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Increasing the Activity and Enantioselectivity of 

Lipases by Sol-Gel Immobilization: Further 

Advancements of Practical Interest 

Patrick Tielmann,a Hans Kierkels,b Albin Zonta,a Adriana Ilie,a,c and Manfred T. 
Reetza,c,* 

The entrapment of lipases in hydrophobic silicate matrices formed by sol-gel mediated 

hydrolysis of RSi(OCH3)3/Si(OCH3)4  as originally reported in 1996 has been improved over 

the years by a number of modifications. In the production of second-generation sol-gel lipase 

immobilizates, a variety of additives during the sol-gel process lead to increased activity and 

enhanced stereoselectivity in esterifying kinetic resolution. Recent advances in this type of 

lipase immobilization is reviewed here, in addition to new results regarding the sol-gel 

entrapment of the lipase from Burkholderia cepacia. It constitutes an excellent heterogeneous 

biocatalysts in the acylating kinetic resolution of two synthetically and industrially important 

chiral alcohols, rac-sulcatol and rac-trans-2-methoxycyclohexanol. The observation that the 

catalyst can be used 10 times in recycling experiments without losing significant activity or 

enantioselectivity demonstrates the practical viability of the sol-gel approach. 

 

1 Principles and Early Results 

Many different enzymes are available to the practicing organic 

chemist and biotechnologist for a variety of different 

transformations.1-4 One of the milestones in the application of 

enzymes as catalysts in synthetic organic chemistry was the 

discovery that numerous enzymes can be used in non-aqueous 

media, allowing transformations of synthetic interest to be 

performed that are not possible in the natural aqueous 

environment.5-6 An example of significant synthetic importance 

is the use of lipases (EC 3.1.1.3) as catalysts in organic 

solvents. These enzymes are the most often used biocatalysts in 

synthetic organic chemistry, catalyzing the hydrolysis of  

carboxylic acid esters in aqueous medium or the reverse 

reaction (esterification) as well as transesterification in organic 

solvents.7-16 When working in organic media, nucleophiles 

other than alcohols can be used, e.g., amines or H2O2 affording 

amides or peroxy carboxylic acid, respectively. Numerous 

examples involving enantioselectivity in the production of 

chiral alcohols, amines and carboxylic acids have been 

reported, as for example in the kinetic resolution of chiral 

amines by the BASF process.17 Lipases are structurally and 

mechanistically characterized by a so-called lid. When 

hydrophobic substrates interact with certain hydrophobic 

regions of a lipase, the lid opens and thus exposes the binding 

pocket and the catalytic triad composed of serine, histidine and 

aspartate in a process called interfacial activation.7-16,18,19 

 When performing reactions in organic solvents, 

commercially available lipase powders are often employed.5-16 

Inspite of the obvious advantages in such simple protocols, 

several drawbacks need to be considered, primarily the 

considerably reduced lipase activities relative to those observed 

in aqueous medium, and the extreme difficulty in recycling the 

enzyme. For real (industrial) applications of lipases some form 

of immobilization is necessary which allows for efficient 

separation and re-use of the enzyme, biocatalyst recyclization 

over many cycles of application being ideal. Moreover, a highly 

desirable feature of immobilization would be increased activity 

and perhaps even enhanced enantioselectivity. Several 

approaches have been described as summarized in the recent 

monograph edited by Guisan.20 In our work we focused on sol-

gel encapsulation, which is reviewed here. New data is also 

presented which lends support to previous conclusions. 

 Sol-gel encapsulation has proven to be a particularly easy 

and effective way to immobilize many different types of 

enzymes.21 Following isolated reports describing 

immobilization of enzymes in silicates,22,23 it was the seminal 

work of Avnir and co-workers which led to the generalization 

of the sol-gel technique for encapsulating enzymes.21,24,25 Sol-

gel methods involve the acid- or base-catalyzed hydrolysis of 

tetraalkoxysilanes Si(OR)4.
26,27 Mechanistically, the silane-

precursor undergoes hydrolysis and cross-linking condensation 

with formation of an SiO2 matrix in which the enzyme is 

trapped. This type of encapsulation works well for a number of 
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enzymes.21,24,25 However, in the case of lipases, materials were 

obtained which showed disappointingly low enzyme activities, 

as measured by the rate of a model reaction involving the 

esterification of lauric acid by n-octanol in iso-octane as 

solvent.28 Only 5-10% activity relative to the traditional use of 

the respective lipase powder was observed, equivalent to 

relative rates of 0.05 to 0.1. 

 In our early research we speculated that the micro-

environment in SiO2 may be too polar. Therefore we tested 

mixtures of alkylsilanes of the type RSi(OCH3)3 (1) or 

polydimethylsiloxane (PDMS) having non-hydrolyzable 

lipophilic alkyl groups (R) and Si(OCH3)4 (2) (Scheme 1).28 

This strategy was considered because the original silicon oxide 

matrix is now endowed with a hydrophobic character, which 

can facilitate or simulate a type of interfacial activation of the 

entrapped lipase. Basic catalysts such as NaF were used for the 

sol-gel process, because such conditions lead to large pores in 

the silicate matrix.  

 
Scheme 1 Encapsulation of lipases in hydrophobic sol-gel materials.

28-31,36
 

 Indeed, dramatically improved relative lipase activities 

typically amounting to 200-8800% were observed in the model 

reaction involving the esterification of lauric acid with n-

octanol. This corresponds to an enhancement of relative 

enzyme activity by a factor ranging from 2 to 88 with respect to 

the traditional use of the corresponding lipase powder 

(lyophilizate).28,29 Relative activity is defined as [ν(immobilized 

lipase)/ν(commercial lipase)], where ν is the initial rate of the 

reaction in each case. A pronounced increase in thermal 

stability was also observed. In most cases the optimal ratio of 

RSi(OCH3)3 to Si(OCH3)4 turned out to be about 5:1, although 

it was not possible to present an experimental protocol which is 

completely general. Usually CH3Si(OCH3)3 was used as the 

precursor and polyvinyl alcohol (PVA) as an additive, the latter 

possibly acting as a stabilizer of the lipase.28,29  

 Recycling of these first-generation heterogeneous 

biocatalysts was also possible. After 30 consecutive runs, only 

≈15% decrease in activity was observed, probably due to partial 

loss from the outer surface of the support.29 This underscores 

the robustness of these heterogeneous biocatalysts. By 

performing the sol-gel process in the presence of a porous solid 

carrier such as Celite® 577, heterogeneous biocatalysts can be 

obtained having high mechanical stability as well.30,31 

Accordingly, the lipase-containing sol-gel particles are caught 

and fixed in the large pores of the robust solid carrier. In early 

work that followed the original study,28 several useful 

modifications were introduced including variation of the drying 

procedure.32-35 A comprehensive review of sol-gel 

encapsulation of lipases has not appeared, although the basic 

principles were summarized in a 2012 review.36  

 Aside from developing immobilization techniques, other 

researchers reported the positive effects of additives such as 

surfactants, salts or crown ethers on the activity and/or 

enantioselectivity of lipases in solution.37-42 We therefore 

repeated our original sol-gel immobilization of lipases, this 

time in the presence of additives. This led to the second-

generation sol-gel encapsulated lipases, which are highly 

improved heterogeneous biocatalysts for use in organic 

solvents.43 Moreover, they were found to exhibit enhanced 

enantioselectivity in the acylating kinetic resolution of several 

chiral alcohols, although systematic investigations regarding 

this aspect were not strived for, nor was optimization 

performed. These questions are addressed in the present treatise 

by presenting new data which help to define guidelines on how 

to perform optimal sol-gel lipase immobilization. Recent 

contributions by other groups are likewise included. 

2 A New Case Study Leading to General Guidelines 

As already alluded to, a general procedure for entrapping 

lipases in hydrophobic sol-gels does not exist,43 and it is 

unlikely that this will be achieved. However, recommendations 

on how to proceed in a given case are possible, as illustrated 

here using the lipase from Burkholderia cepacia (BcL). 

2.1 Kinetic Resolution of (±)-Sulcatol Using BcL as Catalyst 

The aliphatic secondary alcohol sulcatol occurs as a single 

enantiomer (S)-3 in the beetles Gnathotrichus sulcatus and 

Gnathotrichus retusus, where it serves as a sexual pheromone.44 

Moreover, it is an important chiral building block for the 

synthesis of other biologically active natural products,45,46 

which makes an efficient kinetic resolution protocol for (±)-

sulcatol desirable (Scheme 2). Alternative approaches to the 

synthesis of this compound have been reported.47-50 

rac-3

BcL, vinyl
acetate, rt

OH

organic
solvent

OH O

(S)-3 (R)-4

+

O

 
Scheme 2 Kinetic resolution (±)-sulcatol of (rac-3). 

Several successful approaches to this kinetic resolution have 

been described in the literature applying such lipases as porcine 

pancreas lipase,51-54 Candida antarctica lipase B55 or 

Burkholderia cepacia lipase56,57 (formerly Pseudomonas 

cepacia). A systematic investigation of the influence of 

different solvents on the enantioselectivity of Burkholderia 

cepacia lipase in the kinetic resolution of (±)-sulcatol was also 

described.58 Accordingly, the enantioselectivity as measured by 

the selectivity factor (E-value)59 varies significantly as a 

function of the solvent (e.g., hexane (28.5), cyclohexane (10.9), 

benzene (38), tetrahydrofuran (24.9) and methyl tert-butyl ether 

(12).58 
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 Preliminary experiments using our second-generation sol-

gel immobilizates appeared promising.60 Therefore, we 

performed a systematic investigation of the kinetic resolution of 

(±)-sulcatol (rac-3) by testing various sol-gel immobilizates of 

Burkholderia cepacia lipase (BcL) in methyl tert-butyl ether 

(MTBE) and THF as solvents. Both solvents had been shown to 

induce notable changes in enantioselectivity.58 Likewise 

considered is the influence of the alkyl groups in the precursor 

silane 1, different additives (18-crown-6, KCl, methyl-β-

cyclodextrin and Tween® 80) and an additional solid carrier 

(Celite® 577) upon which the sol-gel lipase immobilizates can 

be supported for additional mechanical stability.30 The results 

are summarized in Tables 1 and 2. 

 

 

Table 1 Acylating kinetic resolution of rac-3 using n-propyl-substituted sol-gel immobilizates of Burkholderia cepacia lipase. All reactions were performed 
twice (see brackets). MTBE : methyl tert-butyl ether; THF : tetrahydrofuran. 

Enzyme/ 
Additive 

Solvent 
Quantity 
(mg) 

Time 
(h) 

Conversion 
(%) 

ee ((S)- 
alcohol) (%) 

ee ((R)- 
ester) (%) 

E- 
value 

free enzyme 
MTBE 50 

48 
37 
37 

41 
42 

72 
72 

  9 
  9 

THF 200 48 
22 
24 

26 
28 

92 
91 

29 
29 

immobilizate 
none 

MTBE 10 8 
48 
48 

62 
63 

68 
67 

10 
  9 

THF 20 48 
43 
41 

67 
64 

90 
92 

40 
44 

immobilizate 
1 mmol KCl 

MTBE 10 8 
40 
39 

49 
47 

74 
73 

11 
10 

THF 20 48 
29 
32 

38 
44 

93 
92 

37 
38 

immobilizate 
0.5 mmol 
18-crown-6 
 

MTBE 10 8 
38 
40 

45 
47 

74 
72 

10 
10 

THF 20 48 
22 
26 

26 
34 

94 
93 

43 
38 

immobilizate 
20 mg methyl- 
β-cyclodextrin 

MTBE 10 8 
44 
44 

53 
55 

69 
70 

  9 
10 

THF 20 48 
38 
41 

56 
63 

92 
91 

44 
39 

immobilizate 
120 mg Tween® 80 

MTBE 10 8 
51 
47 

67 
61 

66 
69 

  9 
10 

THF 20 48 
38 
40 

56 
61 

92 
91 

42 
40 
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Table 2 Acylating kinetic resolution of rac-3 using iso-butyl-substituted sol-gel immobilizates of Burkholderia cepacia lipase. All reactions were performed 
twice (see brackets). 

Additive/Support Solvent 
Quantity 
(mg) 

Time 
(h) 

Conversion 
(%) 

ee ((S)- 
alcohol) (%) 

ee ((R)- 
ester) (%) 

E- 
value 

none/none 
MTBE 10 48 

 

45 
40 

54 
47 

68 
70 

  9 
  9 

THF 20 72 
 

19 
27 

21 
33 

92 
92 

29 
34 

none/Celite® 577 
MTBE 10 48 

 

25 
17 

25 
15 

73 
73 

  8 
  8 

THF 20 72 
 

  9 
12 

  9 
13 

89 
95 

19 
42 

60 mg Tween® 80 
MTBE 10 24 

 

45 
48 

56 
62 

69 
67 

10 
  9 

THF 30 72 
 

41 
43 

62 
66 

89 
89 

32 
34 

60 mg Tween® 80/  
Celite® 577 

MTBE 10 24 
 

39 
32 

43 
34 

68 
71 

  8 
  8 

THF 20 72 
 

24 
31 

29 
40 

92 
91 

31 
32 

2 mmol 18-crown-6 
MTBE 10 24 

 

42 
43 

50 
52 

70 
69 

  9 
  9 

THF 30 72 
 

35 
33 

49 
46 

92 
93 

40 
40 

2 mmol 18-crown-6/ 
Celite® 577 

MTBE 10 48 
 

49 
54 

63 
62 

67 
72 

10 
12 

THF 20 72 
 

16 
21 

17 
25 

92 
94 

27 
43 

40 mg methyl- 
β-cyclodextrin 

MTBE 10 24 
 

27 
39 

27 
45 

74 
72 

  9 
  9 

THF 30 72 
 

33 
34 

46 
48 

91 
92 

33 
38 

 

These heterogeneous reactions are reproducible and allow for 

several important conclusions. Firstly, all lipase immobilizates 

show a significantly higher activity in the acylation of (±)-

sulcatol (rac-3) than the commercial lyophilized Burkholderia 

cepacia lipase powder. For instance, using 10 mg of a n-propyl-

modified sol-gel biocatalyst, corresponding to 0.4 mg of lipase, 

conversion reached the desired 50% after only 8 h in MTBE, 

whereas 50 mg of the free enzyme resulted in only 37% 

conversion after 48 h. It is thus clear that sol-gel entrapment 

results in a pronounced increase in catalytic activity relative to 

the use of a non-immobilized enzyme powder. Secondly, the 

activity of the n-propyl-substituted sol-gel biocatalyst proved to 

be much higher than that of the analogous iso-butyl-derived 

immobilizate (to reach the same conversion the reaction time 

had to be increased to 24-48 h in MTBE). Thirdly, the kinetic 

resolution proceeded much faster using MTBE as solvent 

compared to THF (Table 1 and 2), which holds true for the free 

enzyme as well (Table 1). Although additional experiments 

regarding possible differences in enzyme stability as function of 

the two solvents were not performed, we do not believe that 

such an effect is operating. If partial decomposition had 

occurred, a change in activity/enantioselectivity would have 

resulted. For instance, applying 200 mg of the lyophilized 

enzyme powder resulted in a conversion of 23% after 48 h in 

THF, while 50 mg enzyme in MTBE gave 37% conversion. 

Figure 1 gives an overview of the enantioselectivity observed in 

the kinetic resolution of rac-3 using n-propyl-substituted sol-

gel immobilizates. The same applies to Figure 2, which refers 

to the experiments using iso-butyl-substituted sol-gel 

biocatalysts and Celite® 577 as an additional support. 
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Fig. 1 Enantioselectivities obtained in the kinetic resolution of rac-sulcatol (rac-3) 

with n-propyl-substituted sol-gel immobilized Burkholderia cepacia lipase in two 

different solvents. Every second column represents the results of the 

reproduction of the enzymatic reaction. 
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Fig. 2 Enantioselectivities obtained in the kinetic resolution of racemic sulcatol 

(rac-3) with iso-butyl-substituted sol-gel immobilized preparations of 

Burkholderia cepacia lipase in two different solvents. Celite® 577 was used as 

solid support. Every second column represents the results of the reproduction of 

the enzymatic reaction. 

For the n-propyl-substituted sol-gels (Figure 1), a moderate 

solvent effect on enantioselectivity was observed, THF being 

substantially better than MTBE. While the free enzyme in THF 

delivers an E-value of up to 29, the immobilized biocatalyst 

leads to E-values of up to 41, depending upon the exact 

composition. The hydrophobic silicate matrix itself plays the 

most important role in altering the enantioselectivity, whereas 

the additives induce only small effects. The reaction in MTBE 

results in an E-value of approximately 10, irrespective of the 

composition. 

 The situation changes remarkably upon switching to the iso-

butyl-derived immobilizates (Figure 2). In this case, the enzyme 

preparations without additives show hardly any increase in 

enantioselectivity. Upon including additives during the sol-gel 

process, the entrapped enzymes show markedly enhanced E-

values depending on the type of additive. For example, the 

immobilizate prepared in the presence of 18-crown-6 leads to 

an enantioselectivity of E = ~40, while the immobilizate with 

Tween® 80 shows no enhancement. As before the tested 

immobilized enzymes do not show any increase in 

enantioselectivity when the reaction is performed in MTBE. 

 Taking the results together, it is clear that immobilization 

can indeed result in increased enantioselectivity and activity. 

Interestingly, the less optimal choice of the iso-butyl groups can 

be overcome by some additives, while there was no additivity 

observed in case of the n-propyl-substituted sol-gel materials. 

Since in both cases the highest obtained enantioselectivities 

level off around E-values of 40–45, it seems that this represents 

a kind of an upper limit for enhancing the enantioselectivity in 

this particular kinetic resolution. Finally, the solvent also plays 

a substantial role in this kinetic resolution reaction. While the 

reaction proceeds much faster but with lower enantioselectivity 

in MTBE, the lower reaction rate in THF is still high enough 

for practical purposes while ensuring high enantioselectivity. 

One possible explanation might be that the binding pocket of 

the enzyme is differently occupied by the two solvents. During 

catalysis some THF molecules may still reside in the catalytic 

pocket, inducing additional steric interactions. 

2.2 Kinetic Resolution of rac-trans-2-Methoxycyclohexanol Using 

BcL as Catalyst 

The kinetic resolution of rac-trans-2-methoxycyclohexanol 

(rac-trans-5) (Scheme 3) served as a second test system. 

Obtaining this compound in enantiopure form, especially the 

enantiomer (S,S)-5, is of industrial interest since this chiral 

compound is an important intermediate in the synthesis of 

novel tricyclic β-lactam antibiotics such as sanfetrinems (8), 

patented by GlaxoWellcome in 1991.61,62 

 
Scheme 3 Kinetic resolution of rac-trans-2-methoxycyclohexanol (rac-trans-5) 

with formation of (S,S)-5 and its known transformation into the antibiotic 8. 

Several enzymatic approaches for the enantioselective synthesis 

of (S,S)-5 have been developed. As early as 1989 Schneider et 

al. reported on a highly enantioselective hydrolytic kinetic 

resolution of the acetate derived from rac-trans-5 using the 

lipase Pseudomonas sp.63 Other groups have also described the 

kinetic resolution of 2-methoxycyclohexanol-derived esters,64,65 

but these approaches require the preparation of the esters prior 

to performing the hydrolytic kinetic resolution reaction. 

Enantioselective acylation of the starting alcohol avoids the 

additional esterification step, a strategy that has been 

implemented by several groups.66,67 The industrial process 

employing Candida antarctica lipase B (Novozyme 435) and 

vinyl acetate as the acylating agent deserves special attention, 

because the reaction essentially stops at 50–55% conversion 

after 10 hours delivering (S,S)-5 in >98% enantiomeric 

purity.66,67  

 Since our initial attempts to apply sol-gel immobilized 

Burkholderia cepacia lipase in the kinetic resolution of rac-

trans-5 proved to be promising, we embarked on a systematic 

study using different immobilizates, the focus being on the 

activity and recyclability of the enzyme preparations. In doing 

so, only the n-propyl-derived sol-gel materials were considered, 

because they had been shown to be most active in preliminary 

experiments. Here, the relative activity could be increased to a 

factor of 160 by sol-gel immobilization without compromising 

the high enantioselectivity. In order to establish a GC-based 

analytical system for the determination of activity and 

enantiomeric excess (ee) of substrate and product, the racemic 
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acylated trans-2-methoxycyclohexanol was prepared by 

published procedures.64-67  

 Subsequently we investigated the kinetic resolution of rac-

trans-5 using vinyl acetate as the acylating agent and various 

immobilizates of Burkholderia cepacia lipase as the 

heterogeneous biocatalysts (Figure 3 and Table 3). 

 Figure 3 shows that in all cases the desired product (R,R)-6 

was obtained with >99% ee after 18 h. The corresponding ee of 

the substrate (S,S)-5 was found to vary somewhat, depending 

upon the nature of the immobilizate (up to 93% ee). This can be 

attributed primarily to the different activity of the 

immobilizates and therefore to the %-conversion, rather than to 

true differences in stereoselectivity. Table 3 shows that in all 

cases E-values considerably higher than 100 were observed. A 

more detailed investigation of the initial reaction rate 

corroborated the conclusion that the immobilizate containing 

Tween® 80 leads to the highest activity. Compared to the free 

enzyme in powder form, the reaction proceeds 205-times faster. 

However, the enzyme preparation without additive led to a 

relative activity of 179, which shows that the major positive 

effect originates from the actual encapsulation in the 

hydrophobic silicate matrix. 

fr
e
e
e
n
z
ym

e
*

im
m
o
b
ili
z
a
te

im
m
o
b
ili
z
a
te
w
it
h
K
C
l

im
m
o
b
ili
za
te

w
it
h
1
8
-c
ro
w
n
-6

im
m
o
b
ili
z
a
te
w
it
h
c
yc
lo
d
e
xt
ri
n

im
m
o
b
ili
z
a
te
w
it
h
T
w
e
e
n
8
0

conversion (%)

ee (substrate) (%)

ee (product) (%)
0

10

20

30

40

50

60

70

80

90

100

 
Fig. 3 Results of the kinetic resolution of rac-trans-5 using different n-propyl-

substituted sol-gel preparations of Burkholderia cepacia lipase after 18 h (48 h 

and tenfold increase in quantity in the case of the free enzyme for comparison 

reasons). Every second column represents the results of the reproduction of the 

enzymatic reaction. 

 

 

Table 3 Results of the kinetic resolution of rac-trans-5 using n-propyl-substituted sol-gel immobilizates of Burkholderia cepacia lipase. 

Enzyme 
Additive 

Quantity 
(mg) 

Time  
(h) 

Conversion 
(%) 

ee ((S,S)- 
alcohol) (%) 

ee ((R,R)- 
ester) (%) 

E-value 

free enzyme 100 48 
43  
44 

73  
77 

99  
99 

>100 

immobilizate 
none 

10 18 
48  
46 

90 
85 

99  
99 

>100 

immobilizate 
1 mmol KCl 

10 18 
43  
42 

74  
73 

99  
99 

>100 

immobilizate 
0.5 mmol 18-crown-6 

10 18 
41  
40 

68  
66 

99  
99 

>100 

immobilizate 
20 mg methyl- 
β-cyclodextrin 

10 18 
46  
48 

84 
93 

99  
99 

>100 

immobilizate 
120 mg Tween® 80 

10 18 
47  
48 

88  
92 

99  
99 

>100 

 

Having highly active enzyme preparations in hand, the 

important question of recyclability of the sol-gel biocatalysts 

was addressed. For this purpose the lipase immobilizate without 

additive and the one with Tween® 80 were used in the kinetic 

resolution of rac-trans-5 and recycled nine times. In these 

studies the initial reaction mixtures were shaken for 3 h and 

analyzed by GC. Then the enzyme preparations were recovered 

by filtration, washed with toluene (three times) and pentane 

(once), and dried for 24 h at room temperature before starting 

the reaction again. In order to maintain comparability, the 

amount of substrate was adjusted to the amount of recovered 

biocatalyst. The results are summarized in Figures 4 and 5 and 

Table 4. 
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Fig. 4 Conversion and ee-values in the kinetic resolution of rac-trans-5 using the 

lipase immobilizate without additive upon nine recycling cycles. 

 
Fig. 5 Conversion and ee-values in the kinetic resolution of rac-trans-5 using the 

lipase immobilizate with Tween® 80 upon nine recycling cycles. 

It is remarkable that in both cases only a slight decrease in 

activity was observed after 10 cycles (conversion of ≈49% 

decreases to 40-42% under standard conditions). Moreover, the 

ee of the product (R,R)-6 remained constant at about 99%, 

although the analytical procedure was not exact enough to 

detect possible decreases from e.g. 99.5% to 99.0%. The 

decrease in enantioselectivity of the substrate (S,S)-5 is not due 

to a decrease in selectivity of the biocatalyst. Rather, it has to 

do with the fact that the conversion has not reached the ideal 

50% under the reaction conditions in later cycles. 

 

Table 4 Results of the recycling of the n-propyl-substituted sol-gel immobilizate of Burkholderia cepacia lipase in the kinetic resolution of rac-trans-5. 

Cycle 
Without additive With 120 mg Tween® 80 

Conversion 
(%) 

ee ((S,S)- 
alcohol) (%) 

ee ((R,R)- 
ester) (%) 

Conversion 
(%) 

ee ((S,S)- 
alcohol) (%) 

ee ((R,R)- 
ester) (%) 

1 48 92 98 49 93 98 

2 48 90 98 48 90 99 

3 47 88 98 47 88 99 

4 47 87 98 47 86 99 

5 45 79 99 43 75 99 

6 45 79 99 43 74 99 

7 46 83 98 43 76 99 

8 45 81 98 43 76 99 

9 44 78 99 42 72 99 

10 43 75 98 41 69 99 

 

3 Experimental Details Serving as a Guide 

3.1 General remarks 

All solvents and reagents were used as received without further 

purification. The lipase from Burkholderia cepacia (Amano PS) 

was purchased from Amano Pharmaceutical Co. rac-Sulcatol 

(rac-3) and 2-methoxycyclohexanol (cis/trans-mixture) (5) 

were purchased from Aldrich and vinylacetate from Fluka. Gas 

chromatographic (GC) analyses were performed in the 

Department of Chromatography, Max-Planck-Institut für 

Kohlenforschung, Mülheim/Ruhr, Germany. The following GC 

conditions were applied for the preparative separation of the 

isomers of 2-methoxycylohexanol: retention time (min): cis-2-

methoxycyclohexanol (14.8), trans-2-methoxycyclohexanol 

(16.7), HP 6890, column 30 m CW 20 M/G 104, H2 0.6 bar, 

230 °C, 5 min 60 °C iso, 60–240 °C, 4 °C/min, 15 min 240 °C 

iso, 350 °C. The general procedure for immobilizing 

Burkholderia cepacia lipase was performed according to the 

second generation protocol43 with additives as listed in Tables 

1-3. 

3.2 Kinetic resolution of rac-sulcatol (rac-3) 

In a 10 mL flask an enzyme preparation (see Tables 1 and 2) 

was suspended in 4 mL of methyl tert-butyl ether or 4 mL THF 

and then treated with rac-3 (14.7 µL; 12.4 mg; 0.1 mmol) and 

vinyl acetate (44.4 µL; 41.5 mg; 0.5 mmol). The reaction 

mixture was shaken at room temperature with 250 min-1. At 

different time intervals samples of 60 µL were taken for GC 

analysis (Tables 1 and 2). 

3.3 Kinetic resolution of rac-trans-2-methoxycyclohexanol (rac-

trans-5) 

In a 10 mL flask an enzyme preparation (see Table 3) was 

suspended in 4 mL of toluene and then treated with rac-trans-2-

methoxycyclohexanol (rac-trans-5) (130 µL; 132 mg; 10 

mmol) and vinyl acetate (184 µL; 171 mg; 20 mmol). The 

reaction mixture was shaken at room temperature with 250 

min-1. At different time intervals samples of 60 µL were taken 

for GC analysis (Table 3). 

3.4 Recycling of immobilized Burkholderia cepacia lipase in the 

kinetic resolution of (rac-trans-5) 

In a 25 mL flask the lipase-containing sol-gel (150 mg) was 

suspended in 10 mL of toluene and treated with rac-trans-5 
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(325 µL; 330 mg; 2.5 mmol) and vinyl acetate (460 µL; 429 

mg; 5.0 mmol). The reaction mixture was shaken at room 

temperature with 250 min for 3 h. Then samples of 70 µL were 

taken and diluted with 200 µL of toluene. After centrifugation 

for 2 min at 13000 min-1, 150 µL of supernatant was analyzed 

by GC. To recover the immobilizates the reaction mixture was 

filtered and subsequently washed three times with 10–15 mL of 

toluene and once with 10–15 mL of pentane. After drying for 

24 h at room temperature, the recycled sol-gel biocatalyst was 

again used in the kinetic resolution of rac-trans-5. In this case 

and in all other cycles the substrate and solvent quantities were 

adjusted to the amount of recovered enzyme preparation. The 

reaction was performed a total of ten times using the same 

sample of immobilizate. 

4 Other Contributions to Sol-Gel Entrapment of 

Lipases 

 As already pointed out, several early modifications of this 

approach to immobilize lipases deserve mention.32-35 These 

include variation of the drying procedure, leading to the 

generation of aerogels as first demonstrated by Pierre.35  

 Numerous recent applications demonstrate once more that 

the technique of lipase entrapment by the sol-gel process based 

on the use of hydrophobic silicon precursors is easy to apply, 

efficient and cheap. A few key studies are listed here.68-79 In 

rare comparative studies, the superiority of the sol-gel lipase 

immobilization relative to other approaches was 

demonstrated.79,80 The reader is referred to pertinent review 

articles.30,80-82 The sol-gel technique was also fine-tuned by 

adding chiral template substrates or substrate analogs for 

bioimprinting.83,84 Sol-gel lipase encapsulates have been 

cleverly applied in continuous-flow and micro reactors.30,85-87 In 

conventional applications the separation of the heterogeneous 

biocatalysts from the products poses no problems by simple 

filtration, but magnetic separation is possible if magnetite 

powder is added during the sol-gel encapsulation,88 a procedure 

that has been used occasionally in more recent studies.80,81 

Finally, although most applications of sol-gel lipase 

immobilizates generally involve esterification or 

transesterification in standard organic solvents, ionic liquids or 

super critical CO2, they can also be used in hydrolysis 

reactions, although at lower rates.89 

5 General Conclusions and Perspectives 

 In most cases regarding the use of enzymes as (bio)catalysts 

in synthetic organic chemistry or biotechnology some sort of 

immobilization is necessary.3,20,82 In ideal systems this allows 

for recyclability, but also in increased thermal stability and 

activity as well as enhanced stereoselectivity. Turning a water-

soluble natural enzyme into a heterogeneous catalyst will 

certainly reduce activity if the latter is used in aqueous medium. 

However, if the enzyme-catalyzed transformation needs to be 

performed in conventional organic solvents, ionic liquids or 

supercritical CO2, then the use of immobilized enzymes relative 

to the application of the respective enzyme powder has 

enormous advantages. A prime example is the immobilization 

of lipases as catalysts in esterification or transesterification, 

stereoselectivity often being the focus of interest.1-6 A variety of 

techniques have been used successfully for a long time.3-5,80-82 

In more recent years the sol-gel procedure as reviewed here has 

emerged as a particularly efficient procedure. The present 

contribution summarizes progress in this field and includes 

some useful guidelines for upcoming applications. 

 In future work it can be expected that the combination of 

sol-gel encapsulation and directed evolution of stereoselective 

lipases90-92 or the alternative rational design of mutants by site-

directed mutagenesis93,94 will offer further practical 

perspectives for this important class of enzymes. 
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