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Expanding the scope of enzymatic carboligation
reactions in flow-mode: production of optically active
tertiary alcohols with packed-bed micro-bioreactors

P. P. Giovannini,** O. Bortolini,” A. Cavazzini,” R. Greco,” G. Fantin and A.
Massi*“

Acetylacetoin synthase (AAS) from Bacillus licheniformis has been partially purified and
immobilized on silica support and its activity tested under batch conditions in the homo-
coupling of a set of a-diketones leading to valuable a-hydroxy ketone derivatives displaying a
chiral tertiary alcohol functionality at the oa-position. Next, the effectiveness of AAS
heterogeneous catalysis has been evaluated under continuous-flow conditions by fabricating
the corresponding packed-bed microreactors (pressure-resistant stainless-steel columns). It has
been demonstrated that the covalent immobilization on silica support and the flow regime
synergistically contribute to preserve the enzyme activity over time, thus permitting the long-
term operation (up to 15 days) of the prepared bioreactors for the production of the chiral

targets via the umpolung strategy.

Introduction

In current years continuous-flow asymmetric catalysis has been
emerging as an attractive field of research in academic and
industrial laboratories.' Following a critical and comprehensive
cost analysis, the production of chiral organic synthons and fine
chemicals by operation of meso- and micro-flow devices may
offer several advantages over conventional batch reactors,
including safety and sustainability of the processes, direct
scalability, and ease of automation and integration with in-line
analysis methods.” Heterogeneization of homogenous chiral
catalysts represents an effective strategy towards process
implementation because of simple product/catalyst separation
and catalyst recycling opportunities.la’c’3 Recently, our* and
other groups® have demonstrated that heterogeneous
organocatalysis in combination with flow technologies
constitutes an efficient synthetic platform for the production of
chiral target molecules, being the absence of metal
contamination an additional and peculiar benefit of the
synthetic strategy.

The design of asymmetric organocatalytic processes is often
inspired by the mechanisms of enzyme catalysis with the aim to
reproduce nature achievements in terms of chemo- and stereo-
selectivity of the investigated synthesis.® Outstanding results in
this direction have been obtained even in flow conditions;'
nevertheless, it is a matter of fact that, to date, biocatalytic
approaches still remain the preferred choice of chemical and
pharma industries for the continuous-flow production of chiral
molecules.” Biocatalytic processes, in fact, are unique in several
ways: they occur under very mild conditions (pH and
temperature), with high atom and stereochemical efficiency,
and with diminished environmental concerns.® Immobilization
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of biocatalysts (enzymes and whole cells) together with their
use in flow-regime is frequently the key for success of
industrial and lab-scale syntheses.9 Typical advantages of this
approach are improved biocatalyst stability and increased
activity for those enzymes subjected to product inhibition
thanks to the continuous elution of reaction mixtures.
Immobilization strategies comprise covalent bonding to organic
or inorganic solid supports, encapsulation, entrapment, and
adsorption (specific and non-specific) methods.'® In most cases,
the fixed-bed configuration, in the form of either packed or
monolithic column, is the optimal choice for biocatalytic flow
processes, overcoming the continuous stirred reactor set-up in
terms of  volumetric productivities.”™!! Therefore,
microstructured fixed-bed bioreactors can be envisaged as
useful scale-down systems for the fast screening of realistic
flow process conditions.

Dominant in the field of (micro)flow biocatalysis is the
utilization of hydrolases and oxidoreductases in single- and
multiple-reactor processes,'>**'>!3 while more limited is the
number of strategies involving the challenging asymmetric
formation of carbon-carbon bonds (Figure 1)."*'¢ Optically
active cyanohydrins (Figure 1, I) have been prepared from
aldehydes using hydroxynitrile lyases (HNL) in both chip and
column reactors (eq. a)."* Recently, immobilized aldolases (e.g.
fructose-1,6-diphosphate aldolase, RAMA) have been reported
to promote the addition of dihydroxyacetone phosphate to
aldehydes yielding phosphorylated o,B-dihydroxy ketones
(Figure 1, IT) as intermediates of the flow synthesis of complex
chiral carbohydrates (eq. b)."° Also, several thiamine
diphosphate (ThDP)-dependent enzymes such as benzaldehyde
lyase (BAL), benzoylformate decarboxylase (BFD), pyruvate
decarboxylase (PDC), and transketolase (TK) have been
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successfully utilized in different flow chemistry programs for
the production of target molecules incorporating the chiral o-
hydroxy ketone functionality (Figure 1, III) as common
structural motif (eq. ¢).'"® It appears evident from the above
survey that expanding the enzyme toolbox to access valuable
chiral  frameworks by  biocatalytic  continuous-flow
carboligations is of timely significance. In this article we report
on the flow synthesis of chiral tertiary o-hydroxy ketones
(Figure 1, IV) from oa-diketones by operating fixed-bed
microreactors fabricated with acetylacetoin synthase (AAS)-
functionalized packing material (eq. d). The a-hydroxy ketone
group IV displaying a chiral tertiary alcohol functionality at the
a-position is the key feature of range of natural products and
antibiotics,'” but also a densely functionalized building block
for the asymmetric synthesis of important organic molecules
such as diols, amino alcohols, and so forth.!® Despite its
synthetic utility and significance, the chiral quaternary structure
IV is hardly accessible through direct, purely chemical
approaches;'? instead, straightforward routes to derivatives of
type IV are realized with the ThDP-dependent enzymes AAS?
and YerE,”' which efficiently catalyze the formal carboligation
of an aldehyde with a ketone through diketone-diketone and
pyruvate-ketone couplings, respectively.

In a recent study we have described the continuous-flow,
biomimetic synthesis of tertiary alcohols IV in racemic form
using  thiazolium-functionalized  polystyrene  monolithic
microreactors.** Herein, we demonstrate that the same
derivatives IV can be produced with high enantioselectivities
(up to 91% ee) and comparable level of productivity with AAS
covalently-bound to mesoporous silica as the catalytic material
of fixed-bed microreactors. Significantly, an elevated
operational stability was observed for these bioreactors, which
were continuously operated for more than 15 days without any
significant decrease of enzyme activity.

enzymatic
carboligations
in flow-mode
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Figure 1 Enzyme tool box for continuous-flow biocatalytic carboligation
reactions.
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Results and discussion

Acetylacetoin synthase (AAS) from Bacillus licheniformis is a
‘new’?!® ThDP-dependent enzyme capable to promote the
umpolung (polarity reversal) of o-diketones 1 with high
substrate specificity. Distinctive of AAS catalysis is the release
of a carboxylic acid molecule in the key hydrolytic step leading
to the reactive acyl anion equivalent, whose attack on a second
molecule of a-diketone 1 yields the chiral a-hydroxy-p-
diketone 2 together with minor amounts of the regioisomeric
prochiral derivative 3 (Scheme 1).2%

2
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Scheme 1 AAS-catalyzed formation of chiral tertiary alcohols.

AAS-catalyzed homo- and cross-coupling reactions of o-
diketones 1 have been previously investigated by our group
under conventional batch conditions wusing Bacillus
licheniformis crude cell extracts.”’ Although this procedure was
quite efficient for the preparation of tertiary alcohols 2 (yields:
30-68%; enantioselectivities: 44-91%), the purification of AAS
was first addressed in this study with the hope to achieve a high
volumetric activity (U g™') for the heterogenized enzyme and
improved stereoselectivities. Thus, AAS from acetoin-grown
cells was partially purified 17-fold by a two-step procedure
with 67% recovery of enzyme activity as determined using the
homo-coupling of 2,3-pentanedione la as the activity test
(Tables 1 and 3). Initially, proteins precipitated between 40-
60% ammonium sulfate saturation were tested showing a 4.2-
fold enzyme enrichment and total activity recovery. Next, the
precipitated proteins were dissolved in phosphate buffer (50
mM, pH 7.0) and chromatographed on a DEAE-Sepharose
column with a step gradient of NaCl.

This journal is © The Royal Society of Chemistry 2012

Page 2 of 11



Page 3 of 11

Green Chemistry

Table 1. Purification of acetylacetoin synthase (AAS) from of B. licheniformis DSM13.

Step Volume Total Protein Total Activity Specific Activity Purification Recovery
(mL) (mg)* 0 (Umg™) (-fold)* (%)
Crude extract 26 314 1.8 5.7x10° - 100
Ammonium sulfate precipitation 6 75 1.8 2.4 %107 4.2 100
DEAE chromatography 10 12 1.2 0.10 17.5 67

“Protein amount was determined by spectrophotometric UV measurements at 215 and 280 nm (see the Experimental Section and Ref. 30). "One unit (U) is
defined as the enzyme amount catalyzing the formation of 1 wmol of products 2a + 3a in one minute from 2,3-pentanedione 1a. “Ratio between the specific
activity of the partially purified enzyme and crude extract. “Referred to the total activity recovery.

The active fractions were collected and treated with ammonium
sulfate (80%  saturation); native polyacrylamide gel
electrophoresis indicated AAS as the main component of the
precipitated fraction (Figure 2), whose specific activity (0.1
units per mg) remained unchanged for at least one month under
storage at 4 °C.

Activity staining Comassie staining

.

[ gum
b

Figure 2 Native gel electrophoresis of partially purified acetylacetoin synthase.
Samples were applied to 4% (w/v) polyacrylamide gel and stained with diacetyl-
DCPIP-thiazolyl blue mixture (activity staining) and with Comassie brilliant blue
(Comassie staining).

Having in mind the utilization of heterogeneous AAS under
flow conditions as the ultimate goal of this study, an enzyme
covalent immobilization method was next investigated. Indeed,
out of different approaches, the covalent attachment of an
enzyme to a functionalized solid support is undoubtedly one of
the most efficient strategies to enhance protein stability and
prevent protein leaching during elution;'®*? on the other hand,
these are critical issues that must be carefully considered to
ensure flow bioreactors with long operational stability. Hence,
mesoporous silica was chosen as the support and the classical
glutaraldehyde method as the immobilization technique.”® This
involved three sequential steps: amino-silanization of silica,
derivatization of surface amino groups with glutaraldehyde, and
immobilization of partially purified AAS via the free aldehyde
groups. Accordingly, 3-aminopropyl-silica was freshly
prepared with a satisfactory loading (0.32 mmol g') by
treatment of mesoporous silica (particle size: 5 um; pore size 30
nm) with 3-aminopropyl triethoxysilane in refluxing toluene
(Scheme 2). Screening of optimal pH conditions for the
coupling steps was carried out with reaction buffers in the pH
range 5.0 to 8.0. Thus, aminopropyl-silica was suspended in
phosphate buffer (pH 7.0), treated with excess glutaraldehyde
for 2 h at 30 °C, and then washed. To the activated carrier was
then added a solution of AAS in the proper buffer
(enzyme/carrier ratio (w/w) = 0.12:1) and the coupling was

This journal is © The Royal Society of Chemistry 2012

continued for additional 2 h at 30 °C. Protein mass balance was
determined by evaluating the protein concentration left in the
solution after the anchoring step. As shown in Figure 3, while
an increase of pH corresponded to a decrease of immobilized
AAS, the highest volumetric activity (2.9 U/g carrier) was
detected at pH 6; under these conditions 78 mg of AAS were
bound to one gram of silica support.
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Figure 3. Effect of the immobilization pH on the percentage amount (black
histogram) and percentage activity (grey histogram) of immobilized AAS relative
to the starting carrier-free enzyme.

Selection of the suitable enzyme/carrier (E/C) ratio (w/w) was
next performed by dedicated coupling experiments performed
as described before at the optimal pH 6 (Table 2).

Table 2. Effect of the enzyme/carrier ratio (E/C) on the activity of
immobilized AAS.

Entry Initial Initial E/C Volum. Imm.
Activity Protein ratio Activity Protein
)y (mg)”  (mg/p)®  (U/g)""  (mg/g)
1 2.5 25 0.025 1.0 25
2 5 50 0.05 1.5 50
3 10 100 0.1 1.9 91
4 20 200 0.2 3.5 160
5 40 400 0.4 2.3 221

“Activity (U) of the free enzyme in the starting solution before
immobilization. One unit (U) is defined as the enzyme amount
catalyzing the formation of 1 umol of products 2a + 3a in one minute
from 2,3-pentanedione 1a. “Protein amount in the starting solution as
determined by spectrophotometric UV measurements at 215 and 280
nm (see the Experimental Section and Ref. 30). “Values normalized to 1 g
of aminopropyl-silica. “Volumetric activity. ¢ Immobilized protein.
Protein mass balance was determined by evaluating the protein
concentration left in the solution after the anchoring step.

J. Name., 2012, 00, 1-3 | 3



Green Chemistry

Treatment of activated aminopropyl-silica with increasing
amounts of AAS resulted in catalytic materials with
progressively higher volumetric activities (up to 3.5 U g,
entries 1-4). This trend, however, reversed with enzyme/carrier
ratios exceeding the critical 0.2 value (entry 4). According to
similar immobilization studies,”* this loss of efficiency may be
attributed to the increase of steric hindrance on support
preventing access of the substrate to the immobilized
enzyme.” Alternatively, high protein concentration might be
responsible for the formation of multi-covalent linkages
between the enzyme and the carrier, thus affecting the structure
and activity of the native enzyme.”®

OEt
OH (Et0)3Si(CHy)sNH, OH |
oSN
OH I E— O—Si NH,
Toluene, 60 °C to reflux e
OH o
particle size: 5 um (£ 0.32 mmol g
pore size: 300 A
OHC™""CcHo

phosphate buffer pH 6

NH,

OEt
(enzyme/carrler 0.2:1) OH

|
@ 0—=Si"™>"N
O/ (\/”

CHO

OEt
(\) phosphate buffer pH 6

(volumetric activity: 3.5 U g')

Scheme 2 Optimized procedure for the immobilization of AAS on silica support.

Quite surprisingly, sodium cyanoborohydride reducing
treatment of immobilized AAS produced a marked decrease in
volumetric activity (ca. 80%), which was not compensated for
by an increase of enzyme stability (see the Experimental
Section). Finally, the effect of pH on the activity of free and
immobilized AAS was determined in the pH range 5.0-8.0, and
the results are shown in Figure 4. The maximum value of
relative activity was observed at pH 6.5 for the free and
immobilized enzyme; overall, the absence of a significant pH
shift in the two curves seems to be in accordance with no
interaction between AAS and the silica support.?’

100
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Immobilized AAS ---G---

80

60

Activity %

40

206" 1
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pH

Figure 4. Effect of pH on the activity of free (black line) and immobilized AAS
(grey line).

The synthetic value of AAS heterogeneous catalysis was first
evaluated in standard batch reactors (Table 3). Accordingly,

4 | J. Name., 2012, 00, 1-3

different portions of AAS-functionalized silica (250 mg) were
obtained with the optimal volumetric activity (3.5 U g") and
utilized in the homo-coupling (1 mmol scale) of
unsymmetrically substituted diketones la-e (entries 1-5) and
symmetric diketones 1f,g (entries 6 and 7). In all the
investigated cases, immobilized AAS showed the same level of
activity of the free enzyme affording the target tertiary alcohols
2a-e with comparable conversion efficiencies (35-58%, 16 h
reaction time) and enantioselectivities (55-91% ee, R).20a
Appreciably, the enantiomeric purity of 2a-e was, on average,
significantly higher (ca. 15%) than that detected with the not
purified free enzyme.

Table 3. AAS heterogeneous catalysis under batch conditions.”

AAS
(@) (o}

o) o o
Rz ThDP, MgSO,
2 g — > RO R * R R
o pHE.5 HO “R! HO 'R2
1a Ry=Me; R=Et 2 3
1b Ry=Me; Ry=n-Pr
1c Ry=Me; Ry=n-Bu
1d R1=Me; Ry=n-Pent
1e Ri=Me; Ry=Ph
1fR;=R,=Me
1g Ry=R,=Et
Ent Diketone Chiral Alcohol Alcohol 2+3
Y 1 2 (ee [%])° 3 (Yield [%])°
o o o o
! . MGME‘ Mew""e 46+35
HO "Me HO 'Et
2a (85) 3a
o o o o
2 1b MeMPr Me)%’v'e 48+22
HO "Me HO 'pr
2b (91) 3b
o o o o
1c
3 Me” X B Me Me 45+19
HO “Me HO 'Bu
2¢ (72) 3¢
o o o o
4 1d MeMPem MeMMe 58+13
HO "Me HO  'Pent
2d (55) 3d
o o
5 le MeMPh : 35+0
HO 'Me
2e (80)
o o
6 1 . Me Me 0+85
HO Me
3f
o o
7 e ; Et Et 0+78
HO 'Et
3g

“See the Experimental Section. “Determined by chiral GC analysis. ‘Isolated
yield.

It is also important to point out that while the AAS-promoted
coupling of diketones 1f,g affords symmetrically substituted
tertiary alcohols 3f,g, these prochiral derivatives can be
efficiently elaborated into valuable chiral molecules such as o-

alkyl-o.,B-dihydroxy ketones with high levels of stereocontrol.'®

This journal is © The Royal Society of Chemistry 2012
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Table 4. AAS heterogeneous catalysis under flow conditions.”
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o AAS

O o (0] o

5 R? flow rate '
R —OO—— @=L — ~ R2 * R R’

o ThDP, MgSO, HO Rt HO 'R2
1 pH 6.5 2 3
Entry 1 Flow rate Residence Time” Temperature 2+3° 2¢ Productivity”
(c [mM]) [uL min™] [min] [°C] (Conv. [%]) (ee [%]) [mmol d']
1 1a (10) 5 56 30 56 +43 85 0.07
2 1a (10) 10 28 30 44 + 34 85 0.11
3 1a (10) 15 19 30 33 +25 85 0.13
4 1a (10) 30 9 30 28 +21 85 0.21
5 1b (10) 10 28 30 47 + 23 91 0.10
6 1c (10) 10 28 30 46 + 20 74 0.10
7 1d (10) 10 28 30 48 + 15 55 0.09
8 le (5) 10 56 30 51+0 81 0.02
9 1f (10) 10 28 30 0+ 88 - 0.13
10 1g (10) 10 28 30 0+ 81 - 0.12

“See the Experimental Section for a description of the experimental setup. *Calculated residence time. “Instant conversions in steady-state regime as established
by GC analysis. “Determined by chiral GC analysis. “Productivities are measured in mmol (2+3) d”".

A final and crucial result of this batch investigation was that
heterogeneous AAS could be re-used after reactivation with
ThDP ten times for repeat or different couplings without any
loss of activity.

The success in the above recycle experiment paved the way to
the use of ASS-functionalized silica as the packing material of
fixed-bed Dbioreactors with potential long-term stability.
Enzyme immobilization was performed under flow conditions
(‘in situ’ immobilization technique) with the fully assembled
microreactor.”® This consisted of a stainless steel column (100
mm length, 2.1 mm internal diameter) slurry packed (toluene)
with the previously prepared 3-aminopropyl silica.

Main features of the column were determined by pycnometry
and included the hold-up (dead) volume (7, = 250 uL), and the
total porosity (0.72). The packing amount of spherical silica
(240 mg) was calculated by weighing the column before and
after filling. After characterization, the column was conditioned
with phosphate buffer (pH 7.0), flushed with glutaraldehyde
solution, equilibrated to pH 6.0, and finally eluted with AAS
solution to obtained the AAS-functionalized catalytic bed (see
the Experimental Section). Continuous-flow experiments were
performed by first considering the homo-coupling of 2,3-
pentanedione 1a (Table 4, entries 1-4). It turned out from
preliminary tests that the preparation of a fully homogeneous
10 mM solution of 1a containing 0.04 mol% of ThDP and
MgSO, (0.08 mol%) required the addition of DMSO (1% w/v),
and that utilization of triethanolamine buffer (pH 6.5) gave feed
solutions of 1a with longer stability (25 °C, air) compared to
the corresponding solutions prepared in phosphate buffer.”” The
optimal reaction mixture was then pumped at different flow
rates through the bioreactor to evaluate the influence of the
residence time on conversion efficiency (%) and productivity
(mmol d'). Therefore, portions of the outlet stream were
analyzed (GC) at regular intervals (60 min) to determine the
products distribution. While good levels of conversions (>50%)
were detected at 30 °C with flow rates up to 30 uL min™
(entries 1-4), full consumption of diketone 1la was achieved
with a flow rate of 5 uL min" (residence time: 56 min).
Actually, driving the reaction to completion is an important
goal in continuous process optimization for easier product
purification; nevertheless, operation at the flow rate of 10 uL

This journal is © The Royal Society of Chemistry 2012

min™ (residence time: 28 min) was considered the best
compromise to provide a suitable balance between productivity
(0.11 mmol d’l) and conversion efficiency (78%, entry 2, Table
4). Therefore, the long-term stability of AAS-functionalized
catalytic bed was next examined with 10 mM 1a under the
above continuous-flow conditions. As evidenced by Figure 5,
the steady state-conversion was reached after ca. 1 h and
maintained stable for 15 days on stream; significantly, 30 days
operation determined a loss of only half the initial productivity.

100 — T T T T T T

80 b

60

Conversion %

40} E

20t 1

0 20m40m60m 120m 5d 10d 15d 20d 25d
Time

Figure 5. Conversion of continuous-flow 1a homo-coupling as a function of time.

The scope and the applicability of the disclosed flow procedure
were investigated by considering the homo-couplings of
diketones  1b-g.  Gratifyingly, satisfactory conversion
efficiencies (>50%) could be obtained by suitably adjusting the
flow rate of the optimized feed solutions (entries 5-10). As
previously observed for the tertiary alcohol 2a (Table 4, entry
1), enantioselectivities of alcohols 2b-e detected in batch
experiments (Table 3) were replicated under flow conditions
and maintained constant during the process in steady-state
regime. Notably, the high selectivity of the flow procedure was
confirmed by the unique formation of the target products 2 and
3 that are easily separable by chromatography and, in the case
of incomplete conversions, by the recovery of unmodified
starting diketone 1. This result indicated that the acetyl anion

J. Name., 2012, 00, 1-3 | 5
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(MeCO) transfer was predominant over migration of its higher
carbanion counterparts under heterogeneous continuous-flow
conditions as well. Moreover, in full agreement with AAS
reactivity,”®® the selectivity towards the formation of chiral
alcohols 2 improved with the increase of steric hindrance of R?
group, thus confirming the preferential attack of acetyl anion on
the less bulky carbonyl carbon of the starting diketone 1
(Scheme 1).

Conclusions

In summary, we have initially described a method for the
purification and immobilization on silica support of
acetylacetoin synthase (AAS). Interest towards this not classical
ThDP-dependent enzyme arises from its unique capability to
furnish through the polarity reversal of a-diketones chiral
tertiary alpha-hydroxyketones. These are densely functionalized
derivatives containing a quaternary stereocenter of high
synthetic utility and biological relevance. In preliminary batch
experiments we have found that the immobilized AAS
displayed a significantly enhanced stability compared to the
free enzyme leading to high recyclability without loss of
catalytic activity. Subsequently, the synthetic potential of AAS
catalysis has been evaluated under flow conditions using fixed-
bed microreactors fabricated with the silica-supported AAS as
the packing material. Results from the continuous-flow set-up
were fully consistent with those obtained from the batch
process in terms of both conversion efficiency and
stereoselectivity. Together with the ease of product/catalyst
separation, a peculiar benefit of the flow-regime has been the
remarkable long-term stability of the catalytic bed (more than
15 days on stream). While small-scale bioreactors have been
presented in this study, an easy scale-up strategy may be
envisaged through the use of multiple columns or the design of
reactors with larger diameters. Therefore, we believe this work
may represent a useful contribution to the current search for
more efficient, economic, and environmentally benign
production strategies of valuable chiral targets.

Experimental Section

All moisture-sensitive reactions were performed under a
nitrogen atmosphere using oven-dried glassware. Solvents were
dried over standard drying agent and freshly distilled prior to
use. Reactions were monitored by TLC on silica gel 60 F,s4
with detection by charring with sulfuric acid and/or ninhydrin.
Flash column chromatography was performed on silica gel 60
(230-400 mesh). Optical rotations were measured at 20 + 2 °C
in the stated solvent; [a]p values are given in 107" deg cm? g’l.
'H (300 MHz) and "*C (75 MHz) NMR spectra were recorded
for CDCl; solutions at room temperature unless otherwise
specified. Peaks assignments were aided by 'H-'H COSY and
gradient-HMQC experiments. Elemental analyses were
performed with FLASH 2000 Series CHNS/O analyzer
(ThermoFisher Scientific). Gas chromatographic analyses were
performed on a Carlo Erba 6000, equipped with a FID detector
and a fused capillary column Megadex 5 (25 m x 0.25 mm)
containing dimethyl-n-pentyl-B-cyclodextrin on OV 1701 from
Mega snc (temperature program from 80 to 200 °C with a
gradient of 1.5 °C min™' unless otherwise specified); helium
was used as carrier gas (80 kPa). The mass spectra were
obtained using a Varian 4000 GC/MS/MS equipped with chiral

6 | J. Name., 2012, 00, 1-3

column Megadex 5, using the same conditions described for
GC analyses. UV spectroscopic measurements were performed
on Shimadzu UV-1601 UV-visible spectrophotometer. ESI MS
(LTQ-XL Linear Trap from Thermo Scientific) analyses were
performed in positive ion mode with samples dissolved in a 10
mM solution of HCO,NH, in 1 : 1 MeCN-H,O. Argonaut
Technology. For accurate mass measurements, the compounds
were analyzed in positive ion mode by Agilent 6520 HPLC-
Chip Q/TOF-MS (nanospray) using a quadrupole, a hexapole,
and a time-of-flight unit to produce spectra. The capillary
source voltage was set at 1700V; the gas temperature and
drying gas were kept at 350°C and 5 L/min, respectively. MS
analyzer was externally calibrated with ESI-L low
concentration tuning mix from m/z 118 to 2700 to yield
accuracy below 5 ppm. Accurate mass data were collected by
directly infusing samples in 40/60 H,O/ACN 0.1% TFA into
the system at a flow rate of 0.4 mL/min. Crude AAS was
obtained from commercially available (DSMZ) B. licheniformis
DSM13 as described.'® Spherical silica gel (Microsorb 300-5
Si, particle size 5 wm, pore size 300 A) was purchased from
Varian. Diketones 1a, 1b, 1¢, le, 1f, and 1g are commercially
available from Sigma-Aldrich. Diketone 1d was synthesized as
described.”™

Preparation of 3-aminopropyl silica gel

To preserve spherical shape of silica particles, this
derivatization step was carried out in a standard rotary
evaporator in which a two-necked flask was fitted with solvent
condenser, solvent collector, and nitrogen inlet for syringe
addition of reactant solutions under an inert atmosphere.
Mixing was obtained by spinning the flask around its axis and
warming by means of a standard oil-bath. Microsorb 300-5 Si
silica gel was dried before its use (0.1 mbar, T= 110 °C, 2 h).
To a stirred slurry of Microsorb 300-5 Si (5.00 g), anhydrous
toluene (60 mL), and freshly distilled triethylamine (0.25 mL)
was slowly added a solution of (3-aminopropyl)-
trimethoxysilane (4 mL) in anhydrous toluene (10 mL). The
resulting mixture was then warmed to 60 °C and stirred for 20
h. Subsequently, the mixture was refluxed until ca. 15 mL of
solvent were collected (eventually by the aid of a nitrogen
stream). The mixture was then refluxed for an additional hour,
cooled to room temperature, and centrifuged with 20-mL
portions of toluene, MeOH, EtOH, and cyclohexane. The
resulting 3-aminopropyl silica gel was finally dried at reduced
pressure (0.1 mbar, 60 °C, 6 h). Elemental analysis (%) found:
N 0.45 (estimated loading /= 0.32 mmolg™).

Acetylacetoin synthase (AAS) production and purification

The cells of B. licheniformis DSM13 were cultured and treated
as described'® in order to obtain the cell free extract that
represents the starting material of the following purification
procedure. The purification of the enzyme was checked by
measuring the activity as reported below and determining the
protein concentration through spectrophotometric
measurements at 215 and 280 nm.*° The extract (26 mL) was
fractionated with ammonium sulfate and the proteins
precipitated between 40 and 60% saturation were collected by
centrifugation (6000 rpm, 15 min, r.t.). The pellet was dissolved
in phosphate buffer 50 mM, pH 7 (5 mL) and desalted by
repeated ultrafiltration (Amicon Ultra-4 membrane). The
desalted protein solution (6 mL, 1.8 U) was loaded on a DEAE-
Sepharose column (length 3.0 cm, diameter 1.5 cm),
equilibrated with phosphate buffer 50 mM (pH 7), and eluted
with a step-gradient of NaCl in the equilibration buffer (0.2, 0.4
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and 0.6 M). The fractions were assayed for determining the
enzyme activity and protein concentration; the active fractions
eluted with 0.4 M NaCl were pooled (10 mL, 1.2 U). This
enzyme solution was treated with ammonium sulfate (80% of
the saturating concentration) in order to precipitate the partially
purified AAS that, in this form can be stored at 4 °C for at least
two months without significant loss of activity.

Enzyme assay

The enzyme solution (50-100 ulL) was added to a reaction
mixture (1 mL) containing 2,3-pentanedione la (10 mM),
ThDP (0.4 mM), and MgSO, (0.8 mM) dissolved in phosphate
buffer 50 mM (pH 6.5). The reaction mixture was gently
shaken at 30 °C and samples (0.15 mL) were withdrawn after
30, 60 and 120 min. The samples were extracted with AcOEt
(0.2 mL) containing diethyl carbonate (0.05%) as internal
standard and the organic extracts were subjected to chiral GC
analysis.”® One unit (U) of AAS was defined as the amount
catalyzing the formation of 1 umol of the mixture of products
2a and 3a (for the ratio see Table 3) in one minute.

AAS immobilization: optimization of pH

3-Aminopropyl silica gel (30 mg) was suspended in 50 mM
phosphate buffer (pH 7, 1 mL), then a 25% aqueous solution
glutaraldehyde (0.1 mL) was added in one portion. After
shaking for 2 h at 30 °C silica was filtered and washed with
water. The carrier was suspended in water (1 mL) and the
resulting suspension divided into four equivalent portions. After
centrifugation (3.000 rpm, 3 min) the supernatant was
discharged and to each pellet a solution of the partially purified
AAS (0.8 mg, 0.08 U) in different buffers (1 mL) was added.
For pH 5, acetate 50 mM was used as buffering agent while for
pH 6, 7 and 8 phosphate 50 mM was employed. The
suspensions were shaken at 25 °C for 2h and then centrifuged
and each pellet was washed with phosphate 50 mM at pH 7 (3 x
1 mL). The amount of immobilized proteins (see Figure 3) were
determined from the difference between the protein
concentration of the supernatant before and after the
immobilization, whereas the enzymatic activity of the solutions
and pellets were determined as described before.

AAS immobilization: optimization of the enzyme/carrier
ratio (w/w)

3-Aminopropyl silica gel (25 mg) was suspended in phosphate
buffer (pH 7, 1 mL) and treated with the glutaraldehyde
solution as described in the previous paragraph. Five equivalent
portions of the resulting silica (5 mg) were suspended in 50
mM phosphate buffer at pH 6 (1 mL) containing different
amounts of partially purified AAS (0.125, 0.25, 0.5, 1, and 2
mg). The suspensions were shaken at 25 °C for 2.5 h and then
centrifuged. The amount of immobilized proteins and the
activity of the carrier bound enzyme (Table 2) were determined
as described before.
AAS immobilization: effect of the Schiff’s base double
bonds reduction

The immobilized AAS (20 mg) prepared as described in the
previous paragraph (enzyme/carrier ratio 0.2:1) was suspended
in phosphate buffer S0 mM at pH 6.5 (4 mL). The suspension
was divided into two equivalent portions; the first one was used
for a control experiment. To the second one sodium
cyanoborohydride (13 mg, 0.20 mmol) was added in small
portions. The two samples were shaken at 25 °C for 1.5 hours
and then washed with the above buffer. The activity of the two

This journal is © The Royal Society of Chemistry 2012

Green Chemistry

heterogeneous catalysts were assayed by GC-analysis showing
a volumetric activity of 3.5 and 0.8 U g for the reference and
reduced catalyst, respectively. The assays were daily repeated
for one month: final volumetric activities of 2.8 and 0.6 U g’l.

Effect of pH on the activity of free and immobilized AAS
The free and the immobilized AAS enzyme (ca. 0.01 U) were
added to a reaction mixture (1 mL)  containing 2,3-
pentanedione 1a (10 mM), ThDP (0.4 mM) and MgSO, (0.8
mM) dissolved in the proper buffer. The used buffers were 50
mM acetate for pH 5 and 50 mM phosphate for pH 6-8. After 2
h the reactions were treated and analyzed as described before.
The results are summarized in Figure 4.

Homo-coupling of a-diketones 1a-g with immobilized AAS
under batch conditions

The heterogeneous enzyme prepared under the above optimized
immobilization conditions (pH 6.0, enzyme/carrier ratio =
0.2:1, no imine bonds reduction) was used in this study. The
silica supported AAS (250 mg, ca. 0.9 U) was added to a
solution of ThDP (18 mg, 0.04 mmol), MgSO,4 (10 mg, 0.08
mmol) in phosphate buffer 50 mM at pH 6.5 (100 mL). The o-
diketone 1 (1 mmol) dissolved in DMSO (1 mL) was then
added to the above suspension; the reaction was performed in a
reciprocal shaker (100 rpm) at 30 °C for 10 h. After removing
the catalyst by filtration, the aqueous mixture was extracted
with Et;0 (3 x 20 mL) and the combined organic layers were
washed with a saturated NaH,CO; solution (5 mL). The
ethereal solvent was then removed under a nitrogen stream and
the residue containing the target o-hydroxyketones 2 and 3
purified by either bulb-to-bulb distillation (compounds 3f and
3g) or flash chromatography (compounds 2a-d and 3a-d).

Column
20a

(R)-3-Hydroxy-3-methylhexane-2,4-dione  (2a).
chromatography with 12:1 cyclohexane-AcOEt afforded 2a
(66 mg, 46%) as a colorless oil; [a]p= 18.2 (¢ 0.5, CHCl; ). 'H
NMR: 6 =1.05 (t, 3 H, J = 7.5 Hz, CH3), 1.55 (s, 3 H, CH,),
2.27 (s, 3 H, CH;CO), 2.51 (dq, 1 H, J =21 Hz, J = 7.5 Hz,
CH,,), 2.73 (dq, 1 H, J =21 Hz, J =7.5 Hz, CHy,), 4.65 (brs, 1
H, OH); C NMR: § =7.5, 22.8, 24.5, 87.4, 207.4, 210.2; GC—
MS: retention time: 15.4 (S)-enantiomer and 15.9 (R)-
enantiomer, ee 85%; MS (70eV, El); m/z (%) 145 (<1), 102
(27), 88 (100), 57 (25), 43 (30). ESI MS (144.1): 145.1 (M +
H"). HRMS (ESI) m/z caled for C;H 305 [M + H]" 145.0845,
found 145.0892. Found: C, 58.55; H, 8.21. C;H,0; requires C,
58.32; H, 8.39%.

A chromatographic fraction containing 3-ethyl-3-hydroxy-2,4-
pentanedione 3a was collected for 3a%" identification.
Compound 3a partially decomposes on silica gel. "H NMR: § =
1.85 (t, 3 H, J= 7.5 Hz, CH3), 2.05 (q, 2 H, J = 7.5 Hz, CH,),
2.27 (s, 6 H, 2 CH3;CO); 4.7 (br s, 1 H, OH).

(R)-3-Hydroxy-3-methyl-2,4-heptanedione (2b). Column
chromatography with 12:1 cyclohexane-AcOEt afforded 2b**
(76 mg, 48%) as a colorless oil; [a]p= 4.1 (c 0.5, CHCIy ). 'H
NMR: 6 = 091 (t, 3 H, J= 7.5 Hz, CH;), 1.56 (s, 3 H, CH,),
1.58-1.65 (m, 2 H, CH>), 2.25 (s, 3 H, CH;CO), 2.49 (dt, 1 H, J
=17.5Hz,J="7.5Hz, CH,,),2.68 (dt, 1 H,J=17.5Hz, J=17.5
Hz CH,y), 4.75 (br s, 1 H, OH); *C NMR: § = 13.5, 16.8, 22.6,
24.6, 38.6, 87.6, 207.4, 209.5; GC-MS: retention time (min)
20.8 (S)-enantiomer and 20.9 (R)-enantiomer, ee 91%; MS (70
eV, EI): m/z (%) 159 (<1), 116 (21), 88 (100), 71 (37), 43 (46).
ESI MS (158.2): 181.4 (M + Na"). HRMS (ESI) m/z calcd for
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CgH 14,05 [M]" 158.0943, found 158.0912. Found: C, 60.98; H,
8.70. CgH 405 requires C, 60.74; H, 8.92%.

A chromatographic  fraction containing 3-hydroxy-3-
propylpentane-2,4-dione  3b  was collected for 3b**®
identification. Compound 3b partially decomposes on silica gel.
'"H NMR: & = 0.95 (t, 3 H, J = 7.5 Hz, CH3); 1.22 (m, 2 H,
CH,); 1.93 (m, 2 H, CH>), 2.24 (s, 6 H, 2 CH;CO), 4.65 (br s, 1
H, OH).

(R)-3-Hydroxy-3-methyl-2,4-octanedione (2¢). Column
chromatography with 12:1 cyclohexane-AcOEt afforded 2¢'®
(77 mg, 45%) as a colorless oil; [a]p= 7.3 (¢ 0.2, CHCl; ). 'H
NMR: 6 =093 (t, 3 H, J = 7.5 Hz, CH;3) 1.22-1.36 (m, 2 H,
CH,) 1.48-1.62 (m, 2 H, CH;) 1.56 (s, 3 H, CH3) 2.25 (s, 3 H,
CH;CO) 2.51 (dt, 1 H, J = 17.5 Hz, J = 7.5 Hz, CH,CO) 2.70
(dt, 1 H, J=17.5,J=17.5 Hz CH,CO) 4.75 (br s, 1 H, OH). °C
NMR: 6 = 13.8, 22.5, 22,7, 24.6, 25.5, 36.5, 87.6, 207.4, 209.6;
GC-MS: retention time (min) 23.7 (S)-enantiomer and 23.8
(R)-enantiomer, ee 72%; MS (70 eV, EI): m/z (%) 172 (<1),
130 (20), 88 (100), 43 (45). ESI MS (172.2): 173.8 (M + H").
HRMS (ESI) m/z caled for CoH;;03 [M + H]" 173.1178, found
173.1112. Found: C, 62.88; H, 9.12. CoH 403 requires C, 62.77;
H, 9.36%.

A chromatographic fraction containing 3-butyl-3-
hydroxypentane-2,4-dione  3¢'®  was collected for 3¢
identification. Compound 3¢ partially decomposes on silica gel.
'"H NMR: 8 =0.91 (t, 3 H, J = 7.5 Hz, CH;) 1.10-1.40 (m, 4 H,
2 CH,), 1.95-2.05 (m, 2 H, CH,) 2.25 (s, 6 H, 2 CH5CO) 4.65
(brs, 1 H, OH).

(R)-3-Hydroxy-3-methylnonane-2,4-dione  (2d). Column
chromatography with 20:1 cyclohexane-AcOEt afforded 2d**
(108 mg, 58%) as a colorless oil; [a]p= 10.4 (¢ 0.2, CHCl; ). 'H
NMR: & = 0.85 (t, J = 7.5 Hz, 3 H, CH3), 1.15-1.35 (m, 5 H),
1.52 (s, 3 H), 1.45-1.58 (m, 1 H), 2.20 (s, 3 H), 2.47 (dt,J= 7.0
Hz, J=17.0 Hz, 1 H), 2.65 (dt, J = 7.0Hz, J = 17.0 Hz, 1 H),
4.70 (s, 1 H); *C NMR: & = 13.8, 22.3, 22.6, 22.7, 23.0, 31.1,
36.7, 87.5, 207.4, 209.6; GC-MS: retention time (min) 22.7
(S)-enantiomer and 22.9 (R)-enantiomer, ee 55%; MS (70 eV,
ED): m/z (%) 187 (3), 144 (20), 99 (55), 88 (100). ESI MS
(186.2): 187.7 (M + H'). HRMS (ESI) m/z caled for
CoHgNaO; [M + Na]" 209.1154, found 209.1180. Found: C,
64.88; H, 9.52. C,oH 303 requires C, 64.49; H, 9.74%.

A chromatographic fraction containing 3-butyl-3-
hydroxypentane-2,4-dione  3d°®® was collected for 3d
identification. '"H NMR: & = 0.92 (t,J=7.0Hz, 3 H), 1.20 (m, 6
H), 1.95-2.05 (m, 2 H), 2.28 (s, 6 H), 4.70 (s, 1 H).

(R)-2-Hydroxy-2-methyl-1-phenyl-1,3-butanedione (2e).
Column chromatography with 10:1 cyclohexane-AcOEt
afforded 2¢® (67 mg, 35%) as a colorless oil; [a]p= 13.7 (¢
0.5, CHCL; ). '"H NMR: & = 1.70 (s, 3H, CH3), 2.24 (s, 3 H,
CH;CO), 5.02 (br s, 1 H, OH), 7.42-8.21 (m, 5 H, Ph); “*C
NMR: § = 23.4, 24.7, 85.8, 128.6, 129.8, 133.6, 133.9, 197.9,
206.5; GC-MS (temperature program from 100 to 200 °C with
a gradient of 5 °C min™): retention time (min) 16.6 (S)-
enantiomer and 16.7 (S)-enantiomer, ee 80%; MS (70 eV, EI):
m/z (%) 193 (2), 150 (24), 105 (100), 77 (56). ESI MS (192.2):
215.8 (M + Na"). HRMS (ESI) m/z caled for C;1H,0; [M]"
192.0786, found 192.0755. Found: C, 68.22; H, 6.45. C,;H;,0;
requires C, 68.74; H, 6.29%.

3-Hydroxy-3-methylpentane-2,4-dione (3f). The crude
reaction mixture was bulb-to-bulb distilled (50 °C, 5 mmHg) to
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give 3f2%% (111 mg, 85%) as a colorless liquid. Lit.:*° bp 43-
44 °C (4 mmHg). '"H NMR: & = 1.60 (s, 3 H, CH3), 2.30 (s, 6 H,
2 CH;CO), 4.70 (s, 1 H, OH). *C NMR: & = 22.6, 24.7, 87.6,
207.4; GC-MS (temperature program from 60 to 200 °C with a
gradient of 2 °C min™): retention time (min) 15.1. ESI MS
(130.1): 1534 (M + Na"). HRMS (ESI) m/z calcd for
CeHoNaO3; [M+ Na]® 153.0528, found 153.0562. Found: C,
55.20; H, 7.88. C¢H,00O; requires C, 55.37; H, 7.74%.
Compound 3f partially decomposes on silica gel.

4-Ethyl-4-hydroxyheptane-3,5-dione (3g). The crude reaction
mixture was bulb-to-bulb distilled (84 °C, 5 mmHg) to give
3g?%%2 (134 mg, 78%) as a colorless liquid. "H NMR: & = 0.82
(t, 3 H,J="7.5 Hz, CH;), 1.04 (t, 6 H, J= 7.5 Hz, 2 CHj;), 2.04
(q, 2 H, J=7.5 Hz, CH,), 2.51 (dq, 2 H, J=21.0 Hz, J= 7.5
Hz, CH,),2.73 (dq, 2 H, J=21.0 Hz, J = 7.5 Hz, CH,), 4.65 (br
s, 1 H, OH); °C NMR: § = 7.3, 7.4, 29.8, 30.6, 90.9, 210.2;
GC-MS: retention time (min) 22.5. ESI MS (172.2): 173.5 (M
+ H"). HRMS (ESI) m/z caled for CoH ;03 [M]" 172.1099,
found 172.1028. Found: C, 55.20; H, 7.88. CoH 05 requires C,
62.77; H, 9.36%. Compound 3g partially decomposes on silica
gel.
Microreactor and
instrumental set-up

Microreactor packing. The microreactor was fabricated by
using a 100 x 2.1 mm stainless steel column, which was filled
with 3-aminopropyl silica by slurry-packing. Slurry-packing
was performed under constant pressure (300 bars, 30 min,
toluene as solvent) by using an air driven liquid pump (by
Haskel). Slurry was prepared by suspending excess in weight of
functionalized silica in toluene.

Determination of microreactor void-volume. Microreactor void
volume (Vo) was determined by pycnometry.>® This method
consists in filling the microreactor successively with two
distinct solvents (here noted as 1 and 2) and weighing the filled
microreactors accurately. Simple math shows that:**

w, — W.
AV 1 2
0

preparation/characterization

S, -6, (1)
where w; and w, are the weights of the microreactor filled with
solvents 1 and 2 and J; and 9§, the densities of the solvents.
Determination of packing amount inside the microreactor. The
determination of the amount of material contained in the
microreactor is based on the consideration that the microreactor
weight, m, can be expressed as:

Wior = Wo + Waas + Wiy, )

where wy and w,4, are the weight of the liquid and that of the
adsorbent inside the reactor (packing), respectively. wy,, is the
weight of the stainless steel hardware (i.e., the weight of the
empty microreactor). Eq. 2 can be rewritten as:

Wior = I/050 F Waas ¥ Wiy (3)

where &) is the density of the solvent with which the
microreactor was filled. Since V) is known from Eq. 1, w,, is
readily available and wy,, can be measured before packing, Eq.
3 permits the estimation of w,, for a slurry-packed
microreactor without destroying the device.

Enzyme immobilization under flow conditions

The microreactor was provided with fittings, connected to an
HPLC pump, and washed in sequence with isopropanol, water,
and 50 mM phosphate buffer at pH 7. After that, a 2.5%
glutaraldehyde solution in 50 mM phosphate buffer at pH 7 was
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flushed through the column (2 h; flow rate: 0.15 mL/min) and
then washed with 50 mM phosphate buffer at pH 6 (2 h; flow
rate: 0.15 mL/min). The aldehyde functionalized column was
then fed (flow rate: 0.10 mL/min) with a 0.1% (w/v) solution of
AAS in phosphate buffer pH 6 (20 mL) containing ThDP (0.4
mM) and MgSO, (0.8 mM). The resulting bioreactor was
finally washed with the buffer until the eluate absorbance at
280 nm reached the background value.

Homo-coupling of a.-diketones 1a-g under flow conditions
The microreactor was equilibrated with triethanolamine 50 mM
at pH 6.5 and then fed with a solution of a-diketone 1 (10 mM;
see Table 4 for different molarity concentrations), ThDP (0.04
mM) and MgSO, (0.08 mM) in the equilibration buffer
containing DMSO (1% w/v). The microreactor was operated at
30 °C for 24 h (under steady-state conditions) at the stated flow
rate. Instant conversion was determined (GC analysis) every 60
min by taking a sample of the eluate. The solution collected
after 24 h was extracted with Et;0 (3 x 20 mL) and the
combined organic layers were washed with a saturated
NaH,COj; solution (5 mL). The ethereal solvent was then
removed under a nitrogen stream and the residue containing the
target o-hydroxyketones 2 and 3 purified by either bulb-to-bulb
distillation (compounds 3f and 3g) or flash chromatography
(compounds 2a-d and 3a-d).

The long-term stability experiment was performed using o-
diketone 1 (0.10 M) as the substrate; the microreactor was
operated at 30 °C with a flow rate of 10 pL min™ for 30 days.
After the achievement of the steady-state regime (ca. 1 h),
conversion of 1a in the range 78-70 % was maintained for 15
days, while a progressive loss of catalytic activity was observed
after that time.
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