
Continuous-Flow Stereoselective Synthesis in Microreactors: Nucleophilic Additions
to Nitrostyrenes Organocatalyzed by a Chiral Bifunctional Catalyst

Sergio Rossi1, Maurizio Benaglia1*, Alessandra Puglisi1, Christian C. De Filippo2 and Michele Maggini2*
1Dipartimento di Chimica, Università degli Studi di Milano, via Golgi 19, 20133 Milano, Italy

2Dipartimento di Scienze Chimiche, Università degli Studi di Padova, via Marzolo 1, 35131 Padova, Italy

Received: 31 July 2014; accepted: 6 November 2014

Metal-free stereoselective additions of activated nucleophiles to β-nitrostyrenes were investigated under continuous-
flow conditions in microreactors, in the presence of a chiral bifunctional catalyst. Optimization of the experimental
setup gave excellent enantioselectivities (up to 85% e.e.) and higher productivities if compared to the flask syntheses.
The potential of this flow chemistry approach was demonstrated by the successful synthesis of an advanced
intermediate for the preparation of the GABAB receptor agonist Baclofen.
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1. Introduction

Continuous manufacturing has attracted attention of aca-
demia and, even more, of industry for its many possible advan-
tages [1]: lower costs, increased safety, better process
sustainability, and possibility to explore new synthetic path-
ways are industry key strategies to improve efficiency and
safety of chemical processing, under the pressure of ever rising
costs. The transformation of a batch production into a continu-
ous process may be not only economically convenient [2],
allowing a faster response to market changes and limited storing
of potentially hazardous intermediates, but also it may offer the
opportunity to develop greener production processes [3]. Over
the last two decades, Green Chemistry has become firmly
established as an approach to designing new products and
manufacturing processes in the pharmaceutical industry. To this
end, the launch of a second generation process research pro-
gram to develop environmentally favorable active pharmaceut-
ical ingredients (APIs) manufacturing has now become a top
priority of major pharmaceutical companies [4]. However,
despite the impressive progress of the last years, the application
of continuous-flow methodologies to the stereoselective syn-
thesis of chiral multifunctional molecules is still underdevel-
oped [5].
In this context, organocatalysis is likely to play a crucial role;

the incredibly fast growth of metal-free catalytic methodologies
and new organocatalyzed stereoselective reactions has opened
unexplored avenues in the synthesis of complex chiral mole-
cules and offered unprecedented possibilities to develop new
and more sustainable processes [6]. However, quite a limited
number of chiral organocatalysts have been studied so far under
continuous-flow conditions [7]. It should be noted that all the
reported works were almost exclusively limited to the use of
packed-bed reactors, filled with catalyst supported onto inor-
ganic or gel-type organic materials [8]. Considering the great
variety of metal-free catalysts available, many more studies are
expected in the future. To this end, the development of stereo-
selective homogeneous organocatalysis in flow fosters addi-
tional elements for innovation [2b, 9]: the use of chiral
organocatalysts under continuous-flow conditions offers a
unique opportunity to combine a metal-free catalytic approach
with a key enabling technology [10], such as microfluidic
devices. Additionally, important safety issues may be addressed

by operating under flow chemistry conditions, such as a safe
and easy handling of hazardous reagents; the well-regulated
flow reactor concept enables reactions to be performed with
an unprecedented level of control.
In 2009, the first example of an organocatalytic asymmetric

aldol reaction in a microreactor, promoted by 5-(pyrrolidin-2-yl)
tetrazole, was reported; it was observed that reaction times
may be shortened dramatically and catalyst loading reduced
[11]. Later, an enantioselective vinylogous Mannich reaction,
catalyzed by a chiral phosphoric acid on a single chip with
integrated analysis system was reported [12]. In 2013, the
organocatalyzed Michael addition between symmetric cyclic
ketones and β-nitrostyrenes, promoted by a soluble proline-
derived catalyst in a chip microreactor, was studied [13]. In
this approach, the catalyst was fed with the substrates, and the
reaction took place in the microreactor [14]. In this paper, we
report for the first time the use of a bifunctional Takemoto-
type catalyst [15a–d] for the stereoselective nucleophilic addi-
tion of acetyl acetone and diethyl malonate to nitrostyrene
derivatives under continuous-flow conditions.

2. Results and Discussion

For the screening of reaction conditions, exploring the feasi-
bility of the organocatalyzed reactions, and for a rapid small-
scale synthesis of compounds, we used a commercially avail-
able Chemtrix Labtrix® Start Standard platform that can be
used at temperatures ranging from −20 °C to 195 °C and under
pressures up to 25 bar. The system was equipped with two
syringe pumps (Chemix Fusion 100) to deliver the reagents
through two Hamilton gastight 500 μL syringes into a glass
microreactor (Chemtrix SOR 3223; 10 μL volume, channel
width 300 μm and channel depth 120 μm. The third feed
line was kept closed). Fluidic connections were made using a
0.5-mm inner diameter polytetrafluoroethylene (PTFE) tubing.
The study of conditions for the optimization of organocatalyzed
reactions showed that isolated yields were comparable to the
conversions of the β-nitrostyrene reagent, calculated through
high-performance liquid chromatography (HPLC) analysis
using an internal standard and preliminary calibration experi-
ments. Therefore, we hereby use conversions for the rapid
screening of reaction conditions and provide isolated yields of
the final product when we compare batch and flow conditions.
Scheme 1 reports the reagents and products considered in this
paper and a simplified picture of the microreactor in which a
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solution of nitrostyrene (A), a solution of the 1,3-diketone or
diester (B), and catalyst 3 were pumped into the microreactor.
Conversions and enantiomeric excesses were determined by
HPLC using phenanthrene as internal standard (see Electronic
Supplementary Material [ESM] for further details). The addi-
tion of acetylacetone 2a to β-nitrostyrene 1a was selected as a
model reaction for the initial optimization study [15e].
Initial screening experiments revealed that, as in the case of

batch conditions, the reaction in flow does not proceed in the
absence of the catalyst (Table 1, entry 1; see also ESM for
additional details). A low conversion and a modest enantiose-
lection were recorded in the presence of the organocatalyst at
ambient conditions and short residence times (entry 3). To our
delight, conversions increased nicely (91%) by increasing the
temperature to 70 °C, with concomitant good enantioselection
(80% e.e., entry 5). During all experiments, no clogging prob-
lems were encountered. In order to understand whether different
initial catalyst-substrate precoordination mode may play a role
in the selection of the possible C–C bond formation pathways
[16], various combinations of feeding mixtures were studied.
No significant changes in the chemical efficiency of the process
were detected, although a marginal decrease in the enantiose-
lectivity was observed (entries 8 and 9). It is interesting to note

that doubling the concentration of 1a and 2a, without modifying
their stoichiometric ratios does not affect the yield of 4a appre-
ciably (entry 10 vs. entry 5), although a slight decrease of the
enantiomeric excess could be observed.
The evaluation of the catalyst loading was also carried out:

5 mol% of catalyst 3 gave a 60% conversion and afforded
product 4a with 60% e.e.
The flask vs. flow comparison for the acetyl acetone addition

to β-nitrostyrene was carried out under the conditions reported
in Scheme 2.
As shown in Scheme 2, the reaction performed in micro-

reactor allowed to increase the productivity by a factor of 3.4
and guarantee a level of productivity of 27,300 (compared to
8000 calculated for the reaction in batch at 25 °C), without
compromising the level of enantioselectivity [17].
Now that the basic concepts, the procedures, and the appara-

tus have been established for the stereoselective nucleophilic
addition of 2a to 1a, the scope of this study was expanded to the
synthesis of compound 4b (Scheme 1), which is an advanced
intermediate for the preparation of the GABAB receptor agonist
Baclofen [18].
The synthesis of 4b required some adjustments of the reac-

tion conditions for the high tendency of 1b to crystallize inside

Scheme 1. Continuous stereoselective additions of activated nucleophiles to β-nitrostyrenes. A graphical image of the setup is shown in the
Supporting Information (ESM)

Table 1. Reaction between β nitrostyrene 1a and acetylacetone 2a promoted by a Takemoto-type catalyst 3 in a continuous-flow Labtrix® Start Standard
system, using a 10-μL glass microreactor

Entry 1a Ma (equiv.) 2a Ma (equiv.) Cat. Ma (equiv.) Total Flow rate (μL/min)b T (°C) Conv.c (%) e.e.d (%)

1 0.5 (1) 1 (2) – 10 25 0 nd
2 0.5 (1) 1 (2) 0.05 (0.1) 10 90 12 nd
3 0.5 (1) 1 (2) 0.05 (0.1) 2 25 32 47
4 0.5 (1) 1 (2) 0.05 (0.1) 2 60 47 71
5 0.5 (1) 1 (2) 0.05 (0.1) 2 70 91 80
6 0.5 (1) 1 (2) 0.05 (0.1) 2 90 92 70
7 0.5 (1) 1 (2) 0.05 (0.1) 2 100 95 60
8e 0.5 (1) 1 (2) 0.05 (0.1) 2 70 91 62
9f 0.5 (1) 1 (2) 0.05 (0.1) 2 70 91 66
10 1.0 (1) 2 (2) 0.1 (0.1) 2 70 88 70
11 1.0 (1) 2 (2) 0.05 (0.05) 2 70 60 70

aMolarity values correspond to the effective concentration inside the microreactor.
b The total flow rate is given by the sum of the flow rate of the two syringe pumps that feed reagents with the same rate.
cMonitored by HPLC using phenanthrene as internal standard.
d Enantiomeric excess determined by HPLC on chiral stationary phase (see ESM for details).
eMixture A contains the internal standard, β-nitrostyrene, and acetylacetone; mixture B has only the catalyst.
fMixture A contains the internal standard and acetylacetone; mixture B has β-nitrostyrene and the catalyst.
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the feeding syringe. A lower concentration of 1b and a mod-
ification of the substrates flow rate were applied to overcome
precipitation and clogging (Table 2; see also ESM for additional
details). No reaction was observed in the absence of catalyst
3 (entry 1). A rapid screening for reaction optimization, using
the Labtrix® Start Standard system, gave invariably a low
conversion of 1b in product 4b.
When diethyl malonate was employed neat, as the reaction

solvent, the addition product 4b was obtained in 76% e.e., with
a 56% conversion of the substrate after 10 min at 60 °C, in
the presence of 10 mol% of catalyst 3 (Table 3, entry 1). A
higher conversion to 4b was achieved by rising the temperature
to 80 °C without loss of stereoselection (Table 3, entry 2).
Conversion and enantiomeric excess could be improved further
to 98% and 85%, respectively, by increasing the amount of
organocatalyst to 20 mol% (Table 3, entry 5). A higher concen-
tration of p-chloro-β-nitrostyrene and a shorter reaction time
(5 min) resulted in 85% conversion and 81% e.e. for compound
4b (Table 3, entry 7).

With the best reaction parameters identified in the Chemtrix
system (Table 3, entry 5), a scale-up was carried out on a simple
fluidic module (a graphical image of the setup is shown in
the ESM, see Experimental section for details) made of a
PTFE tubing (0.8 mm, outer diameter; 0.5 mm, inner diameter;
400 μL, effective volume) coiled in a bundle and immersed in
an oil bath. Two syringe pumps, equipped with two Hamilton

gastight, 10 mL syringes, fed the nitrostyrene 1b and the cata-
lyst 3 in neat diethyl malonate through a T-junction (10 μL
internal volume) into the above-mentioned PTFE tubing. A
metering valve was used as back pressure regulator. Under
optimized conditions (30 min residence time at 80 °C), the
addition product 4b was obtained in nearly quantitative isolated
yield and 81% e.e. (Table 4, entry 3).
The flask vs. flow comparison for the malonate addition to

p-chloro-β-nitrostyrene was carried out under the conditions
that are summarized in Scheme 3.

3. Conclusions

In conclusion, metal-free stereoselective additions of acti-
vated nucleophiles to β-nitrostyrenes were studied in micro-
reactors under continuous-flow conditions, in the presence of a
chiral bifunctional catalyst. Microfluidic technology allowed
for a rapid screening of different reaction parameters, such as
temperature, solvent, reactants concentration, reaction times,
catalyst loading, and catalyst–reagents combinations, thus, lead-
ing to a quick identification of the optimized reaction conditions
that guarantee high chemical and stereochemical efficiency. The
reactions developed under continuous-flow conditions favor-
ably compare with those carried out in a flask, as demonstrated
by the improved productivity. This study shows the great

Scheme 2. Flask vs. flow comparison for the acetyl acetone addition to β-nitrostyrene. The reaction under continuous-flow conditions is that of
Table 1, entry 5

Time (min) T (°C) Yield (%) e.e. (%) Productivitya Space–time yieldb Reactor volume (mL)
Flaskc 60 RT 80 89 8000 400 0.4
Flaskd 20 70 37 81 11100 555 0.4
Flowd 5 70 91 80 27300 5460 0.01

a Productivity is measured as [mmol(product) / (mmol(catalyst) × hour] × 1000 expressed as /h.
b Space–time yield is measured as [mmol(product) / (vol(reactor) × reaction time)] × 1000 expressed as mmol/mL/h.
c See ref. [15e].
d This work.

Table 2. Reaction between p-chloro-β-nitrostyrene 1b and diethyl malonate promoted by catalyst 3 in a continuous-flow Labtrix® Start Standard system, using
a 10-μL glass microreactor

Entry 1b Ma (equiv.) 2b Ma (equiv.) Cat. Ma (equiv.) Total flow rate (μL/min)b T (°C) Conv.c (%) e.e.d (%)

1 0.33 (1) 0.67 (2) – 2 60 0 –
2 0.33 (1) 0.67 (2) 0.067 (0.2) 2 60 7 nd
3 0.33 (1) 0.67 (2) 0.067 (0.2) 1 60 17 79
4 0.33 (1) 0.67 (2) 0.067 (0.2) 1 80 17 72
5 0.33 (1) 0.67 (2) 0.134 (0.4) 1 60 13 85
6 0.33 (1) 1.34 (4) 0.067 (0.2) 1 80 12 74
7 0.33 (1) 1.34 (4) 0.067 (0.2) 1 110 30 68
8 0.33 (1) 2.01 (6) 0.067 (0.2) 1 60 13 79
9 0.33 (1) 2.01 (6) 0.067 (0.2) 1 80 15 74

aMolarity values correspond to the effective concentration inside the microreactor.
b The total flow rate is given by the sum of the flow rates, where F(2b) = 0.5F(1b).
cMonitored by HPLC using phenantrene as internal standard.
d Enantiomeric excess determined by HPLC on a chiral stationary phase (see ESM for details).
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potentialities of microreactors for asymmetric catalysis; consid-
ering the great variety of organocatalysts and highly efficient
metal-free synthetic methodologies developed in the last dec-
ade, a rapid growth of the use of microfluidic devices to achieve
stereoselective organocatalyzed transformations can be easily
predicted in a near future.

4. Experimental

Trans-β-Nitrostyrene (1a) and p-chloro-β-nitrostyrene (2a)
were crystallized before use; acetyl acetone (2a) and

diethylmalonate (2b) were freshly distilled before use. Catalyst
(R,R)-trans-1-[3,5-bis(trifluoromethyl)phenyl]-3-[2-(N,N-dime-
thylamino)cyclohexyl]thiourea (3), racemic mixture of 3-(2-
nitro-1-phenylethyl)pentane-2,4-dione (4a), and of diethyl 2-
(1-(4-chlorophenyl)-2-nitroethyl)malonate (4b) were synthe-
tized according to literature procedures. Dry solvents were
purchased and stored under nitrogen over molecular sieves
(bottles with crown caps). Reactions were monitored by ana-
lytical thin-layer chromatography (TLC) using silica gel 60
F254 precoated glass plates (0.25 mm thickness) and visualized
using ultraviolet (UV) light. Flash chromatography was carried
out on silica gel (230–400 mesh). Proton nuclear magnetic

Table 3. Reaction between p-chloro-β-nitrostyrene 1b and neat diethyl malonate promoted by catalyst 3 in a continuous-flow Labtrix® Start Standard system,
using a 10-μL glass microreactor

Entry 1b Ma (equiv.) Cat. Ma (equiv.) Total flow rate (μL/min)b T (°C) Conv.c (%) e.e.d (%)

1 0.33 (1) 0.033 (0.1) 1 60 56 76
2 0.33 (1) 0.033 (0.1) 1 80 79 73
3 0.33 (1) 0.067 (0.2) 1 60 82 79
4 0.33 (1) 0.067 (0.2) 1 70 80 77
5 0.33 (1) 0.067 (0.2) 1 80 98 85
6 0.50 (1.5) 0.067 (0.2) 1 80 86 74
7 0.50 (1.5) 0.067 (0.2) 2 80 85 81
8 0.58 (1.75) 0.067 (0.2) 2 80 89 70
9 0.33 (1) 0.067 (0.2) 20 200 36 61

aMolarity values correspond to the effective concentration inside the microreactor.
b The total flow rate is given by the sum of the flow rates, where F(cat) = 0.5F(1b).
cMonitored by HPLC using phenantrene as internal standard.
d Enantiomeric excess determined by HPLC on a chiral stationary phase (see ESM for details).

Table 4. Reaction between p-chloro-β-nitrostyrene 1b and neat diethyl malonate promoted by catalyst 3 in a continuous-flow system made of a 400-μL PTFE
coiled tubing

Entry 2b Ma (equiv.) Cat. Ma (equiv.) Total flow rate (μL/min)b T (°C) Conv.c (%) e.e.d (%)

1 0.33 (1) 0.067 (0.2) 40.00 80 84 77
2 0.33 (1) 0.067 (0.2) 13.33 60 90 81
3 0.33 (1) 0.067 (0.2) 13.33 80 98e 81
4 0.33 (1) 0.067 (0.2) 13.33 100 98 73
5 0.33 (1) 0.033 (0.1) 13.33 80 55 70

aMolarity values correspond to the effective concentration inside the microreactor.
b The total flow rate is given by the sum of the two flow rates, where F(2b) = 0.5F(1b).
cMonitored by HPLC with internal standard.
d Enantiomeric excess determined by HPLC on chiral stationary phase (see ESM for details). eConfirmed as isolated product.

Scheme 3. Flask vs. flow comparison for the organocatalyzed addition of diethyl malonate to p-chloro-β-nitrostyrene. Reaction conditions for the
transformation under continuous-flow conditions are those of Table 4, entry 2

Time (min) Cat. (%) T (°C) Yield (%) e.e. (%) Productivitya Space-time yieldb Reactor vol. (mL)

Flaskc 1440 10 25 80 94 333 14.49 0.46
Flaskd 30 20 60 76 83 7600 505 0.4
Flowd 30 20 60 90 81 9000 594 0.4

a Productivity is measured as [mmol(product) / (mmol(catalyst) × hour] × 1000 expressed as /h.
b Space–time yield is measured as [mmol(product) / (vol(reactor) × reaction time)] × 1000 expressed as mmol/mL/h.
c See ref. [15e].
d This work.
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resonance (NMR) spectra were recorded on spectrometers oper-
ating at 300 MHz (Bruker Fourier 300 or AMX 300) or at 500
MHz (Bruker Advance 500). Proton chemical shifts are
reported in ppm (δ) with the solvent reference relative to tetra-
methylsilane (TMS) employed as the internal standard (CDCl3 δ
= 7.26 ppm). Enantiomeric excess determinations were carried
out by HPLC with Agilent 1100 and 1200 series HPLC systems
and with a Shimadzu LC-10 AD VP HPLC system, equipped
with a SPD 10AVP UV–Vis detector.
4.1. General Procedure for the Synthesis of 3-(2-Nitro-1-

phenylethyl)pentane-2,4-dione (4a)
4.1.1. Synthesis under Flask Conditions (Scheme 2). In a

vial equipped with septum cap, trans-β-nitrostyrene 1a (1.0 eq.,
0.20 mmol), phenanthrene (internal standard, 0.1 eq., 0.02 mmol),
and thiourea-catalyst 3 (0.1 eq., 0.02 mmol) were dissolved in dry
toluene (0.40 mL) at room temperature. To this solution, acetyl
acetone 2a (2.0 eq., 0.40 mmol) was added, and the reaction
mixture was stirred at room temperature for 1 h (for the reaction
carried out at 70 °C for 20min, the reactionmixture was immersed
into a preheated oil bath). After this time, 10 μL of crude material
was dissolved in 1 mL of 95:5 hexane–ethanol precooled solution
(0 °C, HPLC grade) and analyzed by HPLC.
4.1.2. Synthesis under Flow Conditions (Labtrix® Start

Standard System, with a 10 μL Glass Microreactor). In a
typical experiment, syringe Awas filled with a mixture obtained
dissolving 0.8 mmol of trans-β-nitrostyrene (119.32 mg) and
0.04 mmol of phenanthrene (7.13 mg) in 800 μL of dry toluene,
in order to have 1 M concentration of 1a and 0.05 M concen-
tration of phenanthrene. Syringe B was loaded with a solution
obtained dissolving 0.08 mmol of catalyst 3 (33.06 mg) and
1.6 mmol of acetyl acetone (165.14 μL) in 800 μL of dry
toluene, in order to have 0.1 M concentration of catalyst and
2 M concentration of diethyl malonate (N.B. the concentrations
of all reagents in the syringe were doubled with respect to the
batch conditions, to achieve the same concentration after mix-
ing). Mixtures A and B were pumped into the microreactor at a
flow rate of 1 μL/min (2 μL/min total flow) for 5 min as
residence time. Three reactor volumes were discarded before
starting sample collection in order to achieve steady-state con-
ditions. Then the mixture was collected in 990 μL of 95:5
hexane–ethanol precooled solution (0 °C, HPLC grade) and
directly analyzed by HPLC. Conditions: Chiralcel OD-H Hex–
EtOH, 95:5; flow, 1 mL/min; 45 bar; 230 nm; t1 = 4.07 min
(acetyl acetone), t2 = 7.8 min (internal standard), t3 = 9.7 min
(unreacted trans-β-nitrostyrene), t4 = 24.9 min (S)-4a (minor),
t5 = 27.0 min (R)-4a (major).
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