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bstract

Thiamine-dependent enzymes catalyse the decarboxylation of �-ketoacids, by both non-oxidative and oxidative mechanisms. Based on the
bility of thiamine-cofactor to catalyse itself the decarboxylation of pyruvate to some extent, we have immobilized on a silica surface two ‘active
ldehyde’ intermediates of thiamine catalysis, 2-�-hydroxybenzyl-thiamine pyrophosphate (HBTPP) and 2-�-hydroxyethyl-thiamine pyrophos-
hate (HETPP). The two intermediates have been tethered by a convenient method on silica support via their phosphate groups providing the
ovalently heterogenised biomolecules [HBTh–OP2O6–SiO3/2]n·xSiO2 and [HETh–OP2O6–SiO3/2]n·xSiO2. These bio-composite materials have
een evaluated as catalysts for pyruvate and benzoyl-formate decarboxylation in either the presence or not of an aldehyde additive. Our data show
hat they are stable, very effective and recyclable catalysts for the production of 2-hydroxy-ketones, acetoine and benzoin. Their catalytic behavior

s much better than the corresponding behavior of the homogeneous thiamine-systems due to the selected immobilization mode which bears simi-
arities to that of the thiamine-cofactor binding to the protein. Considering our results, possible catalytic pathways of the prepared bio-composite

aterials are suggested.
2006 Elsevier B.V. All rights reserved.
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. Introduction

Thiamine pyrophosphate (TPP) serves as a cofactor in a num-
er of enzymic processes found in almost all major metabolic
athways. In living organisms, thiamine-dependent enzymes are
ainly involved in the decarboxylation of �-ketoacids, by both

on-oxidative and oxidative mechanisms [1–7].
Model and biochemical studies have provided a good insight

nto the elucidation of the mechanism of action of thiamine-
ependent enzymes for which a very recent review is available
[8] and references wherein]. The key points of the catalytic

echanism are highlighted as follows: TPP binds to the apoen-

yme by its pyrophosphate group and bivalent metal ions, and
s forced by the protein to adopt the specific V conformation,
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ringing the 4′�-NH2 group near C(2) of thiazole, attracting a
roton, creating the “ylide” and initiating the catalytic cycle.
his is followed by addition of the �-ketoacid substrate, decar-
oxylation of the formed adduct and formation of the “active
ldehyde” intermediate which most probably adopts the S con-
ormation. This conformation favors the release of the main
ldehyde product regenerating, finally, the TPP-“ylid” form
Scheme 1) [8–13].

A unique feature of the TPP cofactor is its relative impor-
ance in catalysis, since TPP alone can perform the reaction,
lthough over a million times less efficiently than the holoen-
yme [14]. Given that the only conserved residues in the active
ite of thiamine-dependent enzymes are those directly bound to
he cofactor or metal ion, it was suggested that it is the cofactor,
ts conformation and its environment that determine the catalytic

fficiency [8,14].

The catalysis of C C bond formation resulting in
-hydroxy-ketone, which constitutes a side reaction of thiamine-
ependent decarboxylases, is of great research interest. In
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Scheme 1. Mechanism of act

eneral 2-hydroxy-ketones are important structural subunits
n many biologically active natural products and are also
mportant reagents for stereo-selective syntheses. Several
ersatile methods chemical or enzymatic have been devel-
ped as alternatives to the classical benzoin condensation
12,15–19].

On the other hand, the fixation of active biomolecules
ia covalent attachment to a silica surface for biotechnolog-
cal processes is a remarkable synthetic approach [20–23].
n a previous work, to take advantage of the catalytic abil-
ty of TPP, we have developed a one-step procedure to
ether TPP on a silica surface through its phosphate moi-
ty providing a hybrid organic-inorganic biocatalyst [24]. The
PP-immobilised catalytic performance for pyruvate decar-
oxylation producing a 2-hydroxy-ketone, acetoine, was clearly
ptimized when compared to those of the homogeneous system
24].

The main goal of this work is to immobilize on a silica
urface active intermediate of the thiamine catalysis and to eval-
ate their efficiency for decarboxylation of �-ketoacids. To this
nd, we have synthesized two “active aldehyde” derivatives of
PP, 2-�-hydroxybenzyl-thiamine pyrophosphate (HBTPP) and
-�-hydroxyethyl-thiamine pyrophosphate (HETPP) being the
active aldehyde” intermediates of benzoyl-formate decarboxy-
ase (BFD) and pyruvate decarboxylase (PDC), respectively.
onsequently they have been tethered on silica support
ia their phosphate groups providing the covalently het-
rogenised biomolecules [HBTh–OP2O6–SiO3/2]n·xSiO2 and

HETh–OP2O6–SiO3/2]n·xSiO2. Our results show that the novel
io-composite materials are very effective systems for pyruvate
nd benzoyl-formate decarboxylation resulting in acetoine and
enzoin formation.
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d

�-ketoacid decarboxylases.

. Materials and methods

.1. Materials

All substrates were purchased in their highest commercial
urity. Infrared spectra were recorded on a Spectrum GX Perkin-
lmer FT-IR System and solution NMR spectra were recorded
ith a Bruker AMX-400 MHz spectrometer with external TMS

s reference. Solid-state 13C NMR spectra were acquired by
sing cross-polarization (CP), magic-angle spinning (MAS),
nd high-power proton decoupling in a Chemagnetics CMX 300
pparatus with chemical shifts quoted relative to TMS. Diffuse
eflectance UV–vis spectra were recorded at room temperature
n a Shimadzu UV-2401PC with a BaSO4 coated integration
phere. Thermogravimetric analyses were carried out using Shi-
adzu DTG-60 analyser. X-ray powder diffraction data were

ollected on a D8 Advance Bruker diffractometer by using Cu
� (40 kV, 40 mA) radiation and a secondary beam graphite
onochromator. GC analyses were performed using a Shimadzu
C-17A gas chromatograph coupled with a GCMS-QP5000
ass spectrometer.

.2. Synthesis of 2-(α-hydroxybenzyl) thiamine
yrophosphate chloride hydrochloride (HBTPP)

Five grams (∼15 mmol) of thiamine chloride hydrochloride
ere dissolved in water to a volume of approximately 10 mL, and

he solution was adjusted to pH 8.0 with 3N NaOH. To this were

dded 23 mLof absolute methanol and 16 mL (∼150 mmol) of
edistilled benzaldehyde. The mixture was stirred at room tem-
erature and was constantly purged with nitrogen. Periodically,
ilute NaOH was added to maintain the pH, and methanol was
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3251: ν(NH2), 1655: ν(8a) + δ(NH2), 1512: ν(8b), 1471: δ(CH3),
ig. 1. 2-(�-Hydroxybenzyl) thiamine pyrophosphate chloride hydrochloride
HBTPP).

dded to maintain a homogenous solution. After 3 h, concen-
rated HCl was added to adjust the solution to pH 2–2.5. This
ddition caused the reaction mixture to separate into to phases.
he upper aqueous methanol layer was concentrated to apparent
ryness and the residue was washed with acetone. The acetone-
ashed, dry residue was suspended in a small volume of water,

orming a solution at 50–60 ◦C. This solution was filtered while
ot, and was then allowed to cool, giving crystals of 2-(�-
ydroxybenzyl) thiamine pyrophosphate chloride hydrochloride
Fig. 1). These are recrystallized from water, mp 178–181 ◦C
ith decomposition [25].
Anal. Calcd. for C19H26N4O8P2SCl.CH3OH (%): C:40.03,

:9.34, H:5.00, S:5.34. Found: C:40.54, N:8.72, H:5.02, S:5.12.
R (KBr, cm−1, selected peaks) 3399: ν(OH), 3250: ν(NH2),
675, 1624: ν(8a) + δ(NH2), 1542: ν(8b), 1455: δ(CH3), 1340:
(CH2), 1234: ν(P O), 1086: ν(C O), 933: v(P O), 482:
(P O). 1H NMR(D2O, δ) 7.4(s): C2′′ H, 7.3(s): C3′′,4′′ H,
.7(s): C6′ H, 6.5(s): C2a H, 5.3–5.2(q): Cb H2, 4.2(s):
5b H2, 3.3(s): C5a H2, 2.5(s): 2′ CH3, 2.4(s): 4 CH3. 13C
MR(D2O, δ) 180.8: C(2), 164.3: C(2′), 163.6: C(4′), 147.8:
(4), 140.7: C(6′), 130.5–138.7: C(Phe), 136.6: C(5), 109.7:
(5′), 74.4: C(2a), 67.5: C(5b), 49.4: C(b), 30.2: C(5a), 23.1:
CH3(2′), 13.8: CH3(4).

.3. Immobilization of HBTPP on a silica support

A solution of 2-(�-hydroxybenzyl) thiamine pyrophosphate
hloride hydrochloride (HBTPP) (0.5 g in 10 mL of methanol
ith 2 equiv. of Et3N) containing suspended silica gel (1.25 g

verage pore diameter 60 Å) was refluxed for 2 h and then the
ecovered solid was washed with methanol, acetone, diethyl-
ther and dried at 60 ◦C under vacuum. Anal. Found for
HBTh–O–P2O6SiO3/2]n·xSiO2 (%): C:2.82, N:0.65, H:0.81,
:0.50. Drift-IR (KBr, cm−1, selected peaks) 3370: ν(OH),
240: ν(NH2), 1657: ν(8a) + δ(NH2), 1528: ν(8b), 1480: δ(CH3),
90: δ(P O). 13C CP MAS NMR (δ) 180.6: C(2), 166.6: C(2′),
61.2: C(4′), 149.8: C(4), 145.6: C(6′), 130.0–137.0: C(Phe),
34.3: C(5), 107.9: C(5′), 72.2: C(2a), 65.0: C(5b), 49.4: C(b),
8.7: C(5a), 22.5: CH3(2′), 11.9: CH3(4).

.4. Synthesis of the 2-(α-hydroxyethyl) thiamine
yrophosphate chloride hydrochloride (HETPP)
Freshly distilled acetaldehyde (120 mmol) was added to a
5-mL aqueous solution of TPP (6.0 mmol) in a 50-mL pear-
haped flask. The pH of the solution was adjusted to 8.0 with

4
1
C
1

ig. 2. 2-(�-Hydroxyethyl) thiamine pyrophosphate chloride hydrochloride
HETPP).

.0 M NaOH and then to 8.7 with 1 M NaOH. The flask was
ncubated for 2 h at 45 ◦C. The solution was cooled to room
emperature and its pH readjusted to 8.7 with 1 M NaOH. It
as then incubated for an additional 1 h at 45 ◦C. The pH
f the product mixture was adjusted to 2.5 with 5N HCl and
he solution concentrated by rotary evaporation in vacuum to
pproximately 1-mL total volume. The concentrated solution
as desalted by passage through a 1.0 cm × 48 cm column of
ephadex G-10, pre-equilibrated and eluted with 1% formic
cid. One-milliliter fractions were collected and the absorbance
t 254 nm measured. The fractions having absorption at 254 nm
ere pooled and concentrated to about 2-mL total volume. The
esalted product solution was then chromatographed through a
5 cm × 1.5 cm column of Sephadex SP-C25 cation-exchange
esin, preequilibrated and eluted with 1% formic acid. Fractions
mL in volume were collected, and those containing HETPP

Fig. 2)were pooled and freed of water and formic acid by
otary evaporation. The colorless glassy product was dissolved
n 2 mL of 0.10 M HC1 and the solvent removed as before
26].

Anal. Calcd. for C14H24N4O8P2SCl·2H2O (%): C:31.02,
:10.34, H:5.17, S:5.91. Found: C:31.60, N:9.70, H:5.40,
:4.98. IR (KBr, cm−1, selected peaks). 3330: ν(OH), 3260:
(NH2), 1663, 1620: ν(8a) + δ(NH2), 1538: ν(8b), 1443: δ(CH3),
366: δ(CH2), 1229: ν(P O), 1099: ν(C O), 1007: ν(P O),
00: δ(P O). 1H NMR(D2O, δ) 7.3(s): C6′ H, 5.5 (s): Cb H2,
.4(q): C2a H, 4.2(d): C5b H2, 3.3(t): C5a H2, 2.6(s): 2′ CH3,
.4(s): 4 CH3, 1.7(d): 2a CH3. 13C NMR(D2O, δ) 181.5: C(2),
65.4: C(2′), 164.7: C(4′), 147.2: C(4), 141.9: C(6′), 136.7:
(5), 111.7: C(5′), 67.3: C(2a), 67.7: C(5b), 49.5: C(b), 30.4:
(5a), 23.6: CH3(2′), 14.1: CH3(2′,4), 24.6: CH3(2a).

.5. Immobilization of HETPP on a silica support

A solution of 2-(�-hydroxyethyl) thiamine pyrophos-
hate (HETPP) (0.5 g in 10 mL of methanol with 2 equiv.
f Et3N) containing suspended silica gel (1.25 g average
ore diameter 60 Å) was refluxed for 2 h and then the
ecovered solid was washed with methanol, acetone, diethyl-
ther and dried at 60 ◦C under vacuum. Anal. Calcd. for
HETh–O–P2O6SiO3/2]n·xSiO2 (%):C:2.90, N:0.82, H:1.16,
:0.76. Drift-IR (KBr, cm−1, selected peaks). 3364: ν(OH),
92: δ(P O). 13C CP MAS NMR (δ) 177.9: C(2), 163.1: C(2′),
63.1: C(4′), 144.5: C(4), 141.0: C(6′), 109.4: C(5′), 66.0:
(2a), 66.0: C(5b), 48.3: C(b), 31.6: C(5a), 22.4: CH3(2′),
2.5: CH3(4), 22.4: CH3(2a).
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.6. Catalytic reactions

All reactions in the (A) assay were carried out at 37 ◦C
n methanol (1 mL) with substrate (200 �mol), aldehyde
400 �mol), catalyst (20 �mol) and NaOH (40 �mol). The
atio of [catalyst:aldehyde:base:substrate] was equal to
1:20:2:10]. Equal, all reactions in the (B) assay were
arried out at 37 ◦C in methanol (1 mL) with substrate
200 �mol), catalyst (20 �mol) and NaOH (40 �mol). In
his case, the ratio of [catalyst:base:substrate] was equal to
1:2:10]. In both cases, bromobenzene was used as internal
tandard.

The substrate conversion was monitored by GC–MS, by
emoving small samples of the reaction mixture. To establish the
dentity of the products unequivocally, the retention times and
pectral data were compared to those of commercially available
ompounds. Blank experiments showed that without thiamine-
ased catalyst there is no substrate conversion.

. Results and discussion

.1. Immobilization of “active aldehyde” thiamine
erivatives on a silica surface
The synthesized “active aldehyde” derivatives of TPP,
-�-hydroxybenzyl-thiamine pyrophosphate chloride hydro-
hloride (HBTPP) and 2-�-hydroxyethyl-thiamine pyrophos-

1
3
t
r

Scheme 2. Preparation of the imm
lysis A: Chemical 267 (2007) 120–128 123

hate chloride hydrochloride (HETPP), were immobilized on
silica surface following the same procedure as for thi-

mine pyrophosphate immobilization reported recently by
ur group [24]. The synthetic procedures are described
n detail, in Section 2. The obtained hybrid materi-
ls were the [HBTh–OP2O6–SiO3/2]n·xSiO2 and [HETh–
P2O6–SiO3/2]n·xSiO2, while for comparison purposes the

Th–OP2O6–SiO3/2]n·xSiO2 was also prepared (Scheme 2). The
chieved loading was about 0.4 mmol of biomolecule per gram
f modified silica, determined by thermogravimetric and ele-
ental analysis.
The powder XRD spectra show that the biomimeti-

ally modified materials, [HBTh–OP2O6–SiO3/2]n·xSiO2 and
HETh–OP2O6–SiO3/2]n·xSiO2, are homogeneous and amor-
hous, like the untreated silica. This indicates that the
iomolecules are covalently attached to the support and not
o-crystallized with it (see Supplementary Material, Fig. 1).

Diffuse reflectance FTIR (‘DRIFTS’) data of the hybrid
aterials showed absorption bands assigned to vibrations

f both the silica support and the attached biomolecules.
n the spectrum of [HBTh–OP2O6–SiO3/2]n·xSiO2 the bands
bserved at 1657 and 1528 cm−1 and in the spectrum of
HETh–OP2O6–SiO3/2]n·xSiO2 the corresponding bands at

656 and 1525 cm−1 (see Supplementary Material, Figs. 2 and
) are attributed to coupling of the pyrimidine ring (8a) with
he δ(NH2) group and to a pure pyrimidine ring vibration (8b),
espectively [24,27–29]. In both spectra, the bands, centered

obilized TPP biocatalysts.



1 Catalysis A: Chemical 267 (2007) 120–128

a
S

d
l
o
t
[
1
C
m
1
T
C
t
1
M

3

k
i
d
o
T
t
e

t
n
u
i
t
e
s
s
i
R

a
H

Table 1
Pyruvate decarboxylation catalysed by thiamine-catalysts

Catalyst Reaction time (min) Conversion (%)

TPP (homogeneous system) 330 100a

HBTPP (homogeneous system) 215 90a

HETPP (homogeneous system) 330 78a

[Th–OP2O6–SiO3/2]n·xSiO2 110 100a

[HBTh–OP2O6–SiO3/2]n·xSiO2 35 100a

[HETh–OP2O6–SiO3/2]n·xSiO2 160 95a

TPP (homogeneous system) 330 88b

HBTPP (homogeneous system) 110 100b

HETPP (homogeneous system) 330 72b

[Th–OP2O6–SiO3/2]n·xSiO2 60 100b

[HBTh–OP2O6–SiO3/2]n·xSiO2 35 100b

[HETh–OP2O6–SiO3/2]n·xSiO2 115 98b

a Reaction conditions: All reactions were carried out at 37 ◦C in MeOH
(1 ml) with pyruvate (200 �mol), acetaldehyde (400 �mol), thiamine-catalyst
(20 �mol) and NaOH (40 �mol).

b Reaction conditions: All reactions were carried out at 37 ◦C in MeOH (1 ml)
with pyruvate (200 �mol), thiamine-catalyst (20 �mol) and NaOH (40 �mol).
In both cases, bromobenzene was used as internal standard.

Table 2
Benzoyl-formate decarboxylation catalysed by thiamine-catalysts

Catalyst Reaction time (min) Conversion (%)

TPP (homogeneous system) 330 67a

HBTPP (homogeneous system) 250 74a

HETPP (homogeneous system) 330 72a

[Th–OP2O6–SiO3/2]n·xSiO2 5 100a

[HBTh–OP2O6–SiO3/2]n·xSiO2 5 100a

[HETh–OP2O6–SiO3/2]n·xSiO2 5 100a

TPP (homogeneous system) 330 82b

HBTPP (homogeneous system) 215 90b

HETPP (homogeneous system) 330 85b

[Th–OP2O6–SiO3/2]n·xSiO2 5 100b

[HBTh–OP2O6–SiO3/2]n·xSiO2 5 100b

[HETh–OP2O6–SiO3/2]n·xSiO2 5 100b

a Reaction conditions: All reactions were carried out at 37 ◦C in MeOH (1 ml)
24 A. Stamatis et al. / Journal of Molecular

t 1200, 1080 and 806 cm−1 were assigned to vibrations of
i O Si and Si O bonds from the support.

13C CP MAS NMR spectra of the tethered thiamine
erivatives have signals which characterize the immobi-
ized biomolecules [27,28]. The assignments are based
n the corresponding solution- and solid-phase spectra of
he synthesized compounds [27–29]. In the spectrum of
HBTh–OP2O6–SiO3/2]n·xSiO2 the signals at 161.2, 145.6 and
07.9 ppm are assigned to the resonances of C(4′), C(6′) and
(5′) of the pyrimidine ring; the resonances of C(b) and the
ethyl carbons 2′ CH3 and 4 CH3 appear at 49.4, 22.5 and

1.9 ppm, respectively (see Supplementary Material, Fig. 4).
he resonances of the corresponding carbon atoms C(4′), C(6′),
(5′), C(b), 2′ CH3 and 4 CH3, in the 13C CP MAS NMR spec-

rum of [HETh–OP2O6–SiO3/2]n·xSiO2, are located at 163.1,
41.0, 109.4, 48.3, 22.4 and 12.5 ppm (see Supplementary
aterial, Fig. 5).

.2. Catalytic reactions

Thiamine enzymes catalyse the decarboxylation of �-
etoacids in vivo [1–7]. There was some evidence that thiamine
tself, e.g., in protein-free model systems, catalyses pyruvate
ecarboxylation [30]. We have previously confirmed this ability
f thiamine in a protein-free system. Moreover, the immobilized
PP showed high catalytic activity for pyruvate decarboxyla-

ion demonstrating that it is a very active biocatalyst even more
fficient than the homogeneous one [24].

Pyruvate and benzoyl-formate decarboxylation catalysed by
hiamine adducts occurs via two procedures in presence (A) or
ot (B) of aldehyde additive (Scheme 3). When pyruvate was
sed as substrate the chosen aldehyde was acetaldehyde provid-
ng acetoine by both assays. In benzoyl-formate decarboxylation
owards benzoin the additive was benzaldehyde (Scheme 3). To
xamine the effectiveness of homogeneous and heterogenised
ystems, both assays A and B have been followed. A [sub-
trate:catalyst] molar ratio [10:1] was used. The reaction yield
s related to both substrate conversion and product formation.

esults are given in Tables 1 and 2.

For pyruvate decarboxylation, the homogeneous HBTPP cat-
lyst showed higher activity than the homogeneous TPP and
ETPP converting the substrate at 215 and 110 min in the pres-

with benzoyl-formate (200 �mol), benzaldehyde (400 �mol), thiamine-catalyst
(20 �mol) and NaOH (40 �mol).

b Reaction conditions: All reactions were carried out at 37 ◦C in MeOH (1 ml)
with benzoyl-formate (200 �mol), thiamine-catalyst (20 �mol) and NaOH
(40 �mol). In both cases, bromobenzene was used as internal standard.

Scheme 3. Reactions of pyruvate and benzoyl-formate decarboxylation catalysed by thiamine catalysts.
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Fig. 3. Time-dependent reaction profile for pyruvate decarboxylation with
acetaldehyde additive (assay A) catalysed by homogenous TPP, HETPP and
H ◦
i
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e
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h
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(

Fig. 5. Pyruvate decarboxylation catalysed by grafted or ungrafted TPP, HBTPP
a
c
(

(
H

c
r
b
t
c
a

t
p
Without benzaldehyde (assay B), the immobilized TPP, HBTPP
BTPP catalysts. Conditions: The catalytic reactions were carried out at 37 C
n MeOH (1 mL) with pyruvate (200 �mol), acetaldehyde (400 �mol), thiamine-
atalyst (20 �mol) and NaOH (40 �mol).

nce or not of acetaldehyde, respectively (Table 1). The time
ourse profiles for the pyruvate decarboxylation catalysed by
omogeneous thiamine-systems are given at Figs. 3 and 4.

Immobilization of the catalysts clearly results in a remark-
ble improvement of their ability, given that the heterogenised
PP, HBTPP and HETPP catalysts fully converted the pyruvate
ith acetaldehyde additive at 110, 35 and 160 min instead of
30, 215 and 330 min of the ungrafted TPP, HBTPP and HETPP
atalysts, respectively (Table 1, Fig. 5). By testing the second
ssay without acetaldehyde, the same behavior is observed, i.e.,
yruvate decarboxylation catalysed by the immobilized TPP,

BTPP and HETPP biocatalysts is accomplished at 60, 35

nd 115 min, respectively while the corresponding times of the
omogeneous systems were found to be 330, 110 and 330 min

ig. 4. Time-dependent reaction profile for pyruvate decarboxylation (assay B)
atalysed by homogenous TPP, HETPP and HBTPP catalysts. Conditions: The
atalytic reactions were carried out at 37 ◦C in MeOH (1 mL) with pyruvate
200 �mol), thiamine-catalyst (20 �mol) and NaOH (40 �mol).

a
t

F
a
i
N

nd HETPP with acetaldehyde additive. Conditions: The catalytic reactions were
arried out at 37 ◦C in MeOH (1 mL) with pyruvate (200 �mol), acetaldehyde
400 �mol), thiamine-catalyst (20 �mol) and NaOH (40 �mol).

Table 1, Fig. 6). From these data, it is clear that the immobilized
BTPP biomolecule is the most effective catalyst.
In homogenous benzoyl-formate decarboxylation, HBTPP

onverts 74% and 90% of the substrate at 250 and 215 min,
espectively (in the presence or not of benzaldehyde) exhibiting
etter catalytic activities than the TPP and HETPP (Table 2). The
ime course profiles for the benzoyl-formate decarboxylation
atalysed by homogeneous TPP, HETPP and HBTPP catalysts
re presented in Figs. 7 and 8.

All the heterogenised catalysts presented outstanding effec-
iveness converting immediately (t < 5 min) the substrate in the
resence of benzaldehyde towards benzoin (Table 2, Fig. 9).
nd HETPP biocatalysts remained very active, decarboxylating
he substrate immediately (Table 2, Fig. 10).

ig. 6. Pyruvate decarboxylation catalysed by grafted or ungrafted TPP, HBTPP
nd HETPP. Conditions: The catalytic reactions were carried out at 37 ◦C
n MeOH (1 mL) with pyruvate (200 �mol), thiamine-catalyst (20 �mol) and
aOH (40 �mol).
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Fig. 7. Time-dependent reaction profile for benzoyl-formate decarboxylation
with benzaldehyde additive (assay A) catalysed by homogenous TPP, HETPP
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Fig. 9. Benzoyl-formate decarboxylation catalysed by grafted or ungrafted
TPP, HBTPP and HETPP with benzaldehyde additive. Conditions: The catalytic
r
(
(

a
t
d

w
f
w
t
not seem to cause remarkable steric hindrance to the cat-
nd HBTPP catalysts. Conditions: The catalytic reactions were carried out
t 37 ◦C in MeOH (1 mL) with benzoyl formate (200 �mol), benzaldehyde
400 �mol), thiamine-catalyst (20 �mol) and NaOH (40 �mol).

To clarify that the catalysis was performed by the hetero-
enised catalysts and not by leached thiamine molecules from
he silica support, after the catalytic reactions were evolved,
he solids were filtered and the filtrates allowed to further react
n the same conditions. No additional products were detected,
ndicating that the catalytic activity is exclusively due to the
eterogenised catalysts.

The ability of catalyst reuse was also evaluated. After the
ermination of the studied reaction, a new portion of substrate
as been added. In the case of immobilized catalysts, it was
bserved that they can be reused at least 3 times, thus mak-

ng them cost-effective for a putative application. On the other
and, the homogeneous systems showed zero conversion of the
dditional dose of the substrate. It is worth noticing, that the
eterogenised catalysts recovered by filtration from the cat-

ig. 8. Time-dependent reaction profile for benzoyl-formate decarboxylation
assay B) catalysed by homogenous TPP, HETPP and HBTPP catalysts. Con-
itions: The catalytic reactions were carried out at 37 ◦C in MeOH (1 mL) with
enzoyl formate (200 �mol), thiamine-catalyst (20 �mol) and NaOH (40 �mol).
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eactions were carried out at 37 ◦C in MeOH (1 mL) with benzoyl-formate
200 �mol), benzaldehyde (400 �mol), thiamine-catalyst (20 �mol) and NaOH
40 �mol).

lytic reactions exhibited (a) identical DRIFT-IR spectra with
he ‘unused’ catalysts and (b) almost the same loading, e.g.,
etermined by thermogravimetric analysis.

In summary, all the heterogenised systems prepared here
ere much better catalysts than the homogeneous ones. This

act could be due to the influence of the support polar surface
hich may favour the polar substrate approach and promote

he 2-hydroxy-ketone release. Moreover, the solid surface does
lytic reaction, maintaining the active centres to an adequate
istance. That is, the achieved immobilised mode through
he phosphate group of the catalyst, which is analogous to

ig. 10. Benzoyl-formate decarboxylation catalysed by grafted or ungrafted
PP, HBTPP and HETPP. Conditions: The catalytic reactions were carried out
t 37 ◦C in MeOH (1 mL) with benzoyl formate (200 �mol), thiamine-catalyst
20 �mol) and NaOH (40 �mol).



A. Stamatis et al. / Journal of Molecular Catalysis A: Chemical 267 (2007) 120–128 127

hyde

t
s

3

p
c

t
t
t
i

Scheme 4. Possible catalytic cycle of immobilized TPP and ‘active alde

hat of the biocatalyst binding to the protein, looks to be
uccessful.

.3. Mechanistic aspects
Possible mechanisms for �-ketoacid decarboxylation, in the
resence (assay A) or not of an aldehyde additive (assay B),
atalysed by immobilized TPP and ‘active aldehyde deriva-

Scheme 5. Possible catalytic cycle of immobilized TPP and ‘activ

T
r
(
i

’ derivatives in the presence of aldehyde as an acyl acceptor (assay A).

ives’ are presented in Schemes 4 and 5 related to that of
hiamine-dependent enzymes (see Scheme 1). In the initial step,
he deprotonation of the C(2) atom of thiazole moiety occurs
nto the basic medium resulting in the formation of the ylid.
he C(2) carbanion of the catalyst once formed, is able to
e aldehyde’ derivatives without aldehyde additive (assay B).

eact with the carbonyl carbon of the substrate and to bind it
Schemes 4 and 5). Subsequent decarboxylation probably results
n the C(2�)-carbanion intermediate, as in the enzymic catalysis
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Scheme 1). When immobilized ‘active aldehyde’ derivatives
re used as catalysts, their deprotonation generates immediately
he active C(2�)-carbanion (Schemes 4 and 5). If the catalysed
ecarboxylation is performed in the presence of an aldehyde
assay A) (Scheme 4), the immobilized C(2�)-carbanion is
igated to an aldehyde molecule acting as an acyl acceptor.
inally, 2-hydroxy-ketone is eliminated regenerating the TPP-
lid form. When the assay B is followed, the immobilized
(2�)-carbanion is ligated to a second substrate molecule. Sub-

equently, (a) decarboxylation of the adduct formed and (b)
roduct release lead to the TPP-ylid form initiating the catalytic
ycle (Scheme 5).

. Conclusions

We have immobilized on a silica surface two derivatives
f thiamine pyrophosphate, 2-�-hydroxybenzyl-thiamine
yrophosphate (HBTPP) and 2-�-hydroxyethyl-thiamine
yrophosphate (HETPP) being the “active aldehyde” interme-
iates of the enzymic cycle of benzoyl-formate decarboxylase
BFD) and pyruvate decarboxylase (PDC), respectively. Their
mmobilization constitutes a convenient, mild and one-step
rocedure by using the phosphate moieties of the biomolecules.
his mode presents structural similarities to that of the thiamine
yrophosphate binding on the protein support.

The obtained bio-composite materials, [HBTh–OP2O6–
iO3/2]n·xSiO2 and [HETh–OP2O6–SiO3/2]n·xSiO2, have been
valuated for pyruvate and benzoyl-formate decarboxylation.
hey are stable, very effective and recyclable catalysts for the
roduction of 2-hydroxy-ketones, acetoine and benzoin. The
ilica polar surface clearly promotes their formation, since the
eterogenised catalysts present much better properties than the
orresponding homogeneous ones.

The reactions catalysed by the present biomimetically mod-
fied silicas seem to occur via mechanisms which are suggested
ere and are consistent to that of the enzymic systems.

With regards to future studies, it is important to evaluate the
resent non-enzymic catalysts for the enantioselective formation
f various optically active 2-hydroxy-ketones.

cknowledgement
The authors thank the postgraduate program “Bioinorganic
hemistry” at the Department of Chemistry at the University of

oannina. I.S.B. and N.H. want also to thank a NATO grant for
xchange of scientists.

[

[

[

lysis A: Chemical 267 (2007) 120–128

ppendix A. Supplementary data

Supplementary data associated with this article can be found,
n the online version, at doi:10.1016/j.molcata.2006.11.049.

eferences

[1] A. Schellenberger, Biochim. Biophys. Acta 1385 (1998) 177.
[2] S. Konig, Biochim. Biophys. Acta 1385 (1998) 271.
[3] M.S. Hasson, A. Muscate, M.J. McLeish, L.S. Polovnikova, L.A. Gerlt,

G.L. Kenyon, G.A. Petsko, D. Ringe, Biochemistry 37 (1998) 9918.
[4] A. Schutz, T. Sandalova, S. Ricagno, G. Hubner, S. Konig, G. Schneider,

Eur. J. Biochem. 270 (2003) 2312.
[5] R. Kluger, J.F. Lam, J.P. Pezacki, C.M. Yang, J. Am. Chem. Soc. 117 (1995)

11383.
[6] D. Kern, G. Kern, H. Neef, K. Tittmann, M. Killenberg-Jabs, C. Wikner,

G. Schneider, G. Hubner, Science 275 (1997) 67.
[7] R. Kluger, Chem. Rev. 87 (1987) 863.
[8] G. Malandrinos, M. Louloudi, N. Hadjiliadis, Chem. Soc. Rev. 35 (2006)

684.
[9] R. Breslow, J. Am. Chem. Soc. 80 (1958) 3719.
10] M. Pohl, G.A. Sprenger, M. Muller, Curr. Opin. Biotechnol. 15 (2004)

335.
11] A. Schellenberger, G. Hubner, H. Neef, Methods Enzymol. 279 (1997) 131.
12] M. Pohl, B. Lingen, M. Muller, Chem. Eur. J. 8 (2002) 5289.
13] F. Jordan, FEBS Lett. 457 (1999) 298.
14] E.S. Polovnikova, M.J. McLeish, E.A. Sergienko, J.T. Burgner, N.L. Ander-

son, A.K. Bera, F. Jordan, G.L. Kenyon, M.S. Hasson, Biochemistry 42
(2003) 1820.

15] J. Castells, F. Lopez-Calahorra, L. Domingo, J. Org. Chem. 53 (1988)
4433.

16] D. Enders, K. Breuer, J.H. Teles, Helv. Chim. Acta 79 (1996) 1217.
17] A.S. Demir, M. Polh, E. Janzen, M. Muller, J. Chem. Soc., Perkin Trans. 1

(2001) 633.
18] M. Pohl, Adv. Biochem. Eng. Biotechnol. 58 (1997) 16.
19] H. Iding, T. Dunnwald, L. Greiner, A. Liese, M. Muller, P. Siegert, J.

Grotzinger, A.S. Demir, M. Pohl, Chem. Eur. J. 6 (2000) 1483.
20] D. Avnir, S. Braun, O. Lev, M. Ottolenghi, Chem. Mater. 6 (1994) 1605.
21] D. Avnir, Acc. Chem. Res. 28 (1995) 328.
22] K.E. Chung, E.H. Lan, M.S. Davidson, B. Dunn, J.S. Valentine, J.I. Zink,

Anal. Chem. 67 (1995) 1505.
23] I. Gill, A. Ballesteros, J. Am. Chem. Soc. 120 (1998) 8587.
24] Ch. Vartzouma, M. Louloudi, I.S. Butler, N. Hadjiliadis, Chem. Commun.

(2002) 522.
25] J.J. Mieyal, G. Bantle, R.G. Votaw, I.A. Rosner, H.Z. Sable, J. Biol. Chem.

246 (1971) 5213.
26] K.J. Gruys, C.J. Halkides, P.A. Frey, Biochemistry 26 (1987) 7575.
27] K. Dodi, M. Louloudi, G. Malandrinos, N. Hadjiliadis, J. Inorg. Biochem.

73 (1999) 41.

28] G. Malandrinos, M. Louloudi, C.A. Mitsopoulou, I.S. Butler, R. Bau, N.

Hadjiliadis, J. Biol. Inorg. Chem. 3 (1998) 437.
29] G. Malandrinos, M. Louloudi, A.I. Koukkou, I. Sovago, C. Drainas, N.

Hadjiliadis, J. Biol. Inorg. Chem. 5 (2000) 218.
30] S. Mizuhara, P. Handler, J. Am Chem. Soc. 76 (1954) 571.

http://dx.doi.org/10.1016/j.molcata.2006.11.049

	Intermediates of thiamine catalysis immobilized on silica surface as active biocatalysts for alpha-ketoacid decarboxylation
	Introduction
	Materials and methods
	Materials
	Synthesis of 2-(alpha-hydroxybenzyl) thiamine pyrophosphate chloride hydrochloride (HBTPP)
	Immobilization of HBTPP on a silica support
	Synthesis of the 2-(alpha-hydroxyethyl) thiamine pyrophosphate chloride hydrochloride (HETPP)
	Immobilization of HETPP on a silica support
	Catalytic reactions

	Results and discussion
	Immobilization of "active aldehyde" thiamine derivatives on a silica surface
	Catalytic reactions
	Mechanistic aspects

	Conclusions
	Acknowledgement
	Supplementary data
	References


