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Abstract: A facile one-pot synthesis route to mono-
saccharide-containing pyrimidine derivatives was de-
veloped by combining the two types of catalytic ac-
tivities of one enzyme in an organic medium, i.e., the
Michael addition/acylation activities of zinc-depen-
dent d-aminoacylase (DA) from Escherichia coli.
First, the stepwise approach was investigated. DA
showed higher activity towards the Michael addition
than acylation in this reaction system. The enzymatic
Michael additions of pyrimidines to vinyl acrylate
proceeded very rapidly and the initial reaction rates
for the Michael addition of pyrimidines to vinyl acry-
late were 7.2–16.5 mM min�1. The catalytic specificity
of aminoacylases toward Michael addition was dem-
onstrated by the combination of different control ex-

periments. Then, the two steps could be performed
in one pot and a single aminoacylase catalyzed one-
pot biotransformation was constructed. Using this
strategy, a series of saccharide-pyrimidine complexes
with potentially biological and pharmacological ap-
plications was prepared efficiently. This high Michael
addition activity of zinc-dependent aminoacylases
and the novel single aminoacylase-catalyzed one-pot
synthesis combining two catalytic activities in vitro is
of practical significance in expanding the application
of enzymes and in the evolution of new biocatalysts.

Keywords: aminoacylase; catalytic promiscuity;
enzyme catalysis; Michael addition; one-pot synthe-
sis; pyrimidine derivatives

Introduction

The development of one-pot conversions is consid-
ered as one of the important future directions for car-
rying out sustainable organic synthesis. It will be
more efficient than the usual stepwise approach, by
saving the effort of isolating intermediates, reducing
the production of waste, and avoiding the accumula-
tion of reactive or unstable intermediates. A variety
of elegant and promising one-pot conversions has
been described in the literature, involving different
combinations of enzymes, homogeneous and hetero-
geneous catalysts, and of uncatalyzed organic chemi-
cal conversions.[1] In particular, as efficient catalysts in
synthetic chemistry due to their unique catalytic char-
acteristics compared with chemical catalysts, exploita-
tion of enzymatic reactions in one-pot synthesis as it
is taking place in living cells, has attracted a great
deal of attention of researchers. Recently, multien-
zyme cascade reactions have fully exhibited the great
advantages and potentials in the synthesis of complex
carbohydrate-related compounds,[2] amino acid deriv-
atives,[3] b-lactam antibiotics,[4] vancomycin,[5] ribofla-
vin,[6] statin intermediates,[7] as well as in the synthesis

of sialosides.[8] Although multienzyme conversions
can be accomplished successfully even using up to
eight different enzymes in one pot for the synthesis of
riboflavin,[6] and the record until now is the 12-step
enzymatic conversion in one pot of the corrin moiety
of vitamin B12,[9] the incompatibility of many enzy-
matic steps in terms of reagents, solvent, pH and/or
temperature often hinder the combined use of these
tools in one-pot conversions or in a cascade mode. It
will be better to accomplish a specific complicated
process with fewer enzymes. Specially, single-enzyme
multistep conversions can fully overcome these obsta-
cles. However, the natural enzyme that is capable of
catalyzing multiple reactions is very scarce, and only
few single-enzyme multistep conversions have been
reported. For example, single lipase-mediated multi-
step techniques have been used in lipase LIP-cata-
lyzed domino kinetic resolution/intramolecular Diels–
Alder reactions.[10] Given the understanding of the
state of the art and the need, it is desirable to devise
new one-pot single-enzyme multistep transformations.

Recently a growing number of enzymes have been
found to be capable of catalyzing secondary reactions
at an active site that is specialized to catalyze a pri-
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mary reaction. This catalytic promiscuity enriches
largely the application of biocatalyst in organic syn-
thesis.[11] More single enzyme multistep transforma-
tions will be expected. Several elegant works have
been achieved successfully. Klaas et al. reported a
combined multistep process of deprotection, acetyla-
tion and epoxidation catalyzed by Novozym 435.[12]

Our group also reported the two-step enzymatic syn-
thesis of imidazole derivatives containing glucose
mediated by protease.[13] However, in many cases the
promiscuous activity was much lower and the trans-
formation generally requires several days. The stub-
born low activity limits strongly the scope of applica-
tion of biocatalysts. Thus exploration of biocatalysts
with high promiscuous activity becomes particularly
fascinating and remains a great challenge.

Recently, Berglund and co-workers reported that
the promiscuous Ser105Ala mutant of Candida ant-
arctica lipase B could catalyze the fast carbon-carbon
bond formation reaction.[14] The Michael addition of
acetylacetone to acrolein could be completed in sever-
al minutes by this promiscuous enzyme. Herein, we
also found that two natural zinc binding metallo-acy-
lases possess extremely high promiscuous Michael ac-
tivity. Aminoacylase enzymes are zinc binding metal-
lo-acylases and generally catalyze the hydrolysis of an
acyl group from N-a-acylamino acids. With the help
of site-directed mutagenesis and crystal structures of
enzymes, the hydrolysis mechanism was postulated, in
which the zinc ion of the active site stabilizes the neg-
ative charge of the transition states and Asp366,
His67 and His69 serve as a proton shuttle.[15] Consid-
ering this mechanism and the special structure of ami-
noacylase, we envisioned that this enzyme could effi-
ciently catalyze the Michael addition. We have found
that d-aminoacylase (DA) from Escherichia coli dis-
played a promiscuous activity to catalyze the carbon-
carbon bond formation reaction of 1,3-dicarbonyl
compounds to methyl vinyl ketone in organic
media.[16] Furthermore, in this paper, we surprisingly
found that the two acylases DA and acylase “Amano”

(AA) from Aspergillus oryzae exhibited extremely
high activity for the Michael addition of pyrimidines
to vinyl acrylate. The initial reaction rates for the
Michael addition of pyrimidines to vinyl acrylate
were 7.2-16.5 mM min�1 and the reaction can be fin-
ished in 5–10 minutes with quantitative yields. This
high Michael addition activity of zinc-dependent acy-
lases is of practical significance in expanding the ap-
plication of enzymes and in the evolution of new bio-
catalysts.[17]

As part of our ongoing interest in a single enzyme-
catalyzed combined conversions in one-pot for com-
plicated organic synthesis, in this paper, we combined
the high activity of aminoacylase enzymes for the
Michael addition of pyrimidines to vinyl acrylate,
with their native activity as an efficient catalyst for re-
gioselective acylation of carbohydrates in organic
media. The two steps could be performed in one pot
and a single aminoacylase catalyzing the two-step
one-pot biotransformation was constructed. A series
of complicated pyrimidine-saccharide complexes with
potentially biological and pharmacological application
were prepared efficiently.

Results and Discussion

We firstly examined the Michael addition of fluorour-
acil (1a) to vinyl acrylate (2a). When the reaction was
carried out with 2 equiv. of vinyl acrylate at 25 8C in
the presence of 8 mg d-aminoacylase for 25 min, a
single product was prepared in 96% isolated yield
after flash chromatography. The structure of this com-
pound was confirmed by IR, 1H NMR, 13C NMR and
HR-MS. We then examined the enzymatic Michael
addition of vinyl acrylate with other pyrimidine deriv-
atives such as bromouracil (1b), uracil (1c) and thy-
mine (1d). The enzymatic Michael additions of bro-
mouracil, uracil and thymine also proceeded smoothly
and could reach good yield in a short reaction time
(Scheme 1). All the reactions in the presence of d-

Scheme 1.
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aminoacylase led to the corresponding Michael
adduct faster than that in the absence of the biocata-
lyst. We also detected the reaction process by HPLC
and the time courses are shown in Figure 1. The reac-

tions of vinyl acrylate with fluorouracil and bromour-
acil proceeded extremely fast with excellent yieldACHTUNGTRENNUNG(>96%) in 25 min. The initial reaction rates were up
to 16.5 mM min�1. The reactions of uracil and thymine
could also achieve reaction rates of 7.2 mM min�1.
The difference in activities among the four uracil de-
rivatives was partly caused by electron-withdrawing
groups, which can reduce the electron cloud density
of N-1 in uracil rings.

We have found that d-aminoacylase could also cat-
alyze the Markovnikov addition of N-heterocycles
and vinyl esters.[18] In the enzymatic Michael additions
of fluorouracil, bromouracil, uracil and thymine with
vinyl acrylate, it is worthwhile to note that no Mar-
kovnikov adduct was detected by TLC and HPLC
under the current conditions. The Michael addition
activity of vinyl acrylate was much more favored than
the Markovnikov addition. Because vinyl acrylate was
present in excess in the reaction, thus only the Mi-
chael adduct was obtained.

We then examined the influence of reaction tem-
perature, and organic solvents on the enzymatic
Michael addition reaction. The results are shown in
Table 1. At room temperature (25 8C) fluorouracil
and bromouracil could achieve quantitative yields in
25 min (entries 1 and 2, Table 1). However, the
Michael additions of uracil and thymine to vinyl acry-
late required 60 min for completion (entries 3 and 4,
Table 1). When the reactions were carried out at
50 8C, the Michael addition could reach good yields in
several minutes (entries 5–8, Table 1). We also ob-
served that the Michael additions of pyrimidines to

vinyl acrylate only could be performed in some highly
polar solvents such as DMSO and DMF. The reaction
rate in DMSO was faster than that in DMF. The reac-
tion of fluorouracil and vinyl acrylate in DMF also
could provide an 89% yield in 10 min at 50 8C
(entry 9, Table 1).

Encouraged by these results, we designed some
control experiments to demonstrate the catalytic spe-
cificity of acylases (Table 2). The reaction of fluorour-
acil (1a) with vinyl acrylate led to the Michael adduct
in low yield in the absence of enzyme (entry 1,
Table 2). In contrast, the reactions in the presence of
DA and AA (acylase “Amano”) were up to 40-fold
and 70-fold, respectively (entries 2 and 6, Table 2).
Besides, the initial reaction rate was practically pro-
portional to the enzyme amount, also suggesting the
catalytic effect of the enzyme (entries 2 and 3,
Table 2). When DA was pre-treated with urea at
100 8C to completely denaturalize the enzyme, the
rate was only 2.5-fold of the background reaction
(entry 4, Table 2), suggesting that the tertiary struc-
ture of the biocatalyst is necessary to catalyze the re-
action. When the reaction was incubated in bovine
serum albumin (BSA), the rate was almost equal to
the level of the denatured DA (entry 7, Table 2), also
ruling out the possibility that the similar amino acid
distribution on the protein surface has promoted the
process. To further demonstrate that the active site of
enzyme was responsible for the reaction, a control ex-
periment was run with covalently inhibited DA by
adding 1.5 mM of the non-competitive inhibitor
ZnCl2. The added zinc ion would anchor at the a1

subsite and lower the pKa values of its ligand residues,
perturbing the proton shuttle and intermediate stabili-
zation.[15a] The inhibited enzyme did not show any

Figure 1. Progress curves of the reaction of different pyrimi-
dines to vinyl acrylate by DA.

Table 1. The enzymatic Michael addition in different condi-
tions.[a]

Entry R1 Solvent T [oC] t [min] Yield [%][b]

1 1a F 3a DMSO 25 25 96
2 1b Br 3b DMSO 25 25 95
3 1c H 3c DMSO 25 60 96
4 1d CH3 3d DMSO 25 60 94
5 1a F 3a DMSO 50 5 96
6 1b Br 3b DMSO 50 5 95
7 1c H 3c DMSO 50 5 91
8 1d CH3 3d DMSO 50 10 84
9 1a F 3a DMF 50 10 89

[a] Reaction conditions: pyrimidine (0.2 mmol), vinyl acry-
late (0.4 mmol), solvent 2 mL, d-aminoacylase (8 mg).

[b] HPLC yields.
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acylase activity and the specific activity for the
Michael addition was the same as that of background
reaction (entry 5, Table 2). All these facts suggest that
the reaction must take place in a specific fashion at
the catalytic site similar to other reported en-
zymes.[14,19]

In order to extend the scope of this methodology,
a,b-substituted Michael acceptors like vinyl methacry-
late and vinyl crotonate were tested in DMSO at
50 8C in the presence d-aminoacylase, and the results
are shown in Table 3. Both of the acceptors showed
moderate reactivity because the strong steric hin-
drance. Accordingly, higher temperature (50 8C) and
longer reaction time were required. All the reactions
could only obtain moderate yields even after 24 h.
Comparing with vinyl crotonate, the reactions of pyri-
midines with vinyl methacrylate proceeded more rap-
idly and could attain higher yields. To our surprise,

none or little optical activity was observed for any
tested Michael adducts. This result was similar with
the Michael-type addition reaction by CAL-B.[14] The
reasons for this will be investigated further and the
mutation of some important amino acids around the
active site and oxyanion hole will be done to improve
the stereoselectivity of these enzymes in the future.

Hydrolases can carry out transesterification reac-
tions toward a variety of substrates in non-aqueous
media as is well known since the seminal work of Kli-
banov in the early 1980s.[20] Considering the enzymatic
selectivity of carbohydrates as multifunctional sub-
strates and the potential biomolecular activity of car-
bohydrate-pyrimidine complexes, we then investigat-
ed the acylation of carbohydrates catalyzed by the d-
aminoacylase using the Michael adducts of the first
step as the acyl donors. After a screening of DA-cata-
lyzed acylations in different solvents, we found that
DMSO was not suitable for the acylation of carbohy-
drates, although this is where the DA showed high ac-
tivity of Michael addition. Fortunately, the acylation
of carbohydrates could be performed efficiently in
DMF, and we knew the DA also had high activity of
Michael addition in DMF. The acylation results of d-
galactose with different pyrimidine derivatives are
shown in Table 4. From entries 1–3, it is seen that the
substituent groups of the pyrimidine rings did not
have a great influence on the reaction, and the yields
were 36%, 40%, 42%, respectively. Moreover, the ad-
ducts of fluorouracil with a,b-substituted acrylates
can also acylate d-galactose, but the yields are lower
than those of other adducts without substitution on
acrylate. The structures of these compounds were
confirmed by IR, 1H NMR, 13C NMR and MS. These
data were in agreement with the desired structure.

The acylation position of d-galactose was verified
by 13C NMR according to the general strategy de-
scribed by Yoshimoto et al.[21] The 13C NMR data are
shown in Table 5. The chemical shifts for C-2a and C-
2b of product 5a were downfield shifted from 68.53 to

Table 2. Michael addition between fluorouracil and vinyl acrylate in the presence of different catalysts.

Entry Catalyst t [min] Yield [%] V0 [mM min�1] Vr[a]

1 – 25 10 0.4 1
2 d-Aminoacylase 25 96 16.5 41.3
3 d-Aminoacylase[b] 25 89 8.5 21
4 Denatured[c] 25 25 1.0 2.5
5 Inhibited[d] 25 8 0.3 0.8
6 Acylase “Amano” 25 91 27.7 69.3
7 BSA 25 28 1.2 2.9
8 CAL B 25 11 0.5 1.1
9 CCL 25 16 0.6 1.5

[a] Relative initial reaction rate to the control reaction.
[b] 2 mgmL�1 DA were used.
[c] DA predenatured with urea at 100 8C for 6 h.
[d] DA inhibited by 1.5 mM ZnCl2.

Table 3. Promiscuous acylase-catalyzed Michael addition of
pyrimidines to vinyl esters.[a]

Entry R1 R2 R3 Product Yield [%][b]

1 1a F CH3 H 3e 70
2 1b Br CH3 H 3f 63
3 1c H CH3 H 3g 68
4 1d CH3 CH3 H 3h 50
5 1a F H CH3 3i 44
6 1b Br H CH3 3j 35
7 1c H H CH3 3k 43
8 1d CH3 H CH3 3l 32

[a] Reaction conditions: pyrimidine (0.2 mmol), vinyl ester
(0.4 mmol), DMSO 2 mL, d-aminoacylase (8 mg), 50 8C,
24 h.

[b] Isolated yield.
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72.99, and 72.07 to 75.06 ppm, and those for C-1a and
C-1b were upfield shifted from 92.47 to 89.90 ppm
and from 96.44 to 95.20 ppm, meanwhile that for C-
3a and C-3b were upfield shifted from 69.36 to
67.11 ppm and from 72.99 to 71.69 ppm, respectively.
Similar change was found in the 13C NMR data of
product 5b–5e. These results revealed that esterifica-
tion of d-galactose regioselectively occurred at the C-
2 hydroxy position.

In order to avoid the intermediate purification,
single DA-catalyzed one-pot synthetic methods were
performed. Three components, 1a, 2a and 4 were si-
multaneously added to the reaction system of DMF at
50 8C. After 48 h, the product was isolated and the
total yield of 5a was 40%. The results of the one-pot
processes are shown in Table 6. The yields of products

5d and 5e are lower than the others because the a,b-
substitution of acrylates may cause some hindrance to
the binding of substrates at the active site of the
enzyme. The structures of the products from the one-
pot reactions were confirmed to be the same as those
from the separate steps. The process of the one-pot
reaction catalyzed by the aminoacylase was moni-
tored by HPLC (Figure 2). After 30 min, the Michael

Table 4. The acylation reaction of d-galactose with Michael
adducts catalyzed by DA.[a]

Entry R1 R2 R3 Product Yield [%][b]

1 3a F H H 5a 36
2 3b Br H H 5b 40
3 3d CH3 H H 5c 42
4 3e F CH3 H 5d 30
5 3i F H CH3 5e 28

[a] Reaction conditions: pyrimidine adduct (0.5 mmol), d-
galactose (0.25 mmol), DMF 2 mL, d-aminoacylase
(10 mg), 50 8C, 48 h.

[b] Isolated yield.

Table 5. Chemical shifts of 13C NMR of pyrimidine deriva-
tives containing a galactose branch.

Carbon atom d-Galactose 5a 5b 5c 5d 5e

C-6a 61.17 60.83 61.17 60.86 61.08 61.07
C-6b 61.37 60.93 61.30 61.05 61.27 61.13
C-4a 69.50 69.44 69.20 69.34 69.64 69.68
C-4b 68.93 68.83 68.61 68.74 69.02 69.05
C-2a 68.53 72.99 73.05 70.98 71.94 73.00
C-2b 72.07 75.06 75.11 73.98 74.14 75.04
C-3a 69.36 67.11 67.27 66.98 67.20 67.33
C-3b 72.99 71.69 71.81 71.67 71.60 71.95
C-5a 70.66 70.95 70.69 70.40 71.10 71.06
C-5b 75.33 75.69 75.43 75.34 75.50 75.70
C-1a 92.47 89.90 89.92 89.64 89.89 90.06
C-1b 96.44 95.02 95.57 94.53 94.70 95.41

Table 6. DA-catalyzed one pot synthesis of carbohydrate-
pyrimidine complexes.[a]

Entry R1 R2 R3 Product Yield [%][b]

1 1a F H H 2a 5a 40
2 1b Br H H 2a 5b 42
3 1d CH3 H H 2a 5c 43
4 1a F CH3 H 2b 5d 15
5 1a F H CH3 2c 5e 13

[a] Reaction conditions: pyrimidine (1 mmol), vinyl ester
(1 mmol), d-galactose (0.5 mmol), DMF 2 mL, d-amino-ACHTUNGTRENNUNGacylase (10 mg), 50 8C, 48 h.

[b] Isolated yield.

Figure 2. Concentration curve of 1a, 3a and 5a in the process
of d-aminoacylase-catalyzed, two-step, one-pot Michael ad-
dition/acylation reaction. Reaction was monitored by
HPLC.
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reaction was finished and most of 1a was consumed.
At this moment, the concentration of 3a reached to
the maximum, while the acylation product between
3a and 4 appeared after 2 h. A quick increase of final
product was observed during 5–20 h. After 20 h, the
final product reached to the equilibrium and the con-
centration of adduct product 3a did not continue to
decrease. The results showed that the catalytic activity
of the d-aminoacylase for Michael addition is higher
than the activity for acylation. The phenomenon that
a natural enzyme had the more active promiscuous
activity than its native activity was interesting. It was
also confirmed that the two-step one-pot synthesis of
Michael addition/acylation could be efficiently per-
formed by the d-aminoacylase. More efficient en-
zymes for promiscuous Michael addition are being ra-
tionally redesigned using directed evolution strategy.

Conclusions

In the present work we investigated the high Michael
addition activity of aminoacylase enzymes for the ad-
dition of pyrimidines to vinyl acrylate, and the combi-
nation of this catalytic promiscuity with its native ac-
tivity of regioselective acylation of carbohydrates in
organic media. The combination provided a facile
one-pot synthesis route to monosaccharide-containing
pyrimidine derivatives. The initial reaction rates for
the Michael addition were high and the reaction
could be finished in several minutes under optimal
conditions. After the optimization of the stepwise pro-
cess, a series of saccharide-pyrimidine complexes with
potentially biological and pharmacological applica-
tions was prepared efficiently using this single amino-
acylase catalyzed one-pot biotransformation.

Experimental Section

Materials and General Methods
1H and 13C NMR spectra were recorded on a Bruker
AVANCE DMX-500 spectrometer at 500 MHz and
125 MHz in CDCl3, respectively. Chemical shifts are report-
ed in ppm (d), relative to the internal standard of tetrame-
thylsilane (TMS). IR spectra were measured with a Nicolet
Nexus FTIR 670 spectrophotometer. d-Aminoacylase from
Escherichia coli (DA) (EC 3.5.1.81, lyophilized powder, acy-
lase activity 5MU/g) and acylase “Amano” from Aspergillus
sp. (AA) (EC 3.5.1.14, lyophilized powder, acylase activity
30 KU/g) were purchased from Amano Enzyme Inc.
(Japan). All chemicals were obtained from commercial sup-
pliers. Solvents for column chromatography were distilled
before use.

General Procedure for the Michael Addition of
Pyrimidines and Vinyl Esters

A suspension of pyrimidine (1) (0.2 mmol) and 8 mg d-ami-
noacylase in 2 mL DMSO was incubated at 25 8C and 200
r.p.m. (orbitally shaken) for 5 min. Then, 2 equivalents of
vinyl ester (2) were added in order to initiate the reaction.
After a period of time, the enzyme was filtered off to termi-
nate the reaction and washed with MeOH (3–5 mL). Solvent
was evaporated under vacuum to dryness. The crude residue
was purified by flash column chromatography on silica gel
using petroleum/ethyl mixtures. Product-containing fractions
were combined, concentrated, and dried to give 3. All the
compounds were spectroscopically characterized (IR,
1H NMR, 13C NMR and HR-MS). All the reactions were
run at least twice.

3-(1’-Fluorouracil)-propionic acid vinyl ester (3a): White
solid, mp 154–155 8C. IR: n= 1728 (O-C=O), 1640 cm�1 (C=
C); 1H NMR (DMSO-d6 : d= 11.7 (s, 1 H, N3-H, fluoroura-
cil), 8.05 (d, 1 H, J= 6.86 Hz, C6-H, fluorouracil), 7.20 (m,
1 H, O-CH=C), 4.91,4.68 (m, 2 H, O-C=CH2), 3.89 (t, 2 H,
J=6.75 Hz, -CH2-N), 2.84 (t, 2 H, J=6.74 Hz, -CH2-C=O);
13C NMR (DMSO-d6):, d=168.80 (C=O), 158.03, 157.82
(C4, fluorouracil), 149.97 (C2, fluorouracil), 141.62ACHTUNGTRENNUNG(-O-CH=), 140.69, 138.88 (C5, fluorouracil), 131.11, 130.84
(C6, fluorouracil), 98.98 (=CH2), 44.21 (-CH2-N), 32.58ACHTUNGTRENNUNG(-CH2-C=O); HR-MS (EI) m/z= 228.0550, calcd. for
C9H9FN2O4: 228.0546.

3-(1’-Bromouracil)-propionic acid vinyl ester (3b): White
solid, mp 178–179 8C. IR: n= 1729 (O-C=O), 1643 cm�1 (C=
C); 1H NMR (DMSO-d6): d=11.8 (s, 1 H, N3-H, bromoura-
cil), 8.19 (s, 1 H, C6-H, bromouracil), 7.21 (m, 1 H, O-CH=
C), 4.91, 4.68 (m, 2 H, O-C=CH2), 3.95 (t, 2 H, J= 6.65,
-CH2-N), 2.85 (t, 2 H, J= 6.65, -CH2-C=O); 13C NMR
([DMSO-d6): d=168.80 (C=O), 160.16 (C4, bromouracil),
150.72 (C2, bromouracil), 146.25 (-O-CH=), 141.60 (C5, bro-
mouracil), 94.77 (=CH2), 89.96 (C6, bromouracil), 44.38ACHTUNGTRENNUNG(-CH2-N), 32.61 (-CH2-C=O); HR-MS (EI): m/z= 287.9745,
289.9727, calcd. for C9H9BrN2O4: 287.9746, 289.9725.

3-(1’-Uracil)-propionic acid vinyl ester (3c): White solid,
mp 144–145 8C. IR: n= 1732 (O-C=O), 1642 cm�1 (C=C);
1H NMR (CDCl3): d= 9.17 (s, 1 H, N3-H, uracil), 7.37
(d,1 H, J= 7.90, C6-H, uracil), 7.24 (m, 1 H, O-CH=C), 5.68
(d, 1 H, J=7.80, C5-H, uracil), 4.93, 4.64 (m, 2 H, O-C=
CH2), 4.02 (t, 2 H, J=5.85, -CH2-N), 2.89 (t, 2 H, J= 5.90,
-CH2-C=O), 13C NMR (DMSO-d6): d=168.84 (C=O), 164.16
(C4, uracil), 151.31 (C2, uracil), 146.41 (-O-CH= ), 141.60
(C5, uracil), 101.19 (=CH2), 99.00 (C6, uracil), 44.12 (-CH2-
N), 32.81 (-CH2-C=O); HR-MS (EI): m/z=210.0643, calcd.
for C9H10N2O4: 210.0641.

3-(1’-Thymine)-propionic acid vinyl ester (3d): White
solid, mp 152–153 8C. IR: n=1733 (O-C=O), 1641 cm�1 (C=
C); 1H NMR (CDCl3): d=8.9 (m, 1 H, N3-H, thymine), 7.24
(m, 1 H, OCH=C), 7.19 (s, 1 H, C6-H, thymine), 4.93, 4.64
(m, 2 H, O-C=CH2), 3.99 (t, 2 H, J=5.96, -CH2-N), 2.89 (t,
2 H, J=5.97, -CH2-C=O); 13C NMR (DMSO-d6): d= 168.82
(C=O), 164.72 (C4, thymine), 151.26 (C2, thymine), 142.15
(-O-CH = ), 141.60 (C5, thymine), 108.73 (=CH2), 99.00 (C6,
thymine), 43.86 (-CH2-N), 32.90 (-CH2-C=O), 12.38 (-CH3);
HR-MS (EI): m/z= 224.0795, calcd. for C10H12N2O4:
224.0797.
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3-(1’-Fluorouracil)-2-methyl-propionic acid vinyl ester
(3e): White solid, mp 108–109 8C. IR: n=1745 (-O-C=O),
1639 cm�1 (C=C); 1H NMR (CDCl3): d=7.43 (d, 1 H, J=
5.60 Hz, C6-H, fluorouracil), 7.23 (m, 1 H, -O-CH=C), 4.95,
4.67 (m, 2 H, -O-CH=CH2), 3.99, 3.71 (m, 2 H, -CH2-N), 3.10
(m, 1 H, -CH-), 1.32 ( d, 3 H, J= 7.35 Hz, -CH3); 13C NMR
(CDCl3): d=171.37 (-OC=O), 157.98, 157.77 (C4, fluoroura-
cil), 150.18 (C2, fluorouracil), 141.80 (-O-CH=), 140.79,
138.97 (C5, fluorouracil), 131.05, 130.79 (C6, fluorouracil),
99.10 (=CH2), 50.31 (-CH2-N), 38.15 (-CH-C=O); 14.23ACHTUNGTRENNUNG(-CH3); HR-MS (EI): m/z =242.0706, calcd. for
C10H11FN2O4: 242.0703.

3-(1’-Bromouracil)-2-methyl-propionic acid vinyl ester
(3f): White solid, mp 130–131 8C. IR: n= 1730 (-O-C=O),
1689, 1647 cm�1 (C=C); 1H NMR (CDCl3): d=9.08 (s, 1 H,
N-H of bromouracil), 7.68 (s, 1 H, C6-H, bromouracil), 7.24
(m, 1 H, -O-CH=C), 4.96, 4.67 (m, 2 H, -OCH=CH2), 3.98,
3.77 (m, 2 H, -CH2-N), 3.13 (m, 1 H, -CH-), 1.32 ( d, 3 H, J=
7.24 Hz, -CH3); 13C NMR (CDCl3): d= 171.60 (-O-C=O),
159.41 (C4, bromouracil), 150.30 (C2, bromouracil), 145.04
(C6, bromouracil), 140.96 (-O-CH=), 99.14 (=CH2), 96.33
(C5, bromouracil), 51.87 (-CH2-N), 38.64 (-CH-C=O), 15.05
(-CH3); HR-MS (EI): m/z=301.9900, 303.9904, calcd. for
C10H11BrN2O4: 301.9902, 303.9882.

3-(1’-Uracil)-2-methyl-propionic acid vinyl ester (3g):
White solid, mp 70–71 8C. IR: n=1749 (-O-C=O), 1685,
1641 (C=C), 949 cm�1; 1H NMR (CDCl3): d=9.65 (s, 1 H, N-
H of uracil), 7.28 (d, 1 H, J=7.93 Hz, C6-H, uracil), 7.22 (m,
1 H, -O-CH=C), 5.68 (s, 1 H, J=7.93 Hz, C5-H, uracil), 4.93,
4.64 (m, 2 H, -O-CH=CH2), 3.98, 3.77 (qq, 2 H, -CH2-N),
3.15 (m, 1 H, -CH-), 1.29 ( d, 3 H, J=7.28 Hz, -CH3);
13C NMR (CDCl3): d=171.88 (-O-C=O), 164.14 (C4, uracil),
151.25 (C2, uracil), 145.72 (C6, uracil), 141.06 (-O-CH=),
102.14 (C5, thymine), 99.06 (=CH2), 51.68 (-CH2-N), 38.72ACHTUNGTRENNUNG(-CH-C=O), 15.11 (-CH3); HR-MS (EI): m/z=224.0795,
calcd. for C10H12N2O4: 224.0797.

3-(1’-Thymine)-2-methyl-propionic acid vinyl ester (3h):
White solid, mp 84–85 8C. IR: n=1744 (-O-C=O), 1683,
1642 cm�1 (C=C); 1H NMR (CDCl3): d=9.29 (s, 1 H, N-H of
bromouracil), 7.24 (m, 1 H, -O-CH=C), 7.09 (s, 1 H, C6-H,
thymine), 4.93, 4.64 (m, 2 H, -O-CH=CH

2
), 3.96, 3.74 (m,

2 H, -CH2-N), 3.13 (m, 1 H, -CH-), 1.90 (s, 3 H, CH3 of thy-
mine), 1.29 ( d, 3 H, J=7.20 Hz, -CH3); 13C NMR (CDCl3):
d= 171.93 (-O-C=O), 164.53 (C4, thymine), 151.27 (C2, thy-
mine), 141.55 (C6, thymine), 141.11 (-O-CH=), 110.67 (C5,
thymine), 98.97 (=CH2), 51.47 (-CH2-N), 38.84 (-CH-C=O),
15.11 (-CH3), 12.50 (CH3 of thymine); HR-MS (EI): m/z=
238.0956, calcd. for C11H14N2O4: 238.0954.

3-(1’-Fluorouracil)-butyric acid vinyl ester (3i): White
solid, mp 158–159 8C. IR: n=1744 (O-C=O), 1647 cm�1 (C=
C); 1H NMR (CDCl3): d=8.85 (s, 1 H, N3-H, fluorouracil),
7.37(d, 1 H, J=5.96 Hz, C6-H, fluorouracil), 7.24 (m, 1 H,
-O-CH=C), 4.94, 4.65 (m, 2 H, -O-CH=CH2), 4.82 (m, 1 H,
-CH-N), 3.01, 2.81 (m, 2 H, -CH2-C=O), 1.53 ( d, 3 H, J=
7.03 Hz, -CH3); 13C NMR (CDCl3): d= 168.15 (-O-C=O),
157.55, 157.34 (C4, fluorouracil), 149.84 (C2, fluorouracil),
141.60 (-O-CH=), 141.31, 139.49 (C5, fluorouracil), 127.49,
127.23 (C6, fluorouracil), 99.09 (=CH2), 48.95 (-CH-N),
38.33 (-CH2-C=O), 19.07 (-CH3); HR-MS (EI): m/z =
242.0700, calcd. for C10H11FN2O4: 242.0703.

3-(1’-Bromouracil)-butyric acid vinyl ester (3j): White
solid, mp 168–169 8C. IR: n= 1748 (O-C=O), 1697,

1648 cm�1 (C=C); 1H NMR (CDCl3): d=8.90 (s, 1 H, N3-H,
bromouracil), 7.60 (s, 1 H, C6-H, bromouracil), 7.22 (m, 1 H,
-O-CH=C), 4.93, 4.64 (m, 2 H, -O-CH=CH2), 4.81 (m, 1 H,
-CH-N), 3.01, 2.81 (m, 2 H, -CH2-C=O), 1.54 ( d, 3 H, J=
7.03 Hz, -CH3); 13C NMR (CDCl3): d= 167.57 (-O-C=O),
159.02 (C4, bromouracil), 150.00 (C2, bromouracil), 142.19
(C5, bromouracil), 140.87 (-O-CH=), 96.76 (C6, bromoura-
cil), 99.16 (=CH2), 52.19 (-CH-N), 38.60 (-CH2-C=O), 18.97
(-CH3); HR-MS (EI): m/z=301.9906, 303.9894, calcd. for
C10H11BrN2O4: 301.9902, 303.9882.

3-(1’-Uracil)-butyric acid vinyl ester (3k): White solid, mp
133–134 8C. IR: n=1745 (OC=O), 1691, 1648 (C=C),
951 cm�1; 1H NMR (CDCl3): d=9.51 (s, 1 H, N3-H, uracil),
7.27 (d, 1 H, J= 8.02 Hz, C6-H, uracil), 7.21 (m, 1 H, -O-
CH=C), 5.73 (d, 1 H, J= 8.02 Hz, C5-H, uracil), 4.92, 4.62
(m, 2 H, -O-CH=CH2), 4.80 (m, 1 H, -CH-N), 3.03, 2.80 (m,
2 H, -CH2-C=O), 1.52 ( d, 3 H, J=7.05 Hz, -CH3); 13C NMR
(CDCl3): d=167.72 (-O-C=O), 163.59 (C4, uracil), 150.87
(C2, uracil), 142.51 (-O-CH=), 140.87 (C5, uracil), 102.47
(C6, uracil), 98.93 (=CH2), 51.44 (-CH-N), 38.66 (-CH2-C=
O), 18.88 (-CH3); HR-MS (EI): m/z= 224.0782, calcd. for
C10H12N2O4: 224.0797.

3-(1’-Thymine)-butyric acid vinyl ester (3l): White solid,
mp 137–138 8C. IR: n=1752 (OC=O), 1693, 1647 (C=C),
949 cm�1; 1H NMR (CDCl3): d,= 9.20 (s, 1 H, N3-H, thy-
mine), 7.27 (m, 1 H, -O-CH=C), 7.07 (s, 1 H, C6-H, thy-
mine), 4.89, 4.63 (m, 2 H, -O-CH=CH2), 4.81 (m, 1 H,
-CHN), 3.05, 2.79 (m, 2 H, -CH2-C=O), 1.93 (s, 3 H, C5-CH3

of thymine), 1.51 ( d, 3 H, J=6.73 Hz, -CH3); 13C NMR
(CDCl3): d= 167.78 (-O-C=O), 164.07 (C4, thymine), 150.87
(C2, thymine), 140.92 (-O-CH=), 138.28 (C6, thymine),
110.97 (C5, thymine), 98.88 (=CH2), 51.11 (-CH-N), 38.85ACHTUNGTRENNUNG(-CH2-C=O), 18.98 (-CH3), 12.72 (CH3 of thymine); HR-MS
(EI): m/z =238.0950, calcd. for C11H14N2O4: 238.0954.

General Procedure for the Transesterification of d-
Galactose and Michael adducts

The reaction was initiated by adding 5 mg mL�1
d-aminoacy-

lase to 2 mL anhydrous DMF containing 0.25 mmol d-galac-
tose and 0.5 mmol Michael adducts of pyrimidines (3a, 3b,
3d, 3i, 3e), respectively. The suspension was kept at 50 8C
and shaken at 200 r.p.m. The reaction was monitored by
TLC (ethyl acetate/methanol/water, 17/4/1, v/v). The reac-
tions were terminated by filtering off the enzyme and then
the filtrate was evaporated under reduced pressure. The
products were isolated by silica gel column chromatography.

2-O-[3’-(1’’-Fluorouracil)-propionyl]-d-galactose (5a):
Yellow oil. IR: n=3380 (O-H), 1686 cm�1 (C=O); 1H NMR
(DMSO-d6): d=11.8 (s, 1 H, N3-H, fluorouracil), 8.04 (m,
1 H, C6-H, fluorouracil), 6.77, 6.50, 5.06 (1 H, m, 1 H, H1 of
d-galactose), 4.92–4.35, 3.90–3.50 (m, 12 H, C1-OH, C2-H,
C2-OH, C3-H, C3-OH, C4-H, C4-OH, C5-H, C6-H of d-gal-
actose, -N-CH2), 2.72 (m, 2 H, -CH2-C=O); 13C NMR
(DMSO-d6): d=171.3, 170.5 (C=O), 158.2, 158.0 (C4, fluo-
rouracil), 150.0 (C2, fluorouracil), 140.7, 138.9 (C5, fluorour-
acil), 131.4, 131.2 (C6, fluorouracil), 95.2 (C1 of b-d-galac-
tose), 89.9 (C1 of a-d-galactose), 75.7 (C5 of b-d-galactose),
75.06 (C2 of b-d-galactose), 72.99 (C2 of a-d-galactose),
71.69 (C3 of b-d-galactose), 70.95 (C5 of a-d-galactose),
69.44 (C-4 of a-d-galactose), 68.83 (C-4 of b-d-galactose),
67.11 (C-3 of a-d-galactose), 60.93 (C-6 of b-d-galactose),
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60.83 (C-6 of a-d-galactose), 44.79 (-CH2-N), 33.12 (-CH2-
C=O); ESI-MS: m/z= 387 [M+Na]+.

2-O-[3’-(1’’-Bromouracil)-propionyl]-d-galactose (5b):
Yellow oil. IR: n=3382 (O-H), 1693 cm�1 (C=O); 1H NMR
(D2O): d=8.05 (s, 1 H, C6-H, bromouracil), 5.24, 4.83, 4.50
(1 H, H1 of d-galactose), 4.20–3.30 (8 H, C2-H, C3-H, C4-H,
C5-H, C6-H of d-galactose, -N-CH2), 2.88–2.75 (m, 2 H,
-CH2-C=O); 13C NMR (D2O): d= 174.08 (C=O), 162.76 (C4,
bromouracil), 151.82 (C2, bromouracil), 147.33 (C6, bro-
mouracil), 96.72 (C5, bromouracil), 95.2 (C1 of b-d-galac-
tose), 89.92 (C1 of a-d-galactose), 75.43 (C5 of b-d-galac-
tose), 75.11 (C2 of b-d-galactose), 73.05 (C2 of a-d-galac-
tose), 71.81 (C3 of b-d-galactose), 70.69 (C5 of a-d-galac-
tose), 69.20 (C4 of a-d-galactose), 68.61 (C4 of b-d-galac-
tose), 67.27 (C3 of a-d-galactose), 61.30 (C6 of b-d-
galactose), 61.17 (C6 of a-d-galactose), 45.64 (-CH2-N),
32.98 (-CH2-C=O); ESI-MS: m/z=423 [M�1]+.

2-O-[3’-(1’’-Uracil)-propionyl]-d-galactose (5c): Yellow
oil. IR: n=3420 (O-H), 1685 cm�1 (C=O); 1H NMR (D2O):
d= 7.40 (1H, C6-H, thymine), 5.24, 4.79, 4.75, 4.58 (1H, H1
of d-galactose), 4.15–3.30 (8 H, C2-H, C3-H, C4-H, C5-H,
C6-H of d-galactose, -N-CH2), 2.80 (2H, -CH2-C=O);
13C NMR (D2O): d=172.64, 172.48 (C=O), 167.0 (C4, thy-
mine), 152.14 (C2, thymine), 143.56, 143.52, 142.44 (C6, thy-
mine), 110.15, 110.38 (C5, thymine), 94.53 (C1 of b-d-galac-
tose), 89.64 (C1 of a-d-galactose), 75.34 (C5 of b-d-galac-
tose), 73.98 (C2 of b-d-galactose), 71.67 (C3 of b-d-galac-
tose), 70.98 (C2 of a-d-galactose), 70.40 (C5 of a-d-galac-
tose), 69.34 (C4 of a-d-galactose), 68.74 (C4 of b-d-
galactose), 66.98 (C3 of a-d-galactose), 61.05 (C6 of b-d-gal-
actose), 60.86 (C6 of a-d-galactose), 44.72 (-CH2-N), 32.84
(-CH2-C=O), 11.27 (-CH3); ESI-MS: m/z=383 [M+ Na]+.

2-O-[3’-(1’’-Fluorouracil)-2-methyl propionyl]-d-galactose
(5d): Yellow oil. IR: n= 3391 (O-H), 1699 cm�1 (C=O);
1H NMR (D2O): d=7.78 (1 H, C6-H, fluorouracil), 5.31–
5.23, 4.89–4.81 (m, 1 H, H1 of d-galactose), 4.70–4.60, 4.20–
3.30 (m, 8 H, C2-H, C3-H, C4-H, C5-H, C6-H of d-galactose,
-N-CH2), 3.05 [m, 1 H, -CH ACHTUNGTRENNUNG(CH3)-C=O], 1.13 [s, 3 H, -CH-ACHTUNGTRENNUNG(CH3)-C=O]; 13C NMR (D2O: d=175.5, 175.7, (C=O),
160.7, 160.5 (C4, fluorouracil), 151.49 (C2, fluorouracil),
141.40, 139.59 (C5, fluorouracil), 131.93, 131.83, 131.44 (C6,
fluorouracil), 94.53 (C1 of b-d-galactose), 89.64 (C1 of a-d-
galactose), 75.50 (C5 of b-d-galactose), 74.14 (C2 of b-d-gal-
actose), 71.94 (C2 of a-d-galactose), 71.60 (C3 of b-d-galac-
tose), 71.10 (C5 of a-d-galactose), 69.64 (C4 of a-d-galac-
tose), 69.02 (C4 of b-d-galactose), 67.20 (C3 of a-d-galac-
tose), 61.27 (C6 of b-d-galactose), 61.08 (C6 of a-d-galac-
tose), 51.44 (-CH2-N), 38.77 [-CH ACHTUNGTRENNUNG(CH3)-C=O], 14.18 [-CH-ACHTUNGTRENNUNG(CH3)-C=O]; ESI-MS: m/z =401 [M+Na]+.

2-O-[3’-(1’’-Fluorouracil)-3-methyl propionyl]-d-galactose
(5e): Yellow oil. IR: n=3360 (O-H), 1695 cm�1 (C=O);
1H NMR (DMSO-d6): d= 11.65 (s, 1 H, N3-H, fluorouracil),
8.15 (1 H, C6-H, fluorouracil), 6.80, 6.50, 5.10 (m, 1 H, H1 of
d-galactose), 4.92–4.30, 3.80–3.50 [m, 11 H, C1-OH, C2-H,
C2-OH, C3-H, C3-OH, C4-H, C4-OH, C5-H, C6-H of d-gal-
actose, -N-CH ACHTUNGTRENNUNG(CH3)], 2.90 (d, 2 H, -CH2-C=O), 1.27 [s, 3 H,
-CH ACHTUNGTRENNUNG(CH3)-N]; 13C NMR (DMSO-d6): d=170.97, 170.08 (C=
O), 157.99, 157.78 (C4, fluorouracil), 150.13 (C2, fluoroura-
cil), 141.54, 139.72 (C5, fluorouracil), 127.86, 127.60 (C6, flu-
orouracil), 95.41 (C1 of b-d-galactose), 90.16 (C1 of a-d-gal-
actose), 75.70 (C5 of b-d-galactose), 75.04 (C2 of b-d-galac-
tose), 73.00 (C2 of a-d-galactose), 71.95 (C3 of b-d-galac-

tose), 71.06 (C5 of a-d-galactose), 69.68 (C4 of a-d-galac-
tose), 69.05 (C4 of b-d-galactose), 67.33 (C3 of a-d-
galactose), 61.13 (C6 of b-d-galactose), 61.07 (C6 of a-d-gal-
actose), 49.56 [-CH ACHTUNGTRENNUNG(CH3)-N], 36.64 (-CH2-C=O), 19.18ACHTUNGTRENNUNG[-CH ACHTUNGTRENNUNG(CH3)-N-]; ESI-MS: m/z =401 [M+ Na]+.

General Procedure for One-Pot Synthesis

The reaction in a suspension of pyrimidine (1 mmol) and
vinyl ester (1 mmol), d-galactose (0.5 mmol) in 2 mL DMF
was initiated by the addition of 5 mg mL�1

d-aminoacylase.
The system was incubated at 50 8C and 200 r.p.m. for 48 h.
Then, the enzyme was filtered off to terminate the reaction.
Solvent was evaporated under reduced pressure. The prod-
ucts were isolated by silica gel column chromatography. All
the compounds were spectroscopically characterised.

Acknowledgements

We gratefully acknowledge financial support from the Natu-
ral Science Foundation of China (No. 20572099).

References

[1] For reviews: a) M. M. Hussain, P. J. Walsh, Acc. Chem.
Res. 2008, 41, 883 – 893; b) K. C. Nicolaou, D. J. Ed-
monds, P. G. Bulger, Angew. Chem. 2006, 118, 7292 –
7344; Angew. Chem. Int. Ed. 2006, 45, 7134 – 7186;
c) H. Tanaka, H. Yamada, T. Takahashi, Trends Glyco-
sci. Glycotechnol. 2007, 19, 183 – 193; d) A. J. McCar-
roll, J. C. Walton, Angew. Chem. Int. Ed. 2001, 40,
2225 – 2248; e) A. Bruggink, R. Schoevaart, T. Kie-
boom, Org. Process Res. Dev. 2003, 7, 622 – 640; f) S. J.
Broadwater, S. L. Roth, K. E. Price, M. Kobaslija, D. T.
McQuade, Org. Biomol. Chem. 2005, 3, 2899 – 2906;
g) K. C. Nicolaou, T. Montagnon, S. A. Snyder, Chem.
Commun. 2003, 551 – 564.

[2] a) D. Franke, T. Machajewski, C.-C. Hsu, C.-H. Wong,
J. Org. Chem. 2003, 68, 6828 – 6831; b) T. Miyazaki, H.
Sato, T. Sakakibara, Y. Kajihara, J. Am. Chem. Soc.
2000, 122, 5678 – 5694; c) R. Schoevaart, T. Kieboom,
Top. Catal. 2004, 27, 3 – 9; d) P. Wang, H. Lee, M.
Fukuda, P. H. Seeberger, Chem. Commun. 2007, 1963 –
1965; e) K. M. Koeller, C. H. Wong , Chem. Rev. 2000,
100, 4465 – 4493; f) H. Takahashi, Y. N. Liu, H. W. Liu,
J. Am. Chem. Soc. 2006, 128, 1432 – 1433.

[3] a) P. Grundmann, W. D. Fessner, Adv. Synth. Catal.
2008, 350, 1729 – 1735; b) Z. Findrik, D. Vasic-Racki,
Biotechnol. Bioeng. 2007, 98, 956 – 967; c) C. Simons, U.
Hanefeld, I. Arends, T. Maschmeyer, R. A. Sheldon,
Adv. Synth. Catal. 2006, 348, 471 – 475;.

[4] a) M. A. L. Wegman, M. Van Langen, F. Van Rantwijk,
R. A. Sheldon, Biotechnol. Bioeng. 2002, 79, 356 – 361;
b) O. H. Justiz, R. Fernandez-Lafuente, J. M. Guisan, P.
Negri, G. Pagani, M. Pregnolato, M. Terrini, J. Org.
Chem. 1997, 62, 9099 – 9106.

[5] D. A. Thayer, C. H. Wong, Chem. Asian J. 2006, 1,
445 – 452.

1840 asc.wiley-vch.de � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Adv. Synth. Catal. 2009, 351, 1833 – 1841

FULL PAPERS Qi Wu et al.

http://asc.wiley-vch.de


[6] W. Rçmisch, W. Eisenreich, G. Richter, A. Bacher, J.
Org. Chem. 2002, 67, 8890 – 8894.

[7] W. A. Greenberg, A. Varvak, S. R. Hanson, K. Wong,
H. J. Huang, P. Chen, M. J. Burk, Proc. Natl. Acad. Sci.
USA 2004, 101, 5788 – 5793.

[8] H. Yu, H. A. Chokhawala, S. S. Huang, Nat. Protoc.
2006, 1, 2485 – 2492.

[9] a) A. I. Scott, Synlett 1994, 871 – 883; b) C. A. Roessner,
A. I. Scott, Annu. Rev. Microbiol. 1996, 50, 467 – 490.

[10] a) S. Akai, K. Tanimoto, Y. Kita, Angew. Chem. 2004,
116, 1431 – 1434; Angew. Chem. Int. Ed. 2004, 43, 1407 –
1410; b) S. Akai, T. Naka, S. Omura, K. Tanimoto, M.
Imanishi, Y. Takebe, M. Matsugi, Y. Kita, Chem. Eur. J.
2002, 8, 4255 – 4264.

[11] For reviews: a) S. D. Copley, Curr. Opin. Chem. Biol.
2003, 7, 265 – 272; b) A. Yarnell, Chem. Eng. News
2003, 81, 33 – 35; c) U. T. Bornscheuer, R. J. Kazlauskas,
Angew. Chem. 2004, 116, 6156 – 6165; Angew. Chem.
Int. Ed. 2004, 43, 6032 – 6040; d) K. Hult, P. Berglund,
Trends Biotechnol. 2007, 25, 231 – 238; e) R. A. Shel-
don, Chem. Commun. 2008, 3352 – 3365; f) M. D. Tosca-
no, K. J. Woycechowsky, D. Hilvert, Angew. Chem.
2007, 119, 3274 – 3300; Angew. Chem. Int. Ed. 2007, 46,
3212 – 3236; g) R. J. Kazlauskas, Curr. Opin. Chem.
Biol. 2005, 9, 195 – 201; h) P. J. O�Brien, D. Herschlag,
Chem. Biol. 1999, 6, R91-R105.

[12] M. Rusch gen Klaas, M. Kunz, S. Warwel, J. Mol. Catal.
B: Enzym. 1999, 7, 283 – 289.

[13] S. P. Yao, D. S. Lu, Q. Wu, Y. Cai, S. H. Xu, X. F. Lin,
Chem. Commun. 2004, 2006 – 2007.

[14] M. Svedendahl, K. Hult, P. Berglund, J. Am. Chem.
Soc. 2005, 127, 17988 – 17989.

[15] a) W. L. Lai, L. Y. Chou, C. Y. Ting, R. Kirby, Y. C.
Tsai, A. J. H. Wang, S. H. Liaw, J. Biol. Chem. 2004,
279, 13962 – 13967; b) C. M. Seibert, F. M. Raushel, Bio-
chemistry 2005, 44, 6383 – 6391; c) H. A. Lindner, A.
Alary, M. Wilke, T. Sulea, Biochemistry 2008, 47, 4266 –
4275.

[16] a) J. M. Xu, F. Zhang, B. K. Liu, Q. Wu, X. F. Lin,
Chem. Commun. 2007, 20, 2078 – 2080; b) J. M. Xu, F.
Zhang, Q. Wu, Q. Y. Zhang, X. F. Lin, J. Mol. Catal. B:
Enzym. 2007, 49, 50 – 54.

[17] a) P. J. O�Brien, D. Herschlag, J. Am. Chem. Soc. 1998,
120, 12369 – 12370; b) E. A. T. Ringia, J. B. Garrett,
J. B. Thoden, H. M. Holden, I. Rayment, J. A. Gerlt,
Biochemistry 2004, 43, 224 – 229; c) S. C. Wang, W. H.
Johnson, C. P. Whitman, J. Am. Chem. Soc. 2003, 125,
14282 – 14283.

[18] a) W. B. Wu, J. M. Xu, Q. Wu, D. S. Lu, X. F. Lin, Adv.
Synth. Catal. 2006, 348, 487 – 492; b) W. B. Wu, N.
Wang, J. M. Xu, Q. Wu, X. F. Lin, Chem. Commun.
2005, 2348 – 2350.

[19] a) Y. Cai, Q. Wu, Y. M. Xiao, D. S. Lu, X. F. Lin, J. Bio-
technol. 2006, 121, 330 – 337; b) O. Torre, V. Gotor-Fer-
nandez, I. Alfonso, L. F. Garcia-Alles, V. Gotor, Adv.
Synth. Catal. 2005, 347, 1007 – 1014; c) P. Carlqvist, M.
Svedendahl, C. Branneby, K. Hult, T. Brinck, P. Ber-
glund, ChemBioChem 2005, 6, 331 – 336; d) O. Torre, I.
Alfonso, V. Gotor, Chem. Commun. 2004, 1724 – 1725.

[20] a) A. Zaks, A. M. Klibanov, Proc. Natl. Acad. Sci. USA
1985, 82, 3192 – 3196; b) A. M. Klibanov, Chemtech
1986, 16, 354 – 359.

[21] K. Yoshimoto, Y. Itatani, Y. Tsuda, Chem. Pharm. Bull.
1980, 28, 2065 – 2074.

Adv. Synth. Catal. 2009, 351, 1833 – 1841 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim asc.wiley-vch.de 1841

FULL PAPERSPromiscuous Zinc-Dependent Acylase-Mediated One-Pot Synthesis

http://asc.wiley-vch.de

