For 3A, NADH (5 mM), 30% DMSO (V/V), NerA (2.4 mg mL™) or
GDH (1.5 mg mL™") [/For 3B and 3C, NADH (1 mM), NerA (2.4 mg mL™), and GDH (1.5 mg mL); [4For
3D, NADH (1 mM), NerA (2.4 mg mL™') and GDH (1.5 mg mL?) in 30% DMSO, NerA (3 mg mL™) and
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GDH (1.5 mg mL™) in water. All the yields were calculated by external standard method, and the external
substance was 2-amyl acetoacetate.

Figure 4. Ethyl-2-acetylhept-2-enoates in the binding site. A stereo view of the region of the NerA molecule
close to the ethyl (E )-2-acetylhept-2-enoate (A) and ethyl (Z )-2-acetylhept-2-enoate (B) molecule. Residues
in close proximity to the substrate are represented as stick models. Oxygen and nitrogen atoms are colored
in red and blue respectively. Ethyl-2-acetylhept-2-enoates are represented as cyan, and the distance (A)
between 2b and amino acids and N5 of FMN were measured and shown as yellow dashed lines.

Figure 5. Preparative-scale synthesis of Ethyl 2-[(4-chlorophenyl)methyl]-3-oxobutanoate.[?! Conditions: 1g
(50 mM), EAA (100 mM), glucose (100 mM), NAD* (1 mM), NerA (3 mg mL'), GDH (1.5 mg mL?) and
water (10 mL), 25 °C, 28h.

Table 1. Optimize the dosage of NerA and the molar ratio of substrate. [#/Conditions: 1b (50 mM), GDH
(1.5 mg mL-1), glucose (100 mM), water (1 mL), NADH (1 mM) at 25 °C.[P'The yield was determined by
external standard method using GC.

Table 2. Substrate scope of the domino Knoevenagel condensation. [®Condition: 1a-k (50 mM), B-keto
esters (100 mM), glucose (100 mM), NADT (1 mM), NerA (3 mg mL), GDH (1.5 mg mL") for coenzyme
recycle, water (10 mL) 25 °C.
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