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bstract

A series of compounds including aliphatic and aromatic aldehydes and ketone were reduced using a plant cell preparation from sugar cane

Saccharum officinarum). The products were obtained in poor to excellent yields (2.5–100%), and with good enantiomeric excess (25–100%)
easured by GC chiral column. Other functional groups were also evaluated including ester, nitrile and amide, but were not reduced. Preliminary

inetic studies are reported. This represents the first report of the use of sugar cane as a biocatalytic agent.
2008 Published by Elsevier B.V.
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. Introduction

The use of plants as natural catalysts has attracted the atten-
ion of many researchers, and substantial progress has been
eported [1,2]. Several studies have reported the use of microor-
anisms (mushrooms and bacteria) as biotransforming agents,
ut the use of whole cells is rarer [3–9]. A recent comprehensive
eview has summarized the use of cell culture systems (vegeta-
les and microorganisms) and whole plant tissues for evaluation
s potential selective biocatalytic agents [10].

The tremendous interest in the development of new and nat-
ral biocatalysts is due to the wide potential biotechnologic
pplications for these materials [11] mainly for the indus-
rial sector, such as pharmaceuticals [12,13], cosmetics [14],
nd agricultural and environmental uses [13]. Some important
haracteristics of biocatalysts are their frequently lower cost,
igh versatility and efficiency, in addition the highly desir-
ble chemical aspects such as chemoselectivity, regioselectivity,
nd enantioselectivity. The combination of these factors makes
he potentiation of biocatalytic reactions very attractive for the
ndustrial sector [10]. In addition, there is the added advantage

f using reagents for organic transformations which can be used
n a sustainable basis, rather than depleting resources [10].
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romatic aldehydes and ketones

One of the main limitations of the application of biocat-
lysts in their native form in the industrial sector is their
tability to higher temperatures and their sensitivity to mixed
organic–aqueous) solvent systems [15–17]. However, multidis-
iplinary (biology–chemistry) efforts are achieving important
rogress in this area [18]. Genetic modifications (mutations)
hich generate enzymes that are more resistant to temperature
ariations and to diverse reaction media, as well as increased
nantioselectivity, is making possible the wider application of
iocatalysts in industry [19].

Plants contain a wide variety of secondary metabolic con-
tituents and a corresponding diversity of functional group
ransformations which have been accomplished through selec-
ive enzymatic transformations. They, depending on substrate
pecificity, are therefore a potential vast source of enzymes
hich can conduct basic and possibly even some complex syn-

hetic organic chemical modifications on a selective basis [10].
n this respect, a more detailed exploration is required the use
f common plants and vegetables as potential sources of such
ew reagents which can display differential selectivity, and can
ffect a diversity of organic transformations.

Saccharum officinarum L., popularly known as “sugar cane”,
s a plant of the Poaceae family originating from the Southeast
sia [20]. This specie is very common in the tropical areas of the

orld, and is cultivated widely in Brazil, where it is considered

he main source of combustible alcohol, an industrial sector that
s growing significantly [21]. Brazil is the largest supplier of
his specie in the world, with a production of approximately 430
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Fig. 1. Bioconversion of aldehydes benzaldehyde 3, anisaldehyde 4, furfuryl 9
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illion tonnes in 2006, according to data from the Ministry of
griculture [22].
In the process of crushing the stem of sugar cane, a liq-

id called “sugar cane juice” is generated. Sugar cane juice
s a drink which is very widely appreciated in many tropical
ountries, including Brazil, mainly because of its flavorful taste.
he main component is sucrose, but other compounds, includ-

ng flavonoids, are known to be present, although no detailed
uantitative analytical data are available [23].

In previous studies, studies from this laboratory on the use
f Manihot species [24] and coconut juice [25] as biocatalytic
educing and esterifying agents were reported. Continuing these
tudies as a part of a research program to examine the use of com-
on vegetables as organic reagents for regio- and stereoselective

yntheses in organic chemistry, preliminary results from studies
n the use of the juice of S. officinarum as a potential reagent
or biotransformation reactions are reported (Fig. 1).

. Results and discussion

The intact plant system, fresh sugar cane juice, was used,
nd the initial experiment was to determine the total protein in
he enzymatic system using the Hartree method [26]. The value

bserved (5%) was higher than that reported previously in the
iterature (1%) [27]. Initially, the biotransformation reactions
ere carried out using a series of aromatic ketones and aldehydes

1–9) (Scheme 1) as substrates, which were treated with the fresh

e
t
p
h

Scheme 1
nd ketones: cyclohexanone 13 and �-keto-ethyl-butyrate 16 to the correspond-
ng alcohols, benzyl alcohol 3a, anisyl alcohol 4a, furfuryl alcohol 9a cyclohexyl
lcohol 13a and �-keto-ethyl-butyryl alcohol 16a using sugar cane juice.

uice of S. officinarum at room temperature for 72 h [24,28,29].
he crude reaction mixtures were initially visualized by Si gel
LC using the vanillin spray reagent, and then quantitatively by
C–MS the results are presented in Table 1. These data were

onfirmed by the preliminary results obtained from the 1H NMR

xperiments, with little difference in accuracy. The integration of
he methyl ketone singlets of the ketones 1 and 2, or the aldehydic
roton of the aldehydes 3–9, were compared with the carbinolic
ydrogen resonances of 1a and 2a, the methylene hydrogens of

.
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Table 1
Relative percentage yields of reduction products of 1–14 and 16 and the hydrol-
ysis of 18 using 1H NMR and GC–MS

Product Biconvertion (%) ee (%)
NMR 1H/GC

1a 34.0/39.3 56.7 (R)
2a 16.1/19.4 41.0 (S)
3a 100.0/100.0
4a 100.0/100.0
5a 100.0/100.0
6a 91.0/90.0
6a; 6ba 43.4; 56.6/34.4; 65.6
7a; 7b 66.6; 33.4/66.5; 33.5
8a; 8b; 8c 38.2; 5.7; 56.08/38.2; 5.7; 56.08
9a 100.0/100.0
10a 100.0/100.0
11a 100.0/100.0
12a NC/34.0
13a NC/81.2
15a 9.3/2.5 25.7 (S)
16a 100.0/100.0 100 (S)
18a NC/45.3
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Table 2
1H NMR signals used in the integration of selected protons of compounds 1–13,
15 and 16, compared with integration of the product alcohols 1a–13a, 15a and
16a using sugar cane juice

H-observed δH

Substrate
1 3H-2 2.62 (s)
2 3H-2 2.54 (s)
3 CHO 9.61 (s)
4 CHO 9.74 (s)
5 CHO 9.71 (s)
6 CHO 9.78 (s)
7 CHO 9.42 (s)
8 CHO 9.76 (s)
9 CHO 9.50 (s)
10 CHO 9.61 (s)
11 3H-1 2.20 (m)
12 2H-2 1.81 (m)
13 H-2 2.05 (m)
15 H-3 6.76 (qd)
16 2H-2 3.45 (s)

Product
1a H-1 4.96 (q)
2a H-1 4.91 (q)
3a 2H-1 4.70 (s)
4a 2H-1 4.66 (s)
5a 2H-1 4.70 (s)
6a 2H-1 4.61 (s)
6b 2H-1 4.45 (s)
7a 2H-1 4.33 (dd)
7b 2H-1 3.68 (t)
8a 3H-4 1.93 (s)
8b 3H-4 2.18 (s)
8c 3H-4 0.94 (d)
9a 2H-5 4.65 (s)
10a 2H-1 3.58 (t)
11a
12a
13a

15a
H-3 5.35 (m)
H-1 4.34 (m)
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C: not conclusive.
a In presence of DMSO.

he primary alcohols of 3a–7b and 10a, or the methyl hydrogens
or the products 8a–8c (Table 2). The integration was corrected
or hydrogen proportionality.

As expected, aldehydes were more reactive than ketones, and
methoxy group in the para- or meta-positions in the case of

ompounds 4 and 5, respectively, had no influence on the yield of
he reaction compared with 3, having an unsubstituted aromatic
ing. In the reduction process, all of the tested aldehydes, except
, 7, and 8, produced alcohols in excellent yield, superior to the
eported results for Daucus carota [28] and comparable to those
f Manihot esculenta and Manihot dulcis [24] and Zygosaccha-
omyces rouxii [30]. Previously, vanillin 6 was unaffected by
he two Manihot species [24]. However, biocatalytic reduction
f 6 with S. officinarum proceeded with the formation of 6a in
0% yield. In the presence of DMSO (to enhance substrate sol-
bility) this reaction produced the alcohol 6a (34.4%) and the
ther 6b (65.6%). This demonstrated that DMSO could induce
transmethylation process. On the other hand, regioselectivity
as not observed with cinnamaldehyde (7), where the reduc-

ion reaction generated two products, one (7a, 66.5%) resulting
rom selective reduction of the carbonyl group, and the other
7b, 33.5%) reflecting non-regioselective reduction of the car-
onyl and olefinic bonds. Regioselectivity was also not observed
n the reaction of �-methyl cinnamaldehyde (8), where a signifi-
ant product reflected reduction only of the carbonyl group (8a,
8.2%), and the minor product displayed reduction of both the
arbonyl and the olefinic bond (8b, 5.7%). An unexpected com-
ound, resulting from the oxidation of the aldehyde group to a
arboxylic acid (8c, 56.1%), was the major product. Finally, in
he aldehyde series, it is important to emphasize the high yield

100%) and the regioselectivity to produce 9a from the reaction
ith the aliphatic aldehyde 9.
A commonly required functional group transformation is the

eduction of a ketone to a chiral secondary alcohol for which

f
o
r
2

16a H-3 4.19 (m)

iocatalytic strategies have been developed [10,18]. The reac-
ions with the selected compounds having a ketone group are
epresented in Scheme 1. For the ketones 1 and 2, the bio-
onversion afforded the corresponding secondary alcohols in
elatively low yields (36.6% of 1a and 17.7% 2a). However,
oderate enantioselectivity was obtained, with 56.7% ee for

he (R)-isomer (1a) and 41.0% ee for the (S)-isomer (2a). The
nantiomeric excess was calculated using a chiral column, and
he R and S configurations of 1a and 2a, respectively, were
etermined using polarimetry and the application of an estab-
ished formula [31]. The S configuration established for the
lcohol 2a was in agreement with the Prelog model for biore-
uction [28]. On the other hand, the R configuration attributed

or 1a is in disagreement with this rule. In addition, it was
bserved that the least electron-deficient acetophenone 1a was
educed to a greater extent than electron-rich acetophenone
a.
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Scheme 2.

The enzymatic reaction was extended to the aliphatic ketones
0–16, as represented in Scheme 2. An excellent yield (100%)
as obtained with the ketone 11, while the cyclic ketones
2 (five-membered) and 13 (six-membered) presented moder-
te (34.0%) and good (81.2%) yields, respectively. Reaction
ixtures from 12 and 13 were quantified only by GC–MS,

pplying the conditions determined for aromatic ketones and
ldehydes, and the results are presented in Table 2. Among the
,�-unsaturated ketones, for 14 no reactivity was observed, and
much lower yield was observed for 15 (5.9%). The lower ee

25.7%) for 15a was calculated using a chiral column, and the
configuration of 15a was established by comparison of its

pecific rotation with the literature value [32,33]. The Saccha-
um reductase enzyme system was also evaluated for effects
n the �-keto-ester 16, having two different carbonyl groups.
he reaction mixture was quantified by GC–MS and 1H NMR
pectroscopy. Complete regio- and enantio-stereoselectivity was
bserved through the exclusive reduction of the keto group at

-3 yielding 3S(+)-hydroxy-ethyl-butyrate 16a (100% yield) as
roduct, showing an ee value of 100%. For 16 and 16a, the
ntegrated absorptions in the 1H NMR spectrum were the CH2
lpha to the ester carbonyl and methine hydrogen in the obtained

3
p

Scheme 3.

econdary alcohol. The S configuration of 16a was established
y comparison of the specific rotation with the literature value
32,33].

Finally, the enzymatic reaction was extended to other func-
ionalized compounds (Scheme 3): esters (ethyl benzoate, 17
nd ethyl butyrate, 18), a nitrile (benzonitrile, 19), an amide
benzamide, 20 and isoniazide, 22), and a nitro derivative
nitrobenzene, 21). The aromatic ester was unaffected, but
he aliphatic ester produced the corresponding carboxylic acid
butyric acid in 45% yield) rather than the alcohol. No reactivity
as observed for the compounds benzamide, benzonitrile, and
itrobenzene.

.1. Conclusion

In summary, this work demonstrated that fresh sugar cane
uice (S. officinarum) can serve as an effective reagent for
eductase-catalyzed reactions with the advantage of enhancing
he enantioselectivity, suggesting that this vegetable prod-
ct may have interesting potential as an alternative cheap
ustainable, and readily available system to be used as a chem-
cal reagent in biotransformations. Additional experiments are
nderway to examine the scope of this potential as a reducing
gent, and to examine the optimization of reaction yields and
he stability of the system.

. Experimental

.1. General
The optical rotations were measured on a PerkinElmer
41 digital polarimeter using chloroform as the solvent. The
ure starting materials and the products obtained were ana-
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yzed by GC–MS on a Shimadzu Model 17A/QP5050 using
(5%-phenyl)-dimethylpolysiloxane OV-5 capillary column

30 m × 0.25 mm × 0.25 �m); carrier gas helium, flow rate
mL/min with split mode. The injector temperature and
etector temperature were 250 and 280 ◦C, respectively. The
olumn temperature was programmed at 4 ◦C/min from 40
o 180 ◦C, and then at 20 ◦C/min from 180 to 280 ◦C. The
nantiomeric excess was calculated using a Thermo Elec-
ron GC-FID model Trace GC Ultra instrument equipped
ith Varian Capillary chiral column Chirasil-Dex CB (�-

yclodextrin, 25 m × 0.25 mm × 0.25 �m); carrier gas helium,
ow rate 1 mL/min with split mode. The injector temperature
nd detector temperature were 220 ◦C. The column temperature
as programmed at 2 ◦C/min from 130 to 160 ◦C. NMR spec-

ra were recorded on a Bruker Avance DRX-500 (500 MHz)
sing CDCl3 solvent. Chemical shifts, given on the δ scale,
ere referenced to the residual, undeuterated portion of the
euterated CDCl3 solvent (δH 7.27). Column chromatography
as run using silica gel 60 (70–230 mesh, Vetec.). The aldehy-
es and ketones were purchased from Aldrich Chemical Co.,
ilwaukee, USA.

.2. Plant material

The sugar cane juice was purchased in Maranguape, Ceará,
razil. The reactions were conducted immediately after acqui-

ition to assure the integrity of the enzymatic system.

.3. Extraction and isolation

In separate experiments, substrates 1–22 (200 mg) were
dded to sugar cane juice (200 mL). The mixtures were incu-
ated on a shaker (160 rpm) at room temperature for 72 h, using
n established methodology [24,28,29].

The aqueous solutions were then extracted with EtOAc
3× 100 mL), and the solvent was evaporated under reduced
ressure. The residues were filtered on a short silica gel
olumn, using CHCl3 as eluent, to afford the reduced prod-
cts: 1a (128 mg), 2a (135 mg), 3a (152 mg); 4a (162 mg); 5a
170 mg); 6a (120 mg); 7a (159 mg); 8a (147 mg); 9a (128 mg);
0a (134 mg); 11a (120 mg); 12a (135 mg), 13a (152 mg);
4 (162 mg); 15a (170 mg); 16a (147 mg); 17 (120 mg); 18a
159 mg); 19 (170 mg); 20 (120 mg); 21 (159 mg); 22 (147 mg).
he products were analyzed by GC/MS, and 1H NMR spectral
ata, and in comparison with literature values [34–36].

In the kinetics experiments, the same procedure was used for
he bioreduction, and samples were analyzed by GC with reac-
ion times varied from 12, 24, 36, 48, 60, and 72 h. Experiments
ere performed in duplicate.
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837.
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