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Biocatalysis using Rajma - a green process for the synthesis of chiral carbinols
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Summary

A simple biocatalytic reduction of acetophenone and its derivatives was investigated in aqueous medium using soaked Rajma.
The bioreduction process exhibited anti-Prelog specificity and furnished (R)-carbinols. This non-conventional bioreduction
process showed a broad substrate specificity and chiral selectivity and could therefore provide a practical utility to traditional
synthetic chemists for the preparation of chiral carbinols in terms of simplicity, and in an environmentally benign way. Being
an easy and handy protocol, it also represents the possibility of scaling up the process to be used in organic synthesis.
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Introduction

Asymmetric reduction of prochiral ketones is one of the
most fundamental and straightforward approach for
producing chiral alcohols. It is an essential
transformation in organic synthesis, both in the
laboratory and in the industry. Chiral alcohols occupy a
central place, as they are intermediates in the synthesis
of pharmaceuticals, pheromones, pesticides, flavours,
fragrances and advanced materials like liquid crystals
(Zheng and Xu, 2011; Lakshmi et al., 2011;
Faber, 2004; Wu and Xiao, 2007; Patel, 2002;
Nakamura et al., 2003; Chattrain et al., 2001).
Moreover, they can be easily transformed into other
functional group(s) without racemisation.

Various metal-mediated chemical reductions are
associated with harsh conditions, require hazardous
metals, use of expensive chiral ligands, complicated
synthetic steps, and often raise ethical issues about
the environmental impact. Biocatalysts offer an
alternative tool for the easy access of chiral alcohols
by the enantioselective reduction of the
corresponding ketones. The main advantages of
biocatalytic methods are commercial availability of
biocatalysts at low cost, use of aqueous medium,
mild reaction conditions, acceptance of xenobiotic
substrates from a broad range, easy recovery of the
product, high stereoselectivity and a disposal of the
spent biological materials, as they are biodegradable.
The isolated oxido-reductase produce high optical
and theoretical yields of chiral alcohols, but these
enzymes require expensive co-factors. On the other
hand, whole-cell biocatalysts ensure recycling of
co-factors, and also avoid a number of downstream
processes required for the isolation and purification
of enzymes which are stable within the cells.
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Even though microbial whole-cell systems have an
economical advantage due to the inherent cofactors
and cofactor regeneration system, these cultures are
not easily accessible to the organic chemists, who are
not familiar with the cell cultivation and
maintenance, except for the baker’s yeast. Plant cell
cultures represent a unique class of chiral reagents in
the modern organic synthesis and have the ability to
carry out certain chemical reactions (Bordon et al.,
2015; Suarez-Franco et al., 2010; Chang et al., 2010;
Orden et al., 2009; Matsuo et al., 2008; Machado et
al., 2008; Yang et al., 2008; Ishihara et al., 2003;
Bruni et al., 2002). Among these plant cell systems,
carrots (Daucus carota L.) (Ravia et al., 2006;
Blanchard and Weghe, 2006; Caron et al., 2005;
Comasseto et al., 2004; Maczka and Mironowicz,
2004; Yadav et al., 2002; Baldssare et al., 2000;
Akakabe et al., 1995), tobacco (Nicotiana tabacum L.)
(Takemoto et al., 1995; Hamada et al., 1988), soaked
mung beans (Phaseolus aureus L.) (Kumaraswamy
and Ramesh, 2003), Vigna unguiculata L. (Bizerra et
al., 2010), Adzuki beans (Xie et al., 2009), sprouted
Pisum sativa L. (Yadav et al., 2009) etc. are used
effectively for the stereospecific reduction of ketones
to the corresponding alcohols with moderate to good
enantioselectivities and yields.

The whole-plant cells as biocatalyts have many
merits over microbial cells. A large number of
taxonomically different plants are cultivated all over
the world throughout the year. They are
commercially easily available from local markets at
very low cost and can be preserved for prolonged
periods. Many of them are edible and they occupy an
important place in the human diet, and are therefore
more suitable as green catalysts in the food and
pharmaceutical industries. Both growing and intact
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cells can be used as biocatalysts. Vegetable seeds as a
whole-cell system also ensure cofactor recycling.
Moreover, they can be easily separated from the
reaction mixture just by filtration, and could be
disposed of, as they are biodegradable or reused as
manure (Kumaraswamy and Ramesh, 2003). As a
part of the project on the application of biocatalysts
for the synthesis of chiral carbinols, the ability of
various vegetable seeds as reducing agents has been
studied. The obtained results have been discussed in
this paper.

Materials and methods
Chemicals

All substrates were products from Fluka and
Lancanster, and were used as received. (R)-(+)-o-
Methoxy-o-trifluoromethylphenylacetic acid (MTPA)
was purchased from Fluka. All other reagents and
solvents were of the AR grade from Sigma-Aldrich-
Fluka. All seeds were obtained commercially from the
Chembur local market, Mumbai, India.

Instruments

The IR spectra were scanned as films on the Jasco
model A-202 FT-IR spectrometer. The 'H and *C
NMR spectra were recorded in CDCIl; with the
BrukerAC-200 spectrometer (200 MHz), and the
Varian 500 MHz. Optical rotations were recorded
with the Jasco DIP 360 digital polarimeter.

General bioreduction process

The surface sterilization of the commercially
available seeds was done by rinsing with tap water,
with 1% sodium hypochlorite solution, and then with
sterilized water. The treated seeds (10 g) were then
soaked in 100 mL sterile, distilled H,O in a 500 mL
Erlenmeyer flask, which was closed with a cotton
plug for 24 h at room temperature. Next, 5% glucose
was added, followed by the substrate (100 mg / mL
ethanol), and the reaction mixture was then incubated
on an orbital shaker (100 rpm) at room temp (24-25 °C)
for 3 days. The substrate and the seed controls were
also run simultaneously. The suspension was then
filtered through muslin cloth, and seeds were washed
with water. This filtrate was then extracted with
chloroform (3 x 50 mL), washed with water (2 x 20
mL), and the organic layer was dried on the sodium
sulphate, filtered and concentrated under vacuum.
The controls were also extracted in a similar way.
The transformed product and the unchanged substrate
were isolated from the filtrate extracts and purified

by preparative TLC (silica gel G, EtOAc / Pet.
Ether). The structure of the produced alcohols was
corroborated by *H and **C NMR spectroscopy, and
was found to be in agreement with the literature data
(Salvi and Chattopadhyay, 2016; 2008; 2001). For
the determination of the % of ees, the chiral carbinols
were converted into the corresponding MTPA esters
with the (R)-MTPA (Dale and Mosher, 1973).

The % of ees was then assayed by the 'H NMR
analyses of the respective esters.

Results and discussion
Screening of vegetable seeds

In order to choose the best and most suitable
biocatalysts for the reduction of acetophenone, and
an interesting xenobiotic, initially we screened
various locally available edible seeds. The reaction of
acetophenone (1) to chiral 1-phenylethanol has been
widely studied as a model reaction for the
bioreduction, because of its low cost and easy
accessibility. It’s both enantiomers are important
natural aromas. The (S)-1-Phenylethanol s
characterized by a mild hyacinth, gardenia aroma
with strawberry nuances (Farbood et al., 2004), while
the (R)-1-phenylethanol has a floral, earthy-green,
honeysuckle odour (Leffingwell, 2010). Both
enantiomers are also used as building blocks for the
synthesis of bioactive compounds, such as
pharmaceuticals, agrochemicals and natural products
(Mukaiyama et al., 2005; Schoemaker et al., 2003;
Zaks, 2001; Wandrey et al., 2000; Nakamura and
Matsuda, 1998). Most alcohol dehydrogenases like
Rhizopus arrhizus (Salvi and Chattopadhyay, 2016;
2008; 2001), Hansenula capsulata cells (Hasegawa
et al., 1998), Rhodotorula glutinis (Kurbanoglu et al.,
2010), Candida utilis (Cheng and Ma, 1996),
Geotrichum candidum (Matsuda et al., 2008),
catalyze the reduction of acetophenone to
(S)-1-phenylethanol as per Prelog’s rule (Prelog,
1964). The anti-Prelog reduction of acetophenone to
(R)-1-phenylethanol was observed with the alcohol
dehydrogenases from several bacterial strains, for
example, Lactobacillus kefir (Hummel, 1990),
Lactobacillus brevis (Schlieben et al., 2005),
Thermoanaerobacter ethanolicus (Protsko et al.,
2010), and Pichia capsulata (Homola et al., 2015).

As shown in Table 1, the bioreduction with various
seeds occurred in a well-defined fashion. Among
these plant seeds, mung beans gave better yields and
optical purities, as shown by Kumaraswamy and
Ramesh (2003). Most of the tested seeds furnished
(S)-alcohols, which is in perfect agreement with
Prelog's rule. In contrast, Rajma exhibited anti-
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Prelog  specificity and  produced (R)-1-
phenylethanol, which is rather rare. Because of the
equal importance of both enantiomers, there is a
demand for the carbonyl reductase with both
Prelog and anti-Prelog stereopreference, for the
production of (S) and (R)-configured alcohols.
Considering the observed carbonyl reductase
activity from Rajma, the reduction of various
prochiral arylalkanones was investigated. The
generosity and efficiency of these plant cell
enzymes was assayed toward various acetophenone
derivatives to study the mechanistic aspects of
their reduction process and optical purities of the
produced alcohols. The relationship between the
nature of the substrates and the extent of their
bioreduction was studied without optimizing the
reaction conditions for each substrate.
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Bioreduction of homologous series of acetophenone
using Rajma

First we targeted a homologous series of acetophenone
(Fig. 1, 1 - 15) to see the effect of size of the alkyl
groups on the reactivity and the enantioselectivity of the
produced alcohols. It is evident from Table 2 that the
carbonyl reductase from Rajma effectively catalyzed
the reduction of arylalkyl ketones having a number of
diverse alkyl groups. The reactivity decreased as the
alkyl chain length increased (1 — 5). The Rajma
mediated reduction of acetophenone to valerophenone
(1 - 4) generated (R)-isomers as the major product. The
anti-Prelog  selectivity from Rajma  mediated
bioreduction was found to be complementary to that of
Prelog’s specificity. This feature confers an added
versatility and attractiveness of this asymmetric
bioreduction process.

Table 1. Bioreduction of acetophenone using various vegetable seeds

Entry Seeds Botanical names % Yield® %e.e” Config.
1 Mung beans (green gram) Vigna radiata 48 84 S
2 Moth beans Vigna aconitifolia 31 14 S
3 Black gram (urad) Vigna mungo 50 55 S
4 Masoor Len culinaris 31 13 S
5 Cow beans Vigna sinensis 44 41 S
6 Rajma (red kidney beans) Phaseolus vulgaris 38 82 R
7 Wheat Triticum asetivum 29 75 S
8 Rice Oryza sativa n.r. n.r. n.r.
9 Jawar Sorghum bicolour 17 28 S
10 Bajra Pennisetum typhoides 16 78 S
11 Ragi Eleusine coracava 7 79 S

Surface sterilized seeds (10 g / 100 mL sterile distilled water), 24 h soaked, 5% glucose, acetophenone (100 mg / mL ethanol), 3d stirring on
the orbital shaker (100 rpm), ‘isolated yields, "based on comparison of optical rotation values from known literature values, *from analogy

with reported data, duplicate. n. r. (no reaction)

R
O
1-15
Ketones
1:R= CH3 6:R= (CH2)5CH3
2:R= CH2CH3 7:R= (CHz)GCHg
3: R =CH,CH,CH; 8: R = (CH,);CH3;
4:R= (CH2)3CH3 9:R= (CHz)gCHg
5R= (CH2)4CH3 10: R = (CHz)]_OCHg

OH
(R)-—1a-15a

Alcohols
11: R = CH(CHa),
12: R = CH,CH(CHs3),
13:R= C(CH3)3
14: R = Cyclopropane
15: R = Cyclohexane

Fig. 1. Bioreduction of homologous series of acetophenone using Rajma
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The absolute configuration of the produced alcohol of
the substrate 5 is switched from (R) to (S) when the
length of the linear alkyl chain increases from 4 to 5
carbon atoms. This could be due to the change in the
substituent’s priority according to the CIP rule.
The interaction of the reductase present in the
biocatalyst with both the faces of the carbonyl group
may form two competing R and S transitions states, out
of which one is more favored. The sterically demanding
alkyl group forces the substrates to approach from the
opposite face, compared to less bulky alkyl group. This
indicated the dependency of stereochemistry of the
produced alcohol on the size of phenyl and the alkyl
group. However, the enzyme activity from Rajma
diminished when the alkyl chain length was further
increased (6 - 10), both in cyclopropyl and cyclohexyl
ketones (14, 15). Consequently, as the bulkiness of the
alkyl group increased, the reactivity decreased
drastically indicating the substrate dependency on the
performance of the enzymatic system. This could be
due to the poor solubility of the substrates in the
reaction mixture, and / or their inability to penetrate
through the cell wall due to the size incompatibility.

Notably, ketones with sterically bulky branched alkyl
substituents, such as iso-propyl, iso-butyl and tert-butyl
(11, 12 and 13) were enzymatically reduced to the
corresponding chiral alcohols, and the
enantiopreference remained unchanged. This may be
due to the structural properties of the ketones
themselves. Unexpectedly, higher enantioselectivity
was obtained towards the reduction of the substrate 13,
having the tert-butyl group than those found for
iso-propyl and iso-butyl groups (11 and 12), and its
linear counterpart (4). The substrate 13 has sterically
demanding bulky tert-butyl group with a less free
rotation and more rigidity, which enables the enzyme to
maximize the selectivity of the produced alcohols, 13a.
While the substrates 11 and 12, having one and two
alkyl group separating phenyl and branched alkyl chain
respectively, have more free rotation. Since both are
less rigid, the reduction process is less selective. The
order of enantiomeric excess is 13a > l1lla > 12a.

Thus, an interesting  alkyl chain-induced
enantiopreference flip-flop was observed in this
biotransformation studies (Zhu and Hua, 2010; 2006).

Bioreduction of mono-substituted acetophenones using
Rajma

The ability and the scope of Rajma biocatalysis was
evaluated for the reduction of mono-substituted
acetophenones, 16 — 33 (Figure 2). The effect of
substituents on the formation of the produced alcohols,
and its enantioselectivity was studied, and the obtained
results are summarised in Table 3. It was observed that
most of these substrates acquiescent to Rajma mediated
bioreduction to furnish chiral alcohols. The process
showed favourable interactions between substrates and
the enzymes present in the seeds. The change of the
substituent group on the phenyl ring did not remarkably
affect the stereoselectivity. It could be easily
distinguished between small and large groups, in an
enantiomeric way via transfer of hydrogen, either from
Re- or Si-face. The reductase enzyme from Rajma
exclusively produced R-alcohols, although in different
yields and e.es.

Rajma mediated bioreduction of all halo substituted
acetophenones showed similar conversion of the
produced alcohols. This enzyme showed a clear
preference for fluoro substituted acetophenones, less
sterically hindered electron withdrawing group.
(R)-alcohol 16a, 17a and 18a generated as products
furnished best optical purities indicating negligible
influence of the position of the substituent. The order
of e.e. was 0 > m > p. But the behaviour of chloro- and
bromo- substituted acetophenones was not so
predictable. The meta- and para- chloro- and bromo-
acetophenones produced (R)-alcohols (20a, 21a, 23a,
24a) with better optical purities compared to the
ortho-substituted acetophenones (19, 22). The
influence of two electron donor methyl and methoxy
substituents, at ortho-, meta- and para-positions of
acetophenone was also investigated in Rajma
mediated bioreduction.

Table 2. Bioreduction of homologous series of acetophenone using Rajma

Substrates Alcohol % Yield® [a]p?® (c,CHCIy) %eeP (Confg®)
1 1a 38 +38.243 (0.774) 82 ®)
2 2a 37 +29.975 (1.608) 75 ®)
3 3a 35 +1.395 (1.434) 36 ®)
4 4a 18 74,932 (0.730) 17 ®)
5 5b 8 ~11.976 (0.334) 45 o)
11 11a 29 +23.858 (1.182) 77 R)
1 12a 17 +2.319 (0.690) 31 ®)
13 13a 21 +20.561 (0.856) 89 ®)

Surface sterilized beans (10 g / 100 mL DW), 24 h soaked, 5% glucose, substrate (100 mg / mL ethanol) ®isolated yields. "hased on TH NMR

spectra of the corresponding (R)-MTPA esters, “from analogy with reported data.
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= CHs;

OH
(R) - 16la-33a

Alcohols

7N
X
= CH3
(e}
16 -33
Ketones
16: X = 0-F-Ph 22: X = 0-Br-Ph
17: X =m-F-Ph 23: X =m-Br-Ph
18: X = p-F-Ph 24: X = p-Br-Ph
19: X = 0-ClI-Ph 25: X = 0-Me-Ph
20: X = m-CI-Ph 26: X = m-Me-Ph
21: X = p-CI-Ph 27: X = p-Me-Ph

28: X = 0-OMe-Ph
29: X = m-OMe-

30: X = p-OMe-Ph
31: X =0-NO,-Ph
32: X = m-NO,-Ph
33: X = p-NO,-Ph

Fig. 2. Bioreduction of mono-substituted acetophenones using Rajma

With regard to methyl derivatives, all ketones
furnished the corresponding (R)-alcohols (25a, 26a,
27a) in excellent enantioselectivities, and their order
iS o > m > p. Notably, the meta-
methoxyacetophenone (29) furnished corresponding
(R)-alcohol (29a) with an excellent
enantioselectivity, whereas ortho-methoxy
acetophenone (28) was reduced to (R)-alcohol (28a)
with better yields and good optical purities. The
presence of the methoxy group at para-position (30)
hindered the reduction.

Table 3. Bioreduction of arylalkanones using soaked Rajma

The electron withdrawing nitro group at the ortho-
position, being less reactive, hindered the reduction
process significantly with no conversion. This is
possible because the steric hindrance between the NO,
and the C=0 group hampers the reduction (Contente, et
al., 2016). Both meta- and para-substituted nitro
acetophenones (32, 33) furnished chiral alcohols
(32a, 33a) with good optical purities, without the
reduction of the nitro goup. Between these two, meta-
nitro acetophenone (32) showed better conversion than
that of para-nitro acetophenone (33).

Substrates Alcohol % Yield® [a]p® (c, CHCIy) %e.er (Confg®)
16 16a 37 +36.170 (0.752), 98 ®)
17 17a 36 +27.824 (0.726), 94 ®R)
18 18a 34 +34.604 (0.686), o1 ®R)
19 19a 40 +19.059 (0.808), 61 (R)
20 20a 26 +21.132 (0.530), 84 ®R)
21 21a 30 +32.353 (0..612), 87 ®)
22 22a 39 +19.607 (0.792), 67 ®R)
23 23a 29 +21.017 (0.590), 84 ®R)
24 24a 2 +17.925 (0.636), 82 ®R)
25 25a 57 +56.326 (1.154), 98 (R)
26 26a 29 +34.602 (0.578), 96 ®)
27 27a 24 +38.333 (0.480), o1 ®R)
28 28a 57 +14.339 (L411), 77 ®R)
29 29a 40 +34.286 (0.560), 94 ®R)
32 32a 58 +31.508 (0.317), 84 (R)
33 33 21 +19.498 (0.207), 82 ®)
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Thus, the study demonstrated the applicability of
the simple whole-cell system of Rajma
biocatalysis of a broad spectrum of substituted
acetophenone derivatives to chiral carbinols.
The % of optical purities of these chiral alcohols
were assayed by the 'H NMR analyses of the
respective MTPA esters. In '*H NMR spectra, the
methoxy resonance of MTPA ester appeared as
two singlets, one at ~ & 3.58 for S-isomers, and
other at ~ § 3.46 for R-isomers. The up field ‘H
NMR signal appeared as major in case of alcohols
obtained from Rajma mediated bioreductions, and
endorsed as (R)-carbinols, anti-Prelog alcohols. It
was found that Rajma can be utilized for the
bioreduction of broad substrate spectrum since it
was found to be a promising biocatalyst for the
preparation of anti-Prelog chiral alcohols.

The low yields of the obtained alcohols can be
explained on the basis of the complicated
extraction procedure. During this process, the
emulsions formed, that were difficult to break
(Bordon et al., 2015), which might have hampered
the isolation procedure. At the end, the recovered
Rajma was used to test the feasibility of recycling
of the biocatalyst. After the completion of the
first reduction cycle for acetophenone, the
reduction process was repeated for two times in
the batch process. It was observed that the yield
of the produced alcohol reduced to 20% in the
second cycle, and declined significantly
thereafter. After this, the seeds can be used as
manure, thus minimizing waste (Kumaraswamy
and Ramesh, 2003).

Preparative scale reduction

The preparative scale production of the chiral
compound is one of the most important issues to be
addressed in the asymmetric synthesis. The
experimental simplicity, low cost and easy availability
of the biocatalysts offer the possibility of scaling up
this protocol. To demonstrate the viability of this
protocol as industrial feasibility, 10 times scale up
bioreduction of acetophenone was carried out. Surface
sterilized with 100 g of Rajma was soaked in 1 L of
sterile distilled water into a 5 L conical flask for 24 h.
The 5% glucose was added followed by 1 ¢
acetophenone in ethanol and the reaction mixture was
incubated on an orbital shaker (100 rpm) at room temp
(24-25 "C) for 3 days. The reaction mixture was then
filtered to remove seeds and washed with water. The
combined filtrate and washings were extracted with
chloroform (3x100 mL), washed with water (2x50
mL) and organic layer was dried on the sodium
sulphate, filtered and concentrated under vacuum. The
produced alcohol and unchanged substrate were
isolated and purified by the preparative TLC (silica gel
G, EtOAc/Pet. Ether). (R)-(+)-1-Phenylethanol (1a)
was obtained in 40.5% yield (412.2 mg), with 80.2%
ee. ([a]p® + 37.850 (1.562, CHCI3)). As shown in
Fig.1a the ' H NMR of MTPA ester showed major
peak at & 3.486 for (R)-isomer, and minor at 6 3.571
for (S)-isomer (* H NMR of MTPA ester of (S)-1-
phenylethanol is given for comparison, Fig. 1b). This
easy and handy system represented the possibility of
scaling up the process to be used in organic synthesis.

\ 4
LH NMR specka ) m7PA esicr

gl RC+I-1- Phng!elwml

3.4 3.3 3.2 PPR

Fig. 1a. *H NMR spectra of MTPA esters of (R)-1-phenylethanol
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Fig. 1b. "H NMR spectra of MTPA esters of (S)-1-phenylethanol

Conclusions

Rajma could be one of the few seeds to afford the
(R)-arylalkanols by anti-Prelog reduction  of
arylalkanones in an environmentally benign way. This
whole-cell biocatalyst showed broad substrate
specificity and chiral selectivity to the produced (R)-
alcohols. This could be a critical factor from a
biocatalytic evaluation perspective given the equal
importance of both the enantiomers. This aqueous
phase biocatalysis provided a simple and attractive
alternative for carrying out reduction in the safe,
economical and ‘green’ environment. It does not
require particular expertise and specific laboratory
facilities. This process can be recommended to the
traditional synthetic chemists as practical, cheap and
readily available biocatalyst (without addition of
external coenzyme). This eco-friendly
biotransformation provides opportunities for further
modification and development of a variety of
enzymatic systems for different substrates with
improvement in conversion and stereoselectivity e.g. i)
Small particulates of Adzuki beans (Xie et al., 2009)
showed better selectivity (> 99% ee) in bioreduction of
acetophenone than the whole grain (89% ee).
Furthermore, the acetone powder of its crude enzyme
system significantly improved the efficiency of the
bioreduction (44.4% to 97.1% yield). ii) Bioreduction
of acetophenone using Vigna unguiculata L. (Bizerra
et al., 2010) in water produced 34% of (S)-alcohol
with 92% ee, whereas in presence of Tris-HCI buffer
at pH 7.5, the enzyme activity decreased slightly. But

98

in presence of 2% PrOH (v/v), improvement in the %
of ee (> 99%) was noticed. iii) Matsuo et al. (2008)
chose radish sprout (germinated seeds) for the
reduction of o-chloroacetophenone, and afforded the
corresponding (S)-alcohol with > 99% of ee. It is
noteworthy that the addition of the sucrose at the
cultivation time influenced the growth of the plant, as
well as bioconversion of the aromatic ketones.
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