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Enzymatic  synthesis  of  various  arylalkyl  �-d-glucopyranosides  catalyzed  by  prune  (Prunus  domestica)
seed  meal  via  reverse  hydrolysis  in the  mixture  of  organic  solvent,  ionic  liquid  (IL)  and  phosphate  buffer
was described.  Among  four  hydrophilic  organic  solvents  tested,  ethylene  glycol  diacetate  (EGDA)  was
found to  be  the  most  suitable  for  enzymatic  synthesis  of  salidroside,  a bioactive  compound  of  commercial
interest,  from  d-glucose  and  tyrosol.  The  effects  of  the  nature  of ionic  liquids  and  their  contents  on  the
enzymatic  glucosylation  were  studied.  The  addition  of  a suitable  amount  of  ILs  including  denaturing  ones
thylene glycol diacetate
-Glucosidase
lycosides

onic liquids
everse hydrolysis
alidroside

was favorable  to shift  the reaction  equilibrium  toward  the  synthesis,  thus  improving  the  yields.  Among
the  examined  ILs,  the  novel  IL [BMIm]I  proved  to be the best.  And  this  IL  was  applied  as  the  solvent  in
biocatalysis  for  the first  time.  The  yields  were  found  to  be  enhanced  between  0.2-fold  and  0.5-fold  after
the addition  of  10%  (v/v)  [BMIm]I.  In  10%  (v/v)  [BMIm]I-containing  system,  the  desired  arylalkyl  �-d-
glucopyranosides  were  synthesized  with  15–28%  yields,  among  which  salidroside  was  obtained  with  a
yield  of  22%.
. Introduction

Glycosides are of commercial interest in the food, cosmetic
nd pharmaceutical industries. For example, alkyl glycosides are
n important group of nonionic surfactants due to the excellent
roperties such as good surfactant performance, low toxicity and
igh biodegradability [1]. Salidroside (4-hydroxyphenethyl �-d-
lucopyranoside) is known as the main active component of the
lant Rhodiola, which has been used as the traditional medicinal
erb in China for more than 1000 years. Recently, this compound
as found to have neuron- and cardioprotection [2,3], anticancer

nd antiviral activities [4,5], etc. As compared to chemical methods
6], enzymatic synthesis of these compounds attracted more atten-
ion owing to the simplicity, high stereo- and regioselectivity, mild
eaction conditions [7].

Compared to glycosyl transferase-catalyzed synthesis of gly-
osides, the processes mediated by glycosidases display greater
pplication potential since these enzymes are inexpensive, avail-
ble in large quantities, generally stable and have low specificity

oward aglycones [8].  In addition, non-activated sugars such as

onosaccharides or disaccharides can be used directly as gly-
osyl donors to synthesize glycosides. Reverse hydrolysis is the
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condensation reaction of monosaccharides with alcohols to fur-
nish alkyl glycosides as the desired products and water as the
byproduct that would not interfere with the downstream process-
ing, whereas the detrimental byproducts (monosaccharides) would
form in the transglycosylation of alcohols and disaccharides [7].
However, thermodynamically controlled reverse hydrolysis gen-
erally affords lower yields than the transglycosylation controlled
kinetically. Considerable efforts have been made to improve the
equilibrium yields [9–11], among which reducing water activities
by adding organic cosolvents is one of the most efficient strategies
[12,13].

Ionic liquids (ILs) represent a class of promising and “green”
nonmolecular solvents [14,15].  Like conventional water-miscible
organic solvents, these ionic solvents enabled to work as the cosol-
vents to control the water activities, thus inhibiting the second
hydrolysis of the glycosylated products and improving the yields
[16,17]. In addition, this type of solvents has proven to be the
media with positive effects on the enzymes, such as improving
the activity, selectivity and/or the stability [18,19].  Recently, we
found that a variety of fruit seed meals, especially prune seed
meal, were excellent biocatalysts for the synthesis of various alkyl
and arylalkyl �-d-glucopyranosides from d-glucose and alcohols
(data unpublished). In the present work, we focused our interest

on the enhancement of the enzymatic synthesis of arylalkyl �-d-
glucopyranosides by using ILs as the cosolvents, which were able
to control water activities of the systems, thus improving the yields
(Scheme 1).

dx.doi.org/10.1016/j.molcatb.2011.08.009
http://www.sciencedirect.com/science/journal/13811177
http://www.elsevier.com/locate/molcatb
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Scheme 1. Enzymatic synthesis of various arylalkyl �-d-glucopyranosides in IL-
containing systems.
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. Materials and methods

.1. Materials

1-Butyl-3-methylimidazole tetrafluoroborate ([BMIm]BF4,
97%), 1-butyl-2, 3-dimethylimidazole tetrafluoroborate

[BMMIm]BF4, ≥97%), 1-butyl-3-methylimidazole iodide
[BMIm]I, ≥98%), 1,3-dimethylimidazole methylsulfate
[MMIm]MeSO4, ≥98%) and salidroside were purchased from
igma–Aldrich (USA). 1-Butyl-3-methylimidazole octylsulfate
[BMIm]C8SO4, ≥98%) was from Merck (Germany). 1-Butyl-
-methylimidazole hexafluorophosphate ([BMIm]PF6, ≥96%),
-hexyl-3-methylimidazole tetrafluoroborate ([HMIm]BF4,
96%), 1-butyl-3-methylimidazole chloride ([BMIm]Cl, ≥96%),
-ethoxyethyl-3-methylimidazole chloride ([EOEMIm]Cl, ≥96%),
nd 1-acetoxyethyl-3-methylimidazole chloride ([AcOEMIm]Cl,
96%) were from Lanzhou Institute of Chemical Physics (China).
-Nitrophenol, 4-nitrobenzyl alcohol and tyrosol were from
infeng Chemical Co., (Shanghai, China). 4-Hydroxybenzyl
lcohol, 4-methoxybenzyl alcohol, 3-methoxybenzyl alcohol, 2-
ethoxybenzyl alcohol and phenethyl alcohol were obtained from
aiqu Chemical Co., (Shanghai, China). Ethylene glycol diacetate

EGDA) was from TCI (Japan). Prune seeds were from local food
rocessing company. The defatted prune seed meal (23.7 U/g) was
repared and the enzyme activity was assayed as described by Yu
t al. [11]. One unit of hydrolytic activity was defined as the amount
f enzyme that released 1 �mol  4-nitrophenol per minute at pH
.0 and 50 ◦C. All other chemicals are of high purity commercially
vailable.

.2. General procedure for enzymatic glucosylation

d-Glucose (0.5 mmol) and alcohol (5 mmol) were added to 2 ml

ixture of 10% (v/v) phosphate buffer (pH 6.0, 50 mM)  and organic

olvent. The reaction was initiated by adding 5.5 U crude enzyme
defatted prune seed meal) at 50 ◦C and 200 rpm. Aliquots were
ithdrawn from the reaction mixture at specified time intervals,

nd then diluted by 25-fold with the corresponding mobile phase
rior to HPLC analysis.
lysis B: Enzymatic 74 (2012) 24– 28 25

2.3. HPLC analysis

HPLC analysis was carried out on an Agilent 1100 chromato-
graph with a variable wavelength detector and a Zorbax Eclipse
Plus C18 column (4.6 mm × 250 mm,  5 �m,  Agilent). The flow rate
and column temperature were 1.0 ml/min and 30 ◦C, respectively.
The absorption wavelength for HPLC analysis was  257 nm,  with the
exception of the analysis of salidroside 3d at 275 nm. A gradient
elution with methanol/water being 60/40 (v/v) from 0 to 4 min,
and then methanol/water being 80/20 (v/v) at 6.0 min was  used.
The retention times of the compounds 3a–h were 3.02, 3.47, 2.52,
2.58, 3.06, 3.20, 3.28 and 3.09 min, respectively. The peak of salidro-
side 3d was  identified by comparison with the retention time of
authentic standard. Yields were calculated by the ratio of the actual
product concentration to the theoretic product concentration based
on d-glucose. The analytical errors were less than 1%.

2.4. Structure characterization

The structures of glycosides were determined by 1H and
13C NMR  (Bruker AVANCE Digital 400 MHz  NMR  spectrometer,
Germany) at 400 and 100 MHz, respectively. NMR  data of the com-
pound 3a is the same as reported previously [20].

Phenethyl ˇ-d-glucopyranoside 3b. 1H NMR  (DMSO-d6): ı
2.80–2.90 (m,  2H, H7), 2.94–2.99 (m,  1H, H4′ ), 3.01–3.17 (m,  3H,
H2′ + H3′ + H5′ ), 3.41–3.46 (m,  1H, 10.45, H6′ ), 3.62–3.68 (m,  2H,
H8), 3.91–3.98 (m,  1H, H6′ ), 4.19 (d, 1H, J = 7.6 Hz, H1′ ), 4.47 (t, 1H,
J = 6.0 Hz, OH6′ ), 4.88 (d, 1H, J = 4.8 Hz, OH3′ ), 4.91 (d, 1H, J = 4.4 Hz,
OH4′ ), 4.96 (d, 1H, J = 4.8 Hz, OH2′ ), 7.19–7.21 (m,  1H, H4), 7.27–7.30
(m,  4H, H2 + H3 + H5 + H6). 13C NMR  (DMSO-d6): ı 35.62 (C2), 61.10
(C6′ ), 69.39 (C4′ ), 70.12 (C2′ ), 73.14 (C3′ ), 76.77 (C1), 76.84 (C5′ ),
102.80 (C1′ ), 125.97 (C4), 128.14 (C3 + C5), 128.83 (C2 + C6), 138.69
(C1).

4-Hydroxybenzyl ˇ-d-glucopyranoside 3c. 1H NMR  (DMSO-d6):
ı 2.97–3.15 (m,  4H, H2′ + H3′ + H4′ + H5′ ), 3.43–3.49 (m,  1H, H6′ ),
3.68–3.72 (m,  1H, H6′ ), 4.19 (d, 1H, J = 7.8 Hz, H1′ ), 4.45 (d, 1H,
J = 11.4 Hz, H7), 4.53 (t, 1H, J = 5.8 Hz, OH6′ ), 4.70 (d, 1H, J = 11.4 Hz,
H7), 4.91 (apparent dd, 2H, OH3′ + OH4′ ), 5.01 (d, 1H, J = 4.8 Hz, OH2′ ),
6.73 (apparent d, 2H, H3 + H5), 7.18 (apparent d, 2H, H2 + H6), 9.35 (s,
1H, OH4). 13C NMR  (DMSO-d6): ı 61.08 (C6′ ), 69.31 (C4′ ), 70.11 (C2′ ),
73.38 (C3′ ), 76.71 (C7), 76.78 (C5′ ), 101.57 (C1′ ), 114.74 (C3 + C5),
127.97 (C1), 129.37 (C2 + C6), 156.64 (C4).

4-Methoxylbenzyl ˇ-d-glucopyranoside 3e. 1H NMR  (DMSO-d6):
ı 2.99–3.14 (m,  4H, H2′ + H3′ + H4′ + H5′ ), 3.44–3.50 (m,  1H, H6′ ),
3.68–3.73 (m,  1H, H6′ ), 3.74 (s, 3H, OCH3), 4.20 (d, 1H, J = 7.7 Hz,
H1′ ), 4.49–4.53 (m,  2H, H7 + OH6′ ), 4.76 (d, 1H, J = 11.7 Hz, H7), 4.89
(d, 1H, J = 4.7 Hz, OH4′ ), 4.92 (d, 1H, J = 4.6 Hz, OH3′ ), 5.04 (d, 1H,
J = 4.9 Hz, OH2′ ), 6.91 (apparent d, 2H, H3 + H5), 7.32 (apparent d, 2H,
H2 + H6). 13C NMR  (DMSO-d6): ı 54.94 (OCH3), 61.07 (C6′ ), 69.04
(C4′ ), 70.08 (C7), 73.37 (C2′ ), 76.68 (C3′ ), 76.81 (C5′ ), 101.65 (C1′ ),
113.41 (C3 + C5), 129.22 (C2 + C6), 129.76 (C1), 158.56 (C4).

3-Methoxylbenzyl ˇ-d-glucopyranoside 3f. 1H NMR  (DMSO-d6):
ı 3.01–3.17 (m,  4H, H2′ + H3′ + H4′ + H5′ ), 3.44–3.50 (m,  1H, H6′ ),
3.67–3.72 (m,  1H, H6′ ), 3.75 (s, 3H, OCH3), 4.22 (d, 1H, J = 7.7 Hz, H1′ ),
4.53 (t, 1H, J = 5.9 Hz, OH6′ ), 4.59 (d, 1H, J = 12.6 Hz, H7), 4.81 (d, 1H,
J = 12.6 Hz, H7), 4.89 (d, 1H, J = 4.6 Hz, OH4′ ), 4.93 (d, 1H, J = 4.6 Hz,
OH3′ ), 5.13 (d, 1H, J = 4.9 Hz, OH2′ ), 6.84 (dd, 1H, J = 2.4, 8.2 Hz, H4),
6.95 (d, 1H, J = 7.6 Hz, H2), 7.01 (s, 1H, H6), 7.26 (t, 1H, J = 7.9 Hz, H5).
13C NMR  (DMSO-d6): ı 55.63 (OCH3), 61.96 (C6′ ), 69.91 (C4′ ), 71.03
(C7), 74.19 (C2′ ), 77.50 (C3′ + C5′ ), 102.74 (C1′ ), 113.57 (C4), 113.67
(C2), 120.20 (C6), 129.59 (C5), 140.37 (C1), 159.94 (C3).

2-Methoxylbenzyl ˇ-d-glucopyranoside 3g. 1H NMR  (DMSO-d6):

ı 3.03–3.18 (m,  4H, H2′ + H3′ + H4′ + H5′ ), 3.43–3.49 (m,  1H, H6′ ),
3.67–3.72 (m,  1H, H6′ ), 3.78 (s, 3H, OCH3), 4.25 (d, 1H, J = 7.7 Hz,
H1′ ), 4.52 (t, 1H, J = 5.9 Hz, OH6′ ), 4.60 (d, 1H, J = 13.5 Hz, H7), 4.83
(d, 1H, J = 13.5 Hz, H7), 4.89 (d, 1H, J = 4.8 Hz, OH4′ ), 4.92 (d, 1H,
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 = 4.7 Hz, OH3′ ), 5.08 (d, 1H, J = 4.9 Hz, OH2′ ), 6.91–6.98 (m,  2H,
3 + H4), 7.23–7.28 (m,  1H, H5), 7.48–7.50 (m,  1H, H6). 13C NMR

DMSO-d6): ı 55.05 (OCH3), 60.96 (C6′ ), 64.25 (C4′ ), 70.11 (C2′ ),
0.06 (C3′ ), 73.30 (C7), 76.54 (C5′ ), 102.14 (C1′ ), 110.28 (C3), 119.74
C5), 126.05 (C4), 127.89 (C1 + C6), 156.12 (C2).

4-Nitrobenzyl ˇ-d-glucopyranoside 3h.  H NMR  (DMSO-d6): ı
.05–3.20 (m,  4H, H2′ + H3′ + H4′ + H5′ ), 3.44–3.49 (m,  1H, H6′ ),
.68–3.72 (m,  1H, H6′ ), 4.29 (d, 1H, J = 7.7 Hz, H1′ ), 4.55 (t, 1H,

 = 5.8 Hz, OH6′ ), 4.77 (d, 1H, J = 14.0 Hz, H7), 4.92–4.98 (m,  3H,
H3′ + OH4′ + H7), 5.21 (d, 1H, J = 4.7 Hz, OH2′ ), 7.69 (apparent d,
H, H2 + H6), 8.22 (apparent d, 2H, H3 + H5). 13C NMR  (DMSO-d6):

 61.04 (C6′ ), 68.39 (C4′ ), 70.02 (C2′ ), 73.42 (C3′ ), 76.59 (C7), 76.94
C5′ ), 102.36 (C1′ ), 123.17 (C3 + C5), 127.96 (C2 + C6), 146.29 (C1),
46.65 (C4).

. Results

.1. Effects of organic solvents and their contents on enzymatic
ynthesis of salidroside

Four water-miscible organic solvents including EGDA, t-butanol,
ioxane and acetone were tested as the cosolvents for the enzy-
atic synthesis of salidroside (Fig. 1). As shown in Fig. 1a, the

nitial reaction rates were comparable in the media containing
rganic solvents of the same content. In 90% (v/v) organic solvent-
ontaining systems, for example, the initial reaction rates ranged
rom 3.1 to 3.5 mM/h. Besides, the initial reaction rates increased

ith the decrease of the contents of organic solvents and to

he highest when the content of organic solvents decreased to
0% (v/v), with the exception of dioxane-containing systems. The

ig. 1. Effects of organic solvents and their contents on the initial reaction rate (a)
nd  yield (b) in the enzymatic synthesis of salidroside 3d. Conditions: 0.5 mmol
lucose, 5 mmol  tyrosol, 5.5 U prune seed meal, organic solvent-phosphate buffer
pH 6.0, 50 mM),  total volume 2 ml,  50 ◦C, 200 rpm. 90%, 85%, 80% and 70% represent
olume percent of corresponding organic solvents in the reaction systems.
lysis B: Enzymatic 74 (2012) 24– 28

highest initial reaction rate (3.9 mM/h) was afforded in 80% (v/v)
EGDA-containing system.

On the contrary, the yields decreased significantly with the
decrement of the contents of organic solvents (Fig. 1b). For exam-
ple, a yield of 17% was achieved in 90% (v/v) t-butanol-containing
system, while the yield decreased to 12% in the presence of 70%
(v/v) t-butanol. And the best yield (18%) was  furnished in 90%
(v/v) EGDA-containing system. The results showed that among four
organic solvents, EGDA was the best for the enzymatic synthesis of
salidroside.

3.2. Effects of ILs and their contents on enzymatic synthesis of
glucosides

Table 1 showed the effect of a variety of ILs on the enzymatic
synthesis of salidroside. It was found that the initial reaction rates
(3.0–3.3 mM/h) decreased slightly upon addition of several widely
used ILs such as those containing BF4

− and PF6
− anions, but the

improved yields (20–21%) were obtained except for that (17%)
in [BMIm]PF6-containing system (Table 1, entries 2–5). As shown
in Table 1 (entries 6–8), similarly, the addition of [BMIm]C8SO4,
[MMIm]MeSO4 and [BMIm]I resulted in slower reaction rates and
higher yields (20–22%). However, the enzyme displayed extremely
low activities and even no activity in the presence of 10% (v/v) dena-
turing ILs such as [BMIm]Cl, [EOEMIm]Cl and [AcOEMIm]Cl, and the
enzymatic reactions afforded low yields (Table 1, entries 9–11).

With the enzymatic synthesis of salidroside 3d and 4-
nitrobenzyl �-d-glucopyranoside 3h as model reactions, the
contents of ILs were optimized (Table 2). In the synthesis of 3d,  the
optimum contents of [BMIm]BF4, [BMMIm]BF4, and [BMIm]C8SO4
were 10–15% (v/v) and the yields were increased to 21%. In the cases
of [BMIm]C8SO4- and [BMIm]I-containing systems, the optimum
contents of the two ILs were 10% (v/v). And among all the examined
IL-containing systems, the best result (a yield of 22%) was  obtained
in 10% (v/v) [BMIm]I-containing system. However, the optimum
content of the hydrophobic IL [BMIm]PF6 was  5% (v/v), in which the
improvement of the yield was negligible. Interestingly, such “dena-
turing” ILs as [BMIm]Cl, [EOEMIm]Cl and [AcOEMIm]Cl were found
to enhance the enzymatic glucosylation at the optimum contents,
affording higher yields (20%).

It was  found that in the enzymatic synthesis of 3h,  the optimum
contents of all the ILs were the same as those in the synthesis of 3d.
For example, the optimum content of [BMIm]BF4 and [EOEMIm]Cl
were 15% and 5% (v/v), respectively. It seemed not to be occa-

sional since similar phenomena occurred in the synthesis of 3e
(Table 1S, available as supplementary material). Also, the highest
yield (15%) was obtained in 10% (v/v) [BMIm]I-containing system.

Table 1
Effect of ILs on enzymatic synthesis of salidroside 3d.

Entry IL V0 (mM/h) Yield (%)

1 – 3.5 18
2  [BMIm]BF4 3.0 21
3  [BMMIm]BF4 3.0 21
4  [HMIm]BF4 3.3 20
5  [BMIm]PF6 3.2 17
6 [BMIm]C8SO4 2.9 20
7  [MMIm]MeSO4 3.0 21
8  [BMIm]I 3.1 22
9  [BMIm]Cl 0 0

10  [EOEMIm]Cl 0.5 9
11  [AcOEMIm]Cl 0.4 2

Conditions: 0.5 mmol glucose, 5 mmol tyrosol, 5.5 U prune seed meal, EGDA-10%
(v/v) IL-10% (v/v) phosphate buffer (pH 6.0, 50 mM), total volume 2 ml,  50 ◦C,
200  rpm. Reaction time: 72 h.
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Table  2
Effects of ILs and their contents on the enzymatic synthesis of the compounds 3d and 3 h.

IL 3d 3h

Optimum content (%, v/v) Yield (%)/relative yield (%) Optimum content (%, v/v) Yield (%)/relative yield (%)

The control – 18/100 – 10/100
[BMIm]BF4 10–15 21/117 15 14/140
[BMMIm]BF4 10–15 21/117 15 13/130
[BMIm]C8SO4 15 21/117 15 13/130
[BMIm]I 10 22/122 10 15/150
[HMIm]BF4 10 20/111 10 12/120
[BMIm]PF6 5 18/100 5 11/110
[BMIm]Cl 2.5 20/111 2.5 12/120
[EOEMIm]Cl 5 20/111 5 12/120
[AcOEMIm]Cl 5 20/111 5 12/120
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onditions: 0.5 mmol glucose, 5 mmol  alcohol, 5.5 U prune seed meal, EGDA-vario
00  rpm.

.3. Enzymatic synthesis of arylalkyl glycosides in
BMIm]I-containing system

The synthesis of a group of arylalkyl �-d-glucopyranosides
atalyzed by prune seed meal was performed in 10% (v/v) [BMIm]I-
ontaining system (Table 3). The enzymatic glucosylation of benzyl
lcohol afforded the product 3a with a 21% yield (Table 3,
ntry 1). And the yield decreased to 17% with the elongation
f alkyl chain (Table 3, entry 2). The highest yield (28%) was
btained after 68 h in the synthesis of 4-hydroxybenzyl �-D-
lucopyranoside 3c (Table 3, entry 3). As shown in Table 3 (entries
–7), in the enzymatic glycosylation of a series of methoxy-
ubstituted benzyl alcohol, the highest yield (26%) was  furnished
or 4-methoxybenzyl �-d-glucopyranoside 3e,  and lower (22%) for
-methoxybenzyl �-D-glucopyranoside 3f,  and the lowest (15%) for
-methoxybenzyl �-d-glucopyranoside 3g.  Besides, 4-nitrobenzyl
-d-glucopyranoside 3h was synthesized with a yield of 15% after
0 h (Table 3, entry 8).

. Discussion

t-Butanol and dioxane were widely used as organic cosolvents
n glycosides synthesis [11,20]. However, little attention was paid
o the enzymatic glycosylation in EGDA-containing systems [21].
he results showed that EGDA as the cosolvent was slightly bet-
er than other three organic solvents at the same content. Besides,
ompared to dioxane that is classified by the international agency
or research on cancer (IARC) as a Group 2B carcinogen, EGDA is

 green and safe solvent. And it has many good features such as
low evaporating rate, good flow properties and biodegradability.

ore importantly, unlike t-butanol, EGDA is partially miscible with
ater. So upon completion of the reaction, two  phases would be

ormed by adding water, thus remarkably simplifying the down-
tream processing. In addition, the initial reaction rates increased,

able 3
nzymatic synthesis of various glucosides in [BMIm]I-containing system.

Entry Glucoside Time (h) Yield (%)

1 3a 42 21
2  3b 42 17
3 3c  68 28
4  3d 72 22
5  3e 50 26
6  3f 50 22
7  3g 50 15
8  3h 50 15

onditions: 0.5 mmol  glucose, 5 mmol  alcohol, 5.5 U prune seed meal, EGDA-10%
v/v) [BMIm]I-10% (v/v) phosphate buffer (pH 6.0, 50 mM), total volume 2 ml,  50 ◦C,
00 rpm.
ntent of IL-10% (v/v) phosphate buffer (pH 6.0, 50 mM), total volume 2 ml, 50 ◦C,

with decreasing contents of the organic solvents, while the yields
deceased significantly. The possible reason might be that reverse
hydrolysis is thermodynamically controlled, and a low water activ-
ity is desirable to shift the reaction equilibrium toward synthesis,
thus leading to a higher yield [7,8]. On the other hand, the gly-
cosidases are amenable to denaturation at a low water activity
[13,22].

Zhao proposed that like the ions, the effects of ILs on the enzyme
activity and stability followed the Hofmeister series in aqueous
solutions of hydrophilic ILs: kosmotropic anions and chaotropic
cations stabilize enzymes while chaotropic anions and kosmotropic
cations destabilize them [23]. The kosmotropicity of the anions
follow a decreasing order: Cl− > I− > BF4

− > PF6
−; according to the

abovementioned principle, the enzyme activity should be the high-
est in Cl−-containing system, and lower in I−-containing system,
the lowest in PF6

−-containing system. Nevertheless, indeed, no
activity was observed in [BMIm]Cl-containing system (Table 1,
entry 9), and the enzyme activity in [BMIm]PF6-containing system
was  comparable to those in [BMIm]BF4- and [BMIm]I-containing
systems (Table 1, entries 2, 5 and 8). Obviously, the effects of ILs
on the enzyme activity did not follow the Hofmeister series in the
present work, which might be ascribed to the presence of low con-
tent of water (10%, v/v) in the systems, thus preventing ILs from
dissociating into individual ions.

As compared to that (3.5 mM/h) in the control, the initial reac-
tion rates (2.9–3.3 mM/h) were slightly lower in IL-containing
systems (Table 1, entries 2–8), which might stem from the high
viscosities of ILs. The most extensively used ILs such as those with
BF4

− were able to promote the enzymatic reactions, thus lead-
ing to higher yields (Table 1, entries 2–4), while a slightly lower
yield (17%) was  obtained in [BMIm]PF6-containing system (Table 1,
entry 5). The possible reason is that [BMIm]PF6 is a hydrophobic IL,
which has more poor ability of lowering water activity than those
hydrophilic ILs. Previously, [MMIm]MeSO4 was  demonstrated to
enable to improve the yields and/or the enzyme stability in the
enzymatic glycosylation reactions [16,17]. Also, a higher yield (21%)
was  achieved with this IL as the cosolvent (Table 1, entry 7). Inter-
estingly, unlike its counterparts containing Cl− and Br− anions, the
novel IL [BMIm]I did not denature the enzyme. In addition, the
enzymatic glycosylation of tyrosol was enhanced by adding this IL,
affording a higher yield (Table 1, entry 8). To the best of our knowl-
edge, the biocatalytic application of this IL was reported for the first
time. The significant denaturation of the enzyme in the systems
containing Cl− anion (Table 1, entries 9–11) might be attributed to
high hydrogen bond basicity of this anion [14,24–26].
Table 2 showed that the optimization led to significant incre-
ment of the yields in the systems containing the denaturing ILs
[BMIm]Cl, [EOEIm]Cl and [AcOEMIm]Cl. In the enzymatic synthesis
of salidroside 3d,  the denaturation of the enzyme was  remarkably
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elieved by reducing the contents of these ILs, thus giving satis-
actory yields (20%). Likewise, slightly higher yields (12%) were
chieved in the synthesis of 3h under the optimum contents of
hese ILs. To date, few enzymes were reported to be active in the
enaturing ILs [27]. The striking results revealed that this biocata-

yst (the prune seed meal) was strongly resistant to nonaqueous
edia including the denaturing ILs, displaying great synthetic

pplication potential. Although the yield was only increased by
–5% in the absolute value, which was not as significant as we
xpected, the addition of IL cosolvents led to significant improve-
ents of the relative yields within the range from 0.2- to 0.5-fold.

t was expected that the yields would be improved further by
oupling the “solvent engineering” with in situ product removal
10,11,28].

As shown in Table 3, the effect of the structures of the gly-
osyl acceptors, especially the chain length of the alkyl, on the
nzymatic reaction is remarkable. For example, the enzymatic glu-
osylation of benzyl alcohol 2a afforded the product 3a with a yield
f 21%, whereas the yield (17%) was lower with phenethyl alco-
ol 2b as the glycosyl acceptor. Similarly, the glucosylation yield
28%) of 4-hydroxybenzyl alcohol 2c was higher than that (22%)
f 4-hydroxyphenethyl alcohol 2d.  Sheldon and coworkers pro-
osed that the equilibrium yield was reduced by about 40% for
ach extra carbon atom [7].  In addition, the enzyme preferred cat-
lyzing the glucosylation of 4-hydroxy substituted aryl alcohols to
hat of no substituted analogs (Table 3, entries 1 and 3, 28% vs.
1%; entries 2 and 4, 22% vs. 17%). Besides, 4-methoxy substitution
esulted in a higher yield (26%, Table 3, entry 5). The substitution
attern of the methoxyl on phenyl ring exerted a great effect on
he yields (Table 3, entries 5–7). The yield was the highest for the
ara-substituted benzyl alcohol, and lower for the meta-substituted
ounterpart, and the lowest for the ortho-substituted counterpart.
t might derive from the steric hindrance. The lowest yield (15%)

as obtained in the glucosylation of 4-nitrobenzyl alcohol, which
ight be attributed to the electronic effect and/or steric strain of

he strong electron-withdrawing NO2 group [29]. Similarly, Xu and
oworkers reported that the yield was the lowest for the glucosyla-
ion of 4-nitrobenzyl alcohol catalyzed by apple seed meal among

 series of 4-substituted benzyl alcohol [20].

. Conclusions

In conclusion, the ILs proved to be excellent cosolvents to low-
ring the water activity of the reaction system, thus improving the
eaction equilibrium yields. Interestingly, the IL with halo anion
BMIm]I not only did not inactivate the enzyme, but also pro-

oted the enzymatic glucosylation. Besides, the crude enzyme

rom prune seeds was highly active in the systems containing lower
ontents (2.5–5%) of denaturing ILs such as [BMIm]Cl, [EOEIm]Cl
nd [AcOEMIm]Cl, displaying great application potential in
ynthetic organic chemistry.
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