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Abstract—Regiocontrollable selectivity of enzymatic method for synthesis of polymerizable derivatives of methyl shikimate was
described. Lipase acrylic resin from Candida antarctica (CAL-B) and immobilized lipase from Mucor miehei (MML) showed high
regioselectivity toward the secondary hydroxyl of methyl shikimate, which presents three hydroxyl groups with similar reactivity.
Catalysis by MML in acetone facilitated the single step synthesis of 5-O-acyl methyl shikimate derivatives in high yields, while
the use of CAL-B in acetone afforded 4-O-acyl methyl shikimate derivatives. The obtained series of methyl shikimate derivatives
would be important monomers for potential useful analogues of shikimic acid.
� 2007 Elsevier Ltd. All rights reserved.
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As a key intermediate of many hydroaromatic and aro-
matic compounds, shikimic acid (1) plays an important
role in the metabolism of carbohydrates as well as bio-
synthesis of folate coenzymes and essential aromatic
amino acids LL-phenylalanine, LL-tyrosine, and LL-trypto-
phan.1 It is an analogue of numerous natural products
such as quinic acid, cyathiformines B–D (2–4), and var-
ious isoprenoid quinones, which present interesting bio-
logical and pharmaceutical properties.2 Additionally,
shikimic acid is an important starting material for the
synthesis of neuraminidase inhibitors such as the antiin-
fluenza agent Tamiflu (5) (Scheme 1).3 Therefore,
analogues of shikimic acid have attracted much atten-
tion and are considered to be potential antibacterial,
antiviral, and antiparasitic agents.4,5

Regioselective modification of one hydroxyl group of
shikimic acid is an interesting but difficult challenge
due to several hydroxyl groups with similar reactivity
presenting in the structure of shikimic acid, and a clear
discrimination between them still remains a difficult
task.6,7 The substrate often reacts with more than one
hydroxyl group, thus inevitably leading to a mixture of
mono-, di- or multi-substituted products. Generally,
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conventional chemical methods involving tedious, mul-
ti-step blocking/debloking strategy show an almost com-
plete lack of regioselectivity.

Application of biocatalyst in modification of polyfunc-
tional compounds has been proved to be one of the most
attractive alternatives to the conventional chemical
methods due to its high selectivity and simplicity.8–10

Enzyme-catalyzed reactions offer a highly efficient
process under mild conditions, diminish undesired
side-reactions, and facilitate product recovery.11 Fur-
thermore, enzymes are proteins, and as such they are
completely biodegradable and environmentally accept-
able. As a result, this method has been extensively used
for the modification of carbohydrates, nucleosides, and
other natural products.12–14

The use of lipase in non-aqueous solvents has been pre-
viously described for preparation of shikimic acid deriv-
OH

OH
HO OH

OH
O 2

NHAC H3

MeOOC

1 2  R=OH
3  R=Cl
4  R=H

5

Scheme 1. Structures of shikimic acid and its analogues.
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atives. Riva et al. were the first to research lipase-cata-
lyzed regioselective acylation of quinic acid, shikimic
acid, and their derivatives in organic solvents.15 How-
ever, acylation of methyl shikimate showed no regiose-
lectivity with any of the enzymes tested. Gotor and co-
workers reported enzymatic regioselective acylation of
methyl shikimate exclusively at the C-4 position hydro-
xyl group.16 To our knowledge, highly regioselective
enzymatic acylation of shikimic acid toward other hy-
droxyl positions has never been reported. Moreover,
few modified shikimic acid derivatives possess polymer-
izable group, which can be used for copolymerization
with other bioactive compounds such as sugar, amino
acids, or reaction with other agents to form potential
useful analogues of shikimic acid.

Herein, we describe a facile regiocontrollable method of
the acylation toward the different secondary hydroxyls
of methyl shikimate to obtain polymerizable derivatives.
4-O-acyl and 5-O-acyl vinyl derivatives of methyl shi-
kimate had been prepared through two different meth-
ods, respectively. The methyl shikimate derivatives
obtained would be useful as significant intermediates
and monomers for preparation of useful natural prod-
ucts, macromolecular compounds, and bioactive
derivatives.

The carboxyl present in the shikimic acid leads to low
solubility and reactivity, therefore methyl shikimate
was prepared in order to enhance the solubility and
reaction rate. The key point of present work was to iden-
tify an appropriate enzyme catalyst suitable for acyla-
tion of methyl shikimate at different hydroxyl
positions. Enzymes derived from different sources al-
ways exhibit different properties, such as specificity,
activity, stability, and so on. In order to choose the
appropriate enzymes to selectively catalyze the acylation
toward the different hydroxyls of methyl shikimate, 10
commercially available enzymes,17 including seven li-
pases and three proteases, were chosen to catalyze the
transesterification for comparison in a predominant
anhydrous acetone, which has lower toxicity, easier pro-
cessing, and can dissolve substrates very well. The con-
trol experiment was carried out in the absence of
enzyme catalyst, no product was detected by TLC and
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Scheme 2. Enzymatic synthesis of 4-O-acyl and 5-O-acyl vinyl esters of met
HPLC even after 96 h. After all 10 kinds of enzymes
were tested, the result showed that the use of MML
(Lipozyme�) facilitated the single step synthesis of 5-
O-acyl methyl shikimate, while catalysis by CAL-B gave
4-O-acyl methyl shikimate. The other enzyme catalysts
showed very low activity and selectivity in this acylation
of methyl shikimate. The synthesis routes are shown in
Scheme 2.

A typical enzymatic experimental procedure for the syn-
thesis of 7a and 8a is illustrated in Scheme 2. The reac-
tion was initiated by adding 10 mg/mL enzyme to 10 mL
anhydrous acetone containing 0.3 g (1.06 mmol) methyl
shikimate and 4.24 mmol divinyl adipate. The suspen-
sion was maintained at 30 �C and shaken at 200 rpm
for 12 h. Formation of products was detected by TLC.
The reaction was terminated by filtering out the enzyme,
and the filtrate was concentrated under reduced pres-
sure. The products were isolated by silica gel chromatog-
raphy with an eluent consisting acetone/CH2Cl2 (1:5, v/v).
The vinyl ester derivatives obtained were characterized
by 1H NMR, 13C NMR (Bruker DMX400), and HRMS
(Bruker Daltonics Bio TOF).18 Other products (7b, 7c,
8b, and 8c) were synthesized by the same methods for
7a and 8a. The yields of the methyl shikimate derivatives
are summarized in Table 1.

To increase the selectivity exhibited by MML and
CAL-B, several organic solvents were tested for the
transesterification of methyl shikimate with divinyl adi-
pate. The results are shown in Table 2. In general, sol-
vents of logP between �0.5 and 0.79 are considered to
be the most suitable for the reaction, such as tert-butyl-
alcohol, THF, acetone, and dioxane. Other polar sol-
vents, such as DMF, DMSO, are not suitable for these
lipases. In contrast, apolar solvents, such as hexane,
chloroform, are suitable for ester synthesis, but the
reactions were hindered by low solubility of substrate.
MML showed high activity and selectivity in acetone,
THF, and dioxane toward the C-5 position hydroxyl
group of methyl shikimate (entries 7, 9, and 13, Table
2), while CAL-B showed high yields and regioselectiv-
ity at the C-4 position in acetone (entry 10, Table 2),
and the best selectivity was given in acetonitrile (entry
12, Table 2).
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Table 1. Regioselective enzymatic acylation of methyl shikimate

Entry Enzyme Acyl donor t (h) Yields of 5-O-acyla (%) Yield of 4-O-acyla (%)

1 MML 6a 12 65.1 —

2 MML 6b 13 55.8 —

3 MML 6c 15 54.2 —

4 CAL-B 6a 12 Trace 57.4

5 CAL-B 6b 14 Trace 62.5

6 CAL-B 6c 14 Trace 54.3

a Isolated yields by silica gel chromatography, purity confirmed by HPLC, NMR, and HR-MS.

Table 2. Influence of organic solvent on selectivity and yield catalyzed by different enzymes

Entry Solvent LogP Enzyme Conv.a (%) Yield of 7aa,b (%) Yield of 8aa,b (%) Selectivityc 7a/8a

1 Hexane 3.9 MML 17.8 5.2 10.8 37:63

2 Hexane 3.9 CAL-B 15.2 8.6 5.4 61:39

3 Chloroform 2.0 MML 21.6 6.7 13.5 33:67

4 Chloroform 2.0 CAL-B 33.6 12.6 17.7 42:58

5 tert-Butyl- alcohol 0.79 MML 67.5 52.6 4.4 92:8

6 tert-Butyl- alcohol 0.79 CAL-B 40.1 4.4 31.7 13:87

7 THF 0.46 MML 79.1 71.4 3.2 96:4

8 THF 0.46 CAL-B 50.6 5.0 41.2 11:89

9 Acetone �0.23 MML 82.4 76.1 5.4 93:7

10 Acetone �0.23 CAL-B 88.7 8.0 74.9 10:90

11 Acetonitrile �0.39 MML 35.2 28.9 6.0 83:17

12 Acetonitrile �0.39 CAL-B 55.4 2.3 45.2 5:95

13 Dioxane �0.5 MML 75.9 69.7 1.7 98:2

14 Dioxane �0.5 CAL-B 38.5 2.2 33.6 6:94

15 DMF �1.0 MML 4.5 3.2 0 100:0

16 DMF �1.0 CAL-B 9.1 4.2 4.5 48:52

17 DMSO �1.3 MML 2.2 1.5 0 100:0

18 DMSO �1.3 CAL-B 3.5 0 3.1 0:100

Conditions: MML (10 mg/mL) or CAL-B (10 mg/mL), methyl shikimate (0.1 mmol), divinyl adipate (0.4 mmol), organic solvent (2 mL), 30 �C, 24 h.
a Determined by HPLC.19

b Percentage of regioselectivity at C-4 and C-5.
c Yields of products at C-3 were observed very low (<1%).

Table 3. Chemical shifts of 13C NMR of methyl shikimate (DMSO-d6) and vinyl ester derivatives (CDCl3)

Carbon 1 7a 7b 7c 8a 8b 8c

1 127.8 130.0 130.0 129.8 130.1 128.2 129.4

2 140.3 135.9 135.9 136.1 136.0 134.7 135.6

3 67.3 66.2 66.1 66.1 64.8 64.1 64.2

4 70.5 69.8 69.1 1 69.5 74.4 72.9 73.6

5 65.9 69.8 69.1 69.6 64.8 63.6 64.2

6 30.1 28.6 28.5 28.9 31.5 30.7 31.2

7 167.2 166.3 166.5 166.4 166.6 166.9 166.7

8 52.1 52.1 52.1 52.1 52.1 52.2 52.1

ACH2A 34.0 34.2 34.3 33.9 34.0 33.9

33.4 33.7 33.9 33.3 34.0 33.6

24.2 28.5 28.9 24.2 28.4 28.6

23.8 28.5 28.9 23.6 28.4 28.6

24.6 28.9 24.6 28.6

24.3 28.3 24.3 28.5

24.8 24.6

24.5 24.4

AC@O 173.0 173.6 173.8 173.1 173.1 173.1

170.5 170.8 170.9 170.8 170.9 170.9

ACH@CH2 141.1 141.1 141.1 141.0 141.0 141.1

97.8 97.6 97.5 98.0 98.4 98.1
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The acylating agents also affect the catalytic efficiency of
enzyme. Among three divinyl alkyl-a,x-dicarboxylates,
the reaction time of divinyl sebacate is longer than that
of divinyl adipate and divinyl suberate if similar high
yields are required (Table 1). To be mentioned is that
CAL-B and MML show good stability and activity in
organic solvents, even when used three times, without
a noticeable loss of activity.
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The regioselective results were confirmed by 13C NMR
spectra as summarized in Table 3. According to the gen-
eral strategy described by Yoshimoto et al., acylation of
a hydroxyl group would lead to the O-acylation carbon
downfield shift, while the adjacent carbon upfield shift in
13C NMR.20 Characterization of the products (7a–7c)
by 13C NMR revealed that vinyl esters of methyl shikim-
ate are substituted at C-5 position and the products (8a–
8c) are substituted at C-4 position. The 1H NMR spec-
tra also provided the substitutional information at dif-
ferent hydroxyl positions.

In summary, a convenient method controllable regiose-
lective enzymatic synthesis for polymerizable derivatives
of methyl shikimate was developed in this letter. Excellent
regioselectivity of MML was shown toward the C-5 posi-
tion by using divinyl alkyl-a,x-dicarboxylates in acetone,
THF, and dioxane. In the case of CAL-B, high yields and
regioselectivity were achieved in acetone. Additionally,
polar solvents such as tert-butyl-alcohol, THF, acetone,
and dioxane seemed to be suitable for this reaction. These
polymerizable derivatives of methyl shikimate obtained
have been expected to be a potential new application in
natural products and pharmaceutical chemistry.
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