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Abstract

A detailed study of the reaction parameters on the enzymatic activity and stability of benzaldehyde lyase (BAL) catalysed carboligation
presented, like the influence of the cosolvent (DMSO), the role of the cofactor ThDP, the pH of the reaction medium, and the substrate ratic
the case of cross condensation. Surprisingly, an alkaline reaction medium of pH 9.5 accelerates the BAL-catalysed condensation significa
Under these conditions sever®&){benzoins were formed with high productivity of 240glid— and high enantioselectivities (93—-99% ee). For
the synthesis ofR)-2-hydroxy-1-phenyl-propanone (2-HPP) by coupling benzaldehyde and acetaldehyde space-time-yields bt136wére
obtained with a maximum 2-HPP concentration of 15-204(97% ee) in 10-15h.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction order to evaluate the industrial applicability of BAL-catalysed

carboligations, a detailed study of the parameters influencing
Benzaldehyde lyase (BAL; E.C. 4.1.2.38), a thiamine-the activity and the stability of BAL is of pivotal importance.

diphosphate (ThDP)- and Médependent enzyme from Addressing the challenges of process development issues,

Pseudomonas fluorescens Biovar |, was described more than a in the present paper we report on the influence of cofactors,

decade ago as a catalyst in the cleavage of benzoin and anisa@iosolvents, and especially the pH-influence on the stability and

linkages[1]. In recent years its further synthetic capabilities activity of BAL. In addition, we disclose process conditions

for producing 2-hydroxy ketones, i.e. benzoins or 2-hydroxy-which allow the synthesis of optically active 2-hydroxy ketones

1-phenylpropanones (2-HPP) in very good yields and higlwith high reaction rates and high volumetric productivity.

enantioselectivities have been reporfgdl0]. Recent studies

have mainly focused on the study of the substrate spectrum of

BAL-catalysed carboligations. Thus, the coupling of substitutec& Results and discussion

aromatic benzaldehydes to produce benzoins was described, as

well as the formation of 2-HPP derivatives by a cross acyloinz‘ 1. Benzoin condensation

condensation of an aromatic aldehyde and acetalddBy&leln

For initial studies the BAL-catalysed syntheses &-(
N benzoins from the respective benzaldehyde derivatives were
* Corresponding author. Tel.: +49 40428 78 3018; fax: +49 40428 78 2127. h test tions Th ti hich
# Corresponding author. Tel.- +49 6181 59 4563; fax: +49 6181 59 74563. CHOSEN as test reactionSoheme )L These reactions, whic

E-mail addresses: harald.trauthwein@degussa.com (H. Trauthwein), N@ve been described in detail previoudy4,6]are usually per-
liese@tuhh.de (A. Liese). formed in aqueous monophasic media.
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Scheme 1. BAL-catalysed synthesis of benzo® by carboligation of ben-
zaldehyde derivatives.
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2.1.1. Influence of cofactors

The influence of the cofactors, ThDP and #gon the stabil-
ity of BAL in water and potassium phosphate buffer (K& pH
8 is shown irFig. 1 Starting with a lyophilised enzyme prepara-
tion with a residual content of 0.015 mmotL ThDP and Mg,
the enzyme looses its activity almost completely within 3h in
water. In the presence of potassium phosphate buffer, with dfig. 2. Influence of the DMSO-concentration (vol.%) on the stability of BAL
without Mg?*, a slightly better stability is observed. Only in the in 50mM KR buffer (pH 8.0) with various concentrations of DMSCH)(
presence of both cofactors, a significant enzymatic stabilisatio Z’n?n'\]"jf_'l?%;go/o" Emrﬁgﬁ)Mz‘;X OZ'S/L’CDMSO’ ) 40% DMSO and
is achieved. Moreover, the addition of DTT, a well-known sta- T ’ '
biliser of hydrolases, has also a positive effect on the enzyme
stability. A further increase of the cofactor concentration up tondicating that the maximal BAL activity is not still achieved
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o
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1 mmol L1 had no significant effect (data not shown). under these conditions. Exceeding the solubility limit of ben-
zaldehyde (50 mmolt?), we found that BAL keeps its activity
2.1.2. DMSO as a cosolvent constant up to about 120-130 mmolLin aqueous buffer and

For a preparative large-scale application high substrate co?MSO (30vol.%) which can be regarded as the highest not
centrations are generally desirable. This demand is difficult t§/€activating concentration of benzaldehyde. Higher concentra-

meet with aromatic substrates, such as benzaldehyde, which d}@ns of benzaldehyde led to a progressive decrease of activity,
only poorly soluble in aqueous media. To overcome this pro

pSo that at 200 mmolt! benzaldehyde no activity was detected

lem, DMSO has been used as cosolvent, although DMSO lead¥!Y More.

often to some inconveniences concerning the product purifica-

tion, enzyme inhibition, and deactivation. To minimise those2.1.3. pH-dependency

drawbacks, the quantification of the influence of DMSO on BAL-catalysed carboligations are routinely performed at a

BAL-stability was measured as time-dependent enzyme deactieutral to slightly alkaline pHB—6]. However, to our knowledge

vation (Fig. 2). Unexpectedly, the stability of BAL increases with a detailed pH-study has not been published yet. Such pH-profile

higher DMSO-content, reaching its optimum at about 30 vol.%is depicted irFig. 3. Remarkably, the highest carboligation activ-

At concentrations of >30 vol.%, however, stability decreases. ity was achieved atpH 9.5. AtpH >10 a sharp decrease in activity
When studying the enzymatic initial rate a linear increase ofs observed.

activity was observed up to this concentration (data not shown), However, pH 9.5 might cause a lower stability of the enzyme.

Thus, despite the high activity an unfavourable enzymatic over-

all performance would occur. Therefore the applicability of these

1,0 conditions was investigated on a preparative scale.
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Fig. 1. Influence of cofactors on the stability of BAL (buffer pH 8.0, Fig. 3. Influence of the pH in the BAL-catalysed synthesis of benz2a) (
0.5mmol L1 ThDP, 0.5 mmol £ Mg2*, 1 mmol L"1 DTT, 0°C), (M) water, (A) and 2-HPP 3) (W). Relative initial activity corresponds to an activity of
(@) KPi, (*) KPi; + Mg?*, (¥) KPi; + ThDP, #) KPi; + Mg2* + ThDP, and 4) 10pmol min~t mL~1 in the case of benzoir24) and Spmolmin~tmL~1 in
KPij + Mg2* + ThDP + DTT. case of 2-HPP.
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Scheme 2. BAL-catalysed synthesis &)-2-hydroxy-1-phenylpropanone by
carboligation of benzaldehyde (donor substrate) and acetaldehyde (acceptor sub-
strate).
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250 mmol L= (product). Thus, the final product concentration
0 1 P 3 4 5 is about 10-fold increased compared to standard proceedings
time (h) reported on the literaturf@—10]. During the first two additions
. . o _ , of the different aldehydes the reaction rates remained constant.
Fig. 4.. Time-concentration-diagram of the BAL-catalysed synthesis ofdn‘ferentAfter the forth addition a significant decrease in the reaction rate
benzoins at pH 9.5 (50 MM KRouffer, 30 vol.% DMSO, 350-500U BAL),

by repetitive additions of cycles of 5100 mmol Lt of aryl-aldehyde: ) ~ Was observed, however a complete conversion to benzajn (

benzaldehydel@), (@) 4-methoxybenzaldehyddlf) and @) furfural (1c). shows that the enzyme is not deactivated significantly under
these conditions. This proves that the stability of the enzyme
2.1.4. Preparative synthesis of benzoins under these conditions is sufficient for a preparative synthesis

The enzymatic synthesis of different benzoins was furtheef benzoins.
investigated at pH 9.5 in the presence of 30vol.% DMSO. In
order to obtain a high final product concentration, a fed batcR.2. Formation of 2-HPP
process was applied by adding 100 mmotlbenzaldehydein 5
cycles, respectively. Th&}-benzoin produce®4) precipitated We further applied the above described procedure for the
from the reaction medium. Notably, it was possible to use up teynthesis of R)-2-hydroxy-1-phenylpropanone (2-HPP) from
500 mmol L1 of aldehyde yielding 250 mmolt! benzoin in  benzaldehyde and acetaldehy8E During the formation of 2-
good yields and enantioselectivities (i.e., >99% ee in the case #{PP () benzoin 2a) is observed as an intermediate. However
benzoin 2a)). In Fig. 4the time-concentration-dependency for in the presence of excess acetaldehyde — as acceptor aldehyde
the condensations of benzoins by adding the aromatic aldehydesthe reaction is shifted quantitatively to 2-HP®chieme P
in portions is depicted. As the pH drops about 0.5 units after thé3].
addition of 100 mmol L1 of benzaldehyde the pH was kept con-
stantat pH 9.5 by addition of NaOH after each substrate additio.2.1. Substrate ratio
(Fig. 4). Considering the described enhancement of the BAL- First, the substrate ratio was investigated to find out the opti-
catalysed carboligation rates at alkaline pH the syntheses afal ratio of benzaldehyde and acetaldehyde for the synthesis of
different substituted benzoins (starting from benzaldehyalg ( 2-HPP. As stated previously, a surplus of acetaldehyde (as accep-
4-methoxybenzaldehydelf) and furfural dc)) were performed tor) is crucial as the formation of 2-HPP proceeds via benzoin
(Fig. 4, Table 1 entries 1-4). All these reactions proceededas an intermediateScheme 2[3]. The best enzymatic activity
with initial rates of about 80 mmolt!h—! and can be raised with respect to 2-HPP formation was obtained in the presence
up to a final product concentration, after several batches, of caf a six-fold surplus of acetaldehyde, as depictedrign 5. It

Table 1
Synthesis of different benzoins and 2-HPP catalysed by benzaldehyde lyase (BAL) afpH 9.5
Entry R Substrate additions Product Time (h) Yield (isol.) fee)
1 Phenyl 5x 100 mmol I 2a 5 90% (>99%)
2 4-Methoxy-phenyl 1 100 mmol -1 2b 0.5 6596 (>99%)
3 4-Methoxy-phenyl 5¢ 100 mmol L1 2b 5 7096 (76%)
4 2-Furyl 5x 100 mmol L1 2¢ 5 85% (93%)
5 Phenyl g1) 100 mmol L1 (RY) 3 10 83% (97%)
Methyl (R?) 600 mmol L1 (R?)
6 Phenyl g1) 130 mmol L1 (RY) 3 13 74% (97%)
Methyl (R?) 720 mmol L1 (R?)
7 Phenyl 1) 150 mmol L1 (RY) 3 20-48 n.cf (97%)
Methyl (R?) 750 mmol L1 (R?)

a Aqueous buffer, 30 vol.% DMSO, 350-500 U BAL reaction, RT.

b Determined by HPLC (benzoins) and by GC (2-HPP). Absolute configurai®mdcording to previous literature d4gj.
¢ Emulsion was formed during the work-up.

d Not determined; the conversion (measured by GC) remained constant at approximately 60% after 12 h.
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1,00 4 published data, which have been obtained by chiral HPLC (97%
to >99% ee), are probably caused by thermal effects during GC.

We therefore conclude that the chiral 2-hydroxy ketones
formed do not racemise under the reaction conditions applied
(pH 9.5) within short reaction times (up to 24 h). Furthermore,
no aldol reaction as a possible side reaction could be detected
in the reaction of benzaldehyde with acetaldehyde at reaction
times of up to 24 h.

The high activity-maximum at pH 9.5 of BAL-catalysed car-
boligations is the key aspect in our investigation for an optimised
synthetic procedure. A neutral to slightly alkaline pH (7—-8.5) for
the asymmetric synthesis of 2-hydroxy ketoifi2s4,6], or the
anisoin cleavagfl], was applied previously for these reactions.
Notably, one article describes the enhancement of the carboli-
gation activity by increasing the pH value (pH-maximum ca. 9)
in reactions catalysed by benzoylformate decarboxylase (BFD)
Fi%i-] 'gf'“e_”iﬁ Oéf\tcests |°f a‘;eta'dtﬁhyqe ;;”Hpgisegcf é’f:g m"ﬁgg-:' from Pseudomonas putida, another ThDP-dependent enzyme
;?) vsl.‘;) SMI;]O)eat roo;a'[:rzzgrasti?e. ;Sellsa(tjive enzyﬁe at':ti\(/ity ?o’\rl:esp(r)yndstg_ll]' Alth(_)UQh the pH optimum with respe_ct o the c_arbollga-
an activity of 0.13:mol min- mL. tion reaction catalysed by BFD and BAL is predominately at

alkaline pH, pyruvate decarboxylase (PDC) frawnomonas
mobilisis most active at pH [L2]. These effects can be explained
has to be mentioned that this relationship is only exactly valid Il’by the reaction mechanism of ThDP-dependent enzymes,
the case of 20 mmolt! benzaldehyde. However, it provides a which includes several protonation and deprotonation steps
good estimation of the high surplus of acetaldehyde recommenglt 3—15]
able for the further improvement of the process with respect to
higher substrate concentrations. If this substrate relationship was Conclusions
not maintained, a mixture of benzoia) and 2-HPP %) was

0,75 «

0,50

0,25 «

relative enzyme activity (-)

0,00 «

1 2 3 45 6 75
acetaldehyde : benzaldehyde ratio

obtained. The reaction conditions for preparative BAL-catalysed car-
boligations were studied addressing the impact of cofactors
2.2.2. pH-dependency and preparative synthesis and cosolvents. It was shown that 30 vol.% DMSO were opti-

Also in case of 2-HPP a drastic increase of activity wasmal for the enzyme activity and stability. The catalytic activity
achieved by shifting the pH to 9.9-ig. 3). Due to the fact of BAL can be drastically enhanced by increasing the pH of
that 2-HPP does not precipitate in the reaction media, lowethe reaction medium and the best enzymatic activity appears
yields were achieved compared to benzoin synthesis. Thugst pH 9.5 (10-fold increase compared to pH 7.0). Hereby
the addition of 100-130mmoH! of benzaldehyde and a substrate concentration of 500 mmofLbenzaldehyde is
600-720 mmol L of acetaldehyde (in one dose) at pH 9.5 ledapplicable and space-time yields up to 240dd-1 of (R)-
to high conversions (90-95%) in short reaction times (10-15 hpenzoin 2a) were achieved. Several BAL-catalysed carboli-
with high enantioselectivities (97% e€elable 1 entries 5-7). gations have been performed producing different benzoins and
Under these conditions a space-time yield of about 36'gdl=?  2-HPP derivatives in high yields on a preparative scale and with
was achieved. Attempts to increase the productivity by addindpigh enantioselectivities up to 99% ee at reasonable reaction
an extra dose of benzaldehyde and acetaldehyde were unstitnes.
cessful, and mixtures of 2-HPB)( benzoinsZ%) and remaining
substrates were observed in different proportions (data nat. Experimental
shown). It was considered that chiral 2-hydroxy ketones may
easily racemise at basic pH. As depictedTable 1 however 4.1. Chemicals and biocatalyst
only entry 4 (synthesis of anisoin) showed a low enantioselec-
tivity (76% ee). This may be explained by a prolonged work-up  All reagents were commercially available by Sigma—Aldrich
of 72 h, due to the formation of a persistent emulsion of anisoirand were used without further purification. Benzaldehyde lyase
and DMSO. All other benzoin derivatives were formed with from P. fluorescens Biovar | was produced itscherichia coli
enantioselectivities in agreement with previously publisheccells [6]. The preparation of BAL was done by sonication
results[3]. In the case of the synthesis of 2-HPP, a slightly(ca. 3-5min) of 2g off. coli cells, which were dissolved in
lower enantioselecitivity (97% ee) than that one reported in th€0 mL of phosphate buffer 50 mmoti, with 2.5 mmol L1
literature (>99% ee) was observig]. However, this different MgSO; and 0.3mmol ! ThDP. The disrupted cells were
ee (measured by chiral GC in our case) was independent aentrifuged at 4000 rpm during 20 min at@. The pellet was
the pH of the reaction studied, since it remained stable frommemoved and the supernatant was used as the free enzyme
pH 7 to 9.5, and the reaction time (up to 24 h). Thus, thewith cofactor. The biocatalytic characterisation was carried
slight ee difference observed in this case, compared to previousit as described in literatuf@]. The volumetric activity of
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this solution was determined to 100 U mk One unit (U) of  4.4. Analysis of products

activity is defined as the amount of enzyme which catalyses the

cleavage of umol benzoin (1.5 mmol t1) into benzaldehyde (R)-1,2-diphenyl-2-hydroxy-ethan-1-one [(R)-benzoin] (2a):
in potassium phosphate buffer (20 mmof), pH 7.0, contain-  White solid. Yield (after work-up): 85-90% (ee > 998). 'H
ing MgSQ; (2.5 mmol 1), ThDP (0.15mmol 1) and PEG  NMR (400 MHz, CDC§): §=4.55 (d,/=6.1Hz, 1H), 5.9 (d,

400 (15 vol.%). J=6.1Hz, 1H), 7.2-7.9 (Ar, m, 10H).
(R)-1,2-difuryl-2-hydroxy-ethan-1-one [(R)-furoin] (2b):
4.2. Analytical performance Yellow solid. Yield (after work-up): 85% (ee 93%). *H NMR

(400 MHz, CDC§): §=5.8 (s, 1H), 6.3-6.5 (Ar, 3H), 7.2-7.6

The syntheses of benzoin derivatives were followed by HPLJAT, 3H).
using a Chromasil § 5um column (250« 4.6 mm), using a (R)-1,2-di-(4-methoxy-phenyl)-2-hydroxy-ethan-1-one [(R)-
mobile phase composed of 40vol.% water, 60vol.% acetonianisoin] (2¢): White solid. Yield (after work-up): 65-70% (ee
trile, and 1% (v/v) phosphoric acid, at 1 mL mihflow rate. ~ 76-99%R). *H NMR (400 MHz, CDC}): §=3.7 (s, 3H), 3.8 (s,
The enantiomeric excess was determined by chiral HPLC phas@H), 5.85 (s, 1H), 6.8 (m, Ar, 4H), 7.2 (m, Ar, 2H), 7.9 (m, Ar,
employing a column Chiracel OD, with a mobile phase com-2H).
posed of hexane/2-propanol (95:5) at a flow rate of 1 mLthjin (R)-2-hydroxy-1-phenylpropan-1-one  [(R)-(2-HPP)] (3):
using commercial racemates as standards. For the synthe&glourless crystals. Yield (after work-up): 75-85% (ee Ho
of 2-HPP, the reaction and the enantiomeric excess were fofH NMR (400 MHz, CDCh): §=1.45 (d,/=6.8 Hz, 3H), 3.7
lowed by chiral phase GC, employing a Chirasil-DEX CB (br, 1H), 5.15 (q/=6.8 Hz, 1H), 7.5-7.9 (m, Ar, 5H).
(Varian), 25 mx 0.32 mm, with a FID detector. The initial tem-
perature (80C) was constant during 4 min, then increasedAcknowledgements
with 40°C min~1 until 135°C and then a slope of’C min~!
was set until 160C. Determination of absolute configuration ~ Dr. Pablo Doninguez de Mda gratefully acknowledges
was done by comparison to relative retention times describetinancial support of a Marie Curie Postdoctoral Industrial Fel-
in [14]. lowship. We thank Dr. O. May (Degussa) and Prof. Mulldr

(Uni Freiburg, Germany) for fruitful discussions.
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