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Cinchona alkaloid and proline derivatives as enantioselective catalysts were covalently attached onto the inner walls
of a microreactor using glycidyl methacrylate polymer brushes. The successful formation of the organocatalyst-
functionalized brush layers on flat silicon oxide surfaces was confirmed by several techniques such as Fourier
transform infrared (FT-IR), ellipsometry, and X-ray photoelectron spectroscopy (XPS). The applicability of the
cinchona alkaloid (cinchonidine or quinidine)- and proline-containing polymer brushes in a microreactor was
demonstrated for the Diels–Alder reaction between anthrone and N-substituted maleimides, and the aldol reaction
between 4-nitrobenzaldehyde and cyclohexanone, respectively, which showed moderate conversions (up to 55% and
23%, respectively) and moderate to good enantioselectivities (up to 55% and 93%, respectively). The pristine catalytic
activity of the microreactor was intact even after 1 month.

Keywords: Diels–Alder reaction, aldol reaction, cinchonidine, quinidine, proline, enantioselective catalysis, micro-
reactor, polymer brushes

1. Introduction

Catalytic asymmetric synthesis continuously attracts the
attention of organic chemists, because of its significant eco-
nomic benefits over stoichiometric asymmetric synthesis, in
particular when considering transfer to industrial settings [1].
In the last decades, microreactors are evolving as ubiquitous
tools for carrying out organic reactions under homogeneous and
heterogeneous reaction conditions, both in academia and indus-
try, as they offer several advantages over classical setups [2–8].
Leveraging the strengths from catalytic asymmetric synthesis
and microreactors unveils a seamless strategy, to bring about a
paradigm shift that facilitates a scalable flow chemistry method-
ology to carry out enantioselective synthesis.
Recent reviews provide a number of examples involving

asymmetric heterogeneous catalysis under continuous-flow
conditions, indicating its active development in research, with
widespread applications in fine chemical and pharmaceutical
industry [9, 10]. Most of the reports described use the packed
bed approach to implement chiral organocatalysts [11–18]. This
approach has advantages such as high catalyst loading, a large
range of catalytic supports, and easy fabrication of the catalytic
device by filling the channels with the functional catalytic
particles. However, there are serious limitations such as the
reagent solution circumnavigating the beads instead of passing
through them eventually resulting in reduced catalytic effi-
ciency, heat transfer restrictions, and back pressure limitations
[19]. By direct functionalization of the microchannel wall with
a catalyst, some of these limitations of the packed-bed approach
can be circumvented [20].
Utilizing polymer brushes as a catalyst-supporting material,

our group has developed a strategy to incorporate a wide range
of catalysts, namely, a basic organocatalyst [21, 22], metallic
nanoparticles [23], enzymatic catalyst [24], and acid [25] and
Lewis acid [26] catalysts, onto the microchannel walls of a
microreactor. To the best of our knowledge, there are no exam-
ples of the covalent immobilization of a chiral organocatalyst to
the interior wall of a microreactor.

Herein, we report the anchoring of cinchona alkaloids (cin-
chonidine or quinidine) and proline as enantioselective cata-
lysts, making use of glycidyl methacrylate polymer brushes as
the anchoring layer. Both cinchona alkaloid and proline deriv-
atives have been used as robust catalysts in asymmetric syn-
thesis [27, 28] and are used here to study the scope of the
methodology of their integration with wall-coated catalytic
microreactors. The Diels–Alder and aldol reactions were used
as model reactions to study the catalytic activity of the micro-
reactors containing the cinchona alkaloid and proline deriva-
tives, respectively. These substrates were chosen to allow easy
monitoring of the progress of the reaction using in-line ultra-
violet–visible (UV–vis) spectroscopy. Objectives are the
method of functionalization and the assessment of the catalytic
activity, regarding both conversion and enantioselectivity, and
its stability over time.

2. Results and Discussion

2.1. Cinchona Alkaloid Catalysis
2.1.1. Catalyst Immobilization on Flat Surfaces and Micro-

reactor Channel Walls. The cinchona alkaloid (cinchonidine or
quinidine)-containing catalytic polymer brush layer was first
developed on a flat silicon oxide surface, before attempting
the functionalization of a microreactor (Scheme 1). To this
end, poly(glycidyl methacrylate) polymer brushes (PGMA)
were covalently anchored on silicon oxide substrates by follow-
ing the procedure reported before [22]. Ring opening of the
epoxide was subsequently performed with a solution of NaN3 in
dimethylformamide (DMF) [29] at 60 °C for 6 h to afford the
azide-functionalized brushes. Afterwards, the azide moiety was
treated with a solution of O-propargylcinchonidine (1) [30] or
quinidine derivative 2 [31] in DMF to give cinchonidine/quini-
dine-containing polymer brushes. In contrast, in a direct
approach, the ring opening of epoxide with both cinchonidine
and 9-amino-9-deoxy-epi-cinchonidine [32] was unsuccessful.
Even using Lewis acids such as BF3⋅OEt2 and Al(OTf)3 proved
to be ineffective, which might be ascribed to the less reactive
nature of the sterically constrained nucleophiles.* Author for correspondence: w.verboom@utwente.nl
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Analysis of the Si wafer surfaces by transmission Fourier
transform infrared (FT-IR) spectroscopy after the treatment of
PGMA brushes with NaN3 showed the disappearance of the
epoxide peak at 907/cm and the presence of the azide stretching
peak at 2105/cm, thereby indicating completion of the reaction.
Subsequently, upon the click reaction of the azide groupwith 1 and
2, the azide peak (2105/cm) had completely disappeared showing
that the reaction went to completion (Figures S1 and S2). Addi-
tional proof for the functionalization of polymer brushes with 1
and 2 was obtained by X-ray photoelectron spectroscopy (XPS)
(Figure S4a–c). Experimentally determined atomic compositions
of the O-propargylcinchonidine/quinidine derivative-containing
polymer brushes were found to be in decent agreement with the
theoretical ratios (Table 1).
The dry thickness of PGMA-1 and PGMA-2 was determined

by ellipsometry to be about 197 and 283 nm, respectively, for a
polymerization time of 1 h. Using the same polymerization time
under flow conditions, the polymer brush thickness in the
microreactors was assumed to have the same value [21].
Swelling of the polymer brushes in a solvent medium that is

used to perform the reaction is essential, since it improves the
accessibility of the catalytic sites for the substrate. Therefore,
swelling studies on PGMA-1 and PGMA-2 were performed in

various organic solvents such as dichloromethane, chloroform,
methanol, tetrahydrofuran (THF), acetonitrile, ethyl acetate
(EtOAc), and toluene (Table 2). The higher layer thicknesses,
both dry and solvated, obtained for PGMA-2 compared to those
of PGMA-1 may be ascribed to the sterically bulkier catalyst 2.
Table 2 shows that the polymer brushes swell better in the polar
solvents dichloromethane, chloroform, and methanol. There-
fore, dichloromethane and chloroform were chosen as the sol-
vents for the asymmetric reactions (see below).
The same procedure used for the flat silicon oxide wafers

was followed to covalently immobilize cinchonidine derivative
1 and quinidine derivative 2 onto the interior of glass micro-
reactors with channel dimensions of 150 μm in width and depth
and having an internal volume of 13 μL. The PGMA brushes
were grown and functionalized with 1 or 2 on the microchannel
interior under continuous flow. The number of catalytic sites in
the catalytic microreactor was estimated using Gisin's acid–base
titration procedure [33]. The amounts of catalyst were calcu-
lated to be 86 and 61 nmol of cinchonidine derivative 1 and
quinidine derivative 2 for catalytic devices containing PGMA-1

Scheme 1. General scheme for the ring opening of epoxides present in PGMA brushes with NaN3, followed by a click reaction of the azide moiety in
the polymer brush with propargyl-derived cinchonidine 1 or quinidine derivative 2. Me6TREN: tris(2-(dimethylamino)ethyl)amine

Table 1. XPS data of PGMA-N3, PGMA-1, and PGMA-2-functionalized
silicon dioxide surfaces

Theoretical atomic ratio Experimental atomic ratio

C–N C–O C–N C–O

PGMA-N3 2.3 2.3 3.3 2.3
PGMA-1 5.8 7.2 6.2 5.8
PGMA-2 6.3 8.1 6.3 6.4

Table 2. Ellipsometric thicknesses of PGMA-1 and PGMA-2 brushes on
flat silicon oxide surfaces

Thickness (nm) of
PGMA-1

Thickness (nm) of
PGMA-2

Dry state 197±2 283±4
Dichloromethane 460±10 661±7
Chloroform 458±11 620±11
Methanol 430±3 619±19
THF 252±8 398±12
Acetonitrile 243±6 357±8
EtOAc 237±4 362±9
Toluene 241±13 349±9
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and PGMA-2, respectively, with a polymerization time of 1 h. It
was considered that one molecule of picric acid binds to each
catalytically active site (one active site in 1 and two active sites
in 2) present in polymer brushes, upon the titration [34]. The
amounts of catalyst calculated above correspond to loadings of
about 68% and 60% for the catalytic microreactors containing
1 and 2, respectively. These were obtained by considering an
internal surface area available for functionalization of 3.47×1014

nm2 and a polymer thickness of 197 nm and 283 nm for PGMA-1
and PGMA-2, respectively, and assuming a brush density close to
that of bulk PGMA (1 g/mL).
2.1.2. Diels–Alder Reaction Performed in the Catalytic

Microreactor. The Diels–Alder reaction between anthrone (3,
25 μM) and N-methylmaleimide (4a, 50 μM) to give 5a was
used as a model reaction to study the catalytic activity of the
cinchonidine 1-containing microreactor (Scheme 2). The reac-
tion times were varied by changing the flow rates between 0.25
and 6.5 μL/min. The conversion of 3 was monitored real-time
by in-line UV–vis detection. Best results were obtained, when
dichloromethane and chloroform were used as solvents, which
gave optimal swelling of the catalytic brush (Table 2). In both
solvents, similar conversions of about 31% and 17% ee were
obtained with a residence time of 52 min at room temperature
under continuous-flow conditions. However, using acetonitrile as
a solvent, a lower conversion of about 10% was achieved

compared to those obtained in dichloromethane and chloroform.
This is attributed to the poor swelling of catalytic brushes in
acetonitrile (Table 2), indicating the importance of good swelling
of the brushes for the catalytic performance of the layer.
Using the quinidine derivative 2-functionalized microreactor,

the same reaction was carried out in dichloromethane under the
conditions as mentioned above. A conversion of about 54%
with 39% ee was obtained (Figure 1). Using chloroform as
solvent, a comparable conversion and enantioselectivity were
observed as in dichloromethane. Apparently, the conversion has
almost doubled and the ee value has increased from 17% (for
the O-propargylcinchonidine-comprising polymer brushes) to
39%. The increase in the enantioselectivity is in accordance
with literature [35] where it was reported that quinidine displays
better enantioselectivities than cinchonidine for the Diels–Alder
reaction between 3 and 4a. The increase in conversion is attrib-
uted to the presence of two catalytically active centers in 2 when
compared to 1. Under similar reaction conditions, a microreac-
tor containing PGMA brushes in the absence of chiral catalyst 1
or 2 showed no detectable conversion, proving that PGMA-1/
PGMA-2 is the catalytically active species. A lab-scale reaction
between 3 (25 μmol) and 4a (50 μmol) with 20 mol% of 2
under homogeneous conditions in deuterated dichloromethane
at room temperature showed a nearly similar conversion (59%)
and ee (33%). This indicates that the catalyst retains its activity
after the immobilization process. As expected, decreasing the
reaction temperature of a catalytic microreactor to 0 °C showed
a decrease in conversion (38%) but an increase in ee (49%).
Performing the reaction at 40 °C displayed an increase in
conversion (61%) and a decrease in ee (32%) (Figure 1).

The substrate scope of the Diels–Alder reaction was studied
with anthrone (3) and a range of N-substituted maleimides (4a–e)
using the reaction conditions as described above (Table 3). The
N-substituents such as methyl, phenyl, p-tolyl, and benzyl
(Table 3, entries 1–4) showed similar conversions (51–55%),
only the cyclohexyl substituent (Table 3, entry 5) showed a
lower conversion of about 35%, which may be ascribed to the
sterically bulkier nature of the cyclic alkyl substituent [36]. The
enantioselectivities of the products 5a–e (Table 3, entries 1–5)
were obtained in the range of 28–55%. In general, the lab-scale
reactions carried out under homogeneous conditions with cata-
lyst 2 showed comparable conversions and only a somewhat
lower ee compared to the reactions carried out in a catalytic
microreactor (Table 3). Apparently, the polymeric support does
not have any negative influence on the reaction performance.
After each experiment, the catalytic devices were treated with

a 5% solution of triethylamine in dichloromethane, in order to
avoid diminished catalytic activity due to possible protonation
[37]. The catalytic activity of the PGMA-2-containing micro-
reactor remained intact even after its continuous use for 20
days. In addition, the same catalytic device stored in a nitrogen
box for 10 more days and reusing it for the model reaction
showed similar activity, demonstrating its long-term stability.

Scheme 2. General scheme for the Diels–Alder reaction between
anthrone (3) and N-substituted maleimides (4a–e)

Table 3. Substrate scope for the Diels–Alder reaction of anthrone (3) and N-substituted maleimides (4a–e) carried out in the quinidine derivative 2-functionalized
catalytic microreactora

Entry Reactants Product Microreactor Lab-scale

Conversion (%)b ee (%)c Conversion (%)d ee (%)c

1 3+4a(R=CH3) 5a 54 39 59 33
2 3+4b(R=Ph) 5b 55 29 48 13
3 3+4c(R=4–CH3–C6H4) 5c 51 28 53 17
4 3+4d(R=Bn) 5d 52 55 69 51
5 3+4e(R=cyclohexyl) 5e 35 43 36 28

aAll reactions were performed in dichloromethane at room temperature with a residence time of 52 min.
bConversions in a microreactor were determined using online UV–vis spectroscopy by following the decrease in absorbance (ε264=26,200/M/cm) of

anthrone (3).
c Enantiomeric excesses were determined by HPLC using a ChiralPak AD-H column.
dConversions of lab-scale reactions were analyzed by 1H NMR spectroscopy.

Figure 1. Conversion of 3 and enantiomeric excess of 5a upon
reaction of 3 with 4a catalyzed by quinidine derivative 2-containing
polymer brushes in a microreactor. Residence time: 52 min
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2.2. Proline Catalysis
2.2.1. Catalyst Immobilization on Flat Surfaces and Micro-

reactor Channel Walls. The applicability of the above
described protocol was extended to the attachment of proline
derivative 6 (Scheme 3) onto PGMA brushes. In order to
covalently bind 6 to the PGMA-N3 brushes grown on silicon
oxide wafers, the azide moiety was treated with a solution of 6
in DMF to give proline derivative-containing polymer brushes
(Scheme 3). After the click reaction of the azide group with the
alkyne moiety in 6, the azide peak (2105/cm) in the IR spectrum
had completely disappeared showing that the reaction went to
completion. A subsequent treatment of the Fmoc-protected pro-
line-containing polymer brushes with piperazine in DMF
yielded the catalytically active proline moieties (PGMA-pro-
line) (Figure S3). XPS results also proved the successful func-
tionalization of the polymer brushes with proline, as the
atomic composition upon deprotection of proline was found
to be C–N–O=15.0:3.4:5.7, which is in decent agreement with the
theoretical ratio C–N–O=15.0:4.0:6.0 (Figure S4d).

The dry thickness of the PGMA-proline brushes was deter-
mined to be about 205 nm for a polymerization time of 1 h.
Swelling studies on the proline-containing polymer brushes
were performed in water, acetonitrile, THF, methanol, and
ethanol. Table 4 shows that the polymer brushes only swell in
water, which can be attributed to the highly polar nature of the
proline moiety.
Using the same protocol for the silicon oxide wafers, the

interior of the microchannel surface of a microreactor was
functionalized with proline-functionalized PGMA brushes.
The amount of catalyst estimated based on Gisin's acid–base
titration procedure was calculated to be 112 nmol of proline for

the catalytic device with a polymerization time of 1 h, which
corresponds to a loading of about 56% upon considering the dry
thickness of about 205 nm.
2.2.2. Aldol Reaction Performed in the Catalytic Micro-

reactor. The aldol reaction between cyclohexanone (7) and 4-
nitrobenzaldehyde (8) was used as a model reaction, as it is a
widely explored reaction using proline as a catalyst [15, 38], to
study the catalytic activity of a microreactor functionalized
with proline derivative 6 (Scheme 4). The conversion of 8
was determined by following the decrease in the absorbance
value at 267 nm using in-line UV–vis spectroscopy. Water was
used as a solvent as it provides the optimal swelling of the
polymer brushes, as described above. Conversions of about
23% with a diastereoselectivity ratio (anti:syn) of 83:17 and
an enantioselectivity of 93% were obtained at a residence time
of 52 min at room temperature under continuous-flow condi-
tions. When the reaction mixture was left in the microfluidic
device without flow for 20 h, an increased conversion of about
87% was observed; however, the small volumes were insuffi-
cient for HPLC measurement to determine the diastereoselec-
tivity and enantioselectivity. Under homogeneous reaction
conditions using proline as a catalyst and water as a solvent, a
conversion of 65% with a diastereoselectivity ratio (anti:syn) of
63:37 and an enantioselectivity of 89%was reported for a reaction
time of 24 h [39]. Although exact comparison remains difficult,
these data show that the catalytic microchannel device containing
PGMA-proline brushes provides a higher conversion, a higher
anti:syn ratio, and a comparable ee. Apparently, the polymeric
support seems to play a beneficial role in the overall outcome of
the reaction [38]. Under the reaction conditions mentioned above,
amicroreactor containing PGMAbrushes in the absence of proline
showed no measurable conversion, demonstrating that proline is
the catalytically active species.
After each trial, the catalytic device was treated with a 5%

solution of triethylamine in water, in order to avoid diminished
catalytic activity due to possible protonation [37]. The catalytic
activity of the proline-containing microreactor remained intact
even after 8 days of continuous use. Furthermore, the same
catalytic device stored in a nitrogen box for 3 more weeks and

Scheme 3. Formation of proline-containing polymer brushes by treating the azide moieties in the polymer brush with 6, followed by the deprotection
of proline using piperazine

Table 4. Ellipsometric thickness of PGMA-proline brushes on a flat silicon
oxide surface

Thickness (nm) Thickness (nm)

Dry state 205±1 Acetonitrile 204±1
Methanol 209±2 THF 203±1
Ethanol 200±2 Water 465±4

Scheme 4. Proline-catalyzed aldol reaction between cyclohexanone (7) and 4-nitrobenzaldehyde (8)
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reusing it for the aldol reaction discussed above displayed
similar activity, proving its long-term stability.

3. Conclusions

Poly(glycidyl methacrylate) polymer brushes grown onto the
interior microchannel wall of a microreactor were used to
immobilize the chiral amines 1, 2, and 6. The cinchona alkaloid
catalysts retained their activity, while the proline catalyst
showed an enhanced performance, upon immobilization onto
the polymer brush. Moderate conversions and moderate to good
enantioselectivities were obtained for the Diels–Alder and aldol
reactions. In addition, the pristine catalytic activity of the cata-
lytic system was maintained even after 1 month. The choice of the
reaction solvent is of importance, since it determines the swelling
of the polymer brushes and, consequently, the accessibility and
participation of the catalytic sites. Undoubtedly, the wall-coated
approach has advantages (vide supra) over the packed-bed
method. However, the price to pay is the lower conversion (the
ee was comparable) due to the lower catalyst loading, as was the
case for the aldol reaction comparing the results with literature data
[15, 40]. We envision that this approach has a wider scope and can
be used to anchor different chiral catalysts in a microreactor to
perform a variety of enantioselective reactions.

4. Experimental Section

4.1. Materials. All the chemicals and solvents were obtained
from Sigma-Aldrich unless otherwise stated and were used
without purification unless specified. Single-side-polished sili-
con wafers with (100) orientation were purchased from
OKMETIC. Cinchona alkaloid derivatives 1 [30] and 2 [31],
and proline derivative 6 [41] were synthesized by following
literature procedures. CuBr was purified by washing with gla-
cial acetic acid and after filtration, rinsed with ethanol and
acetone, and was stored in a vacuum desiccator. Methanol and
ethanol (VWR, analytical reagent grade) were used without
further purification, and water was purified with the Milli-Q
pulse (MILLIPORE, R=18.2 MΩ cm) ultra-pure water system,
dry toluene, acetonitrile, and THF from the encapsulated sol-
vent purification system (MB-SPS-800).
4.2. Methods. FT-IR spectra were recorded using a Nicolet

6700 FT-IR spectrometer in transmission mode. Ellipsometry
measurements were performed with a Spectroscopic Ellipsom-
eter M-2000X (J.A. Woolam Co., Inc.) as described before [26]
to determine the thickness of the polymer brushes both in dry
and wet (in organic solvents as mentioned in Tables 2 and 4)
state. X-ray photoelectron spectroscopy (XPS) on the cinchona
alkaloid derivatives-containing polymer brushes supported on
silicon oxide wafers was obtained on a Quantera Scanning
X-ray Multiprobe instrument, equipped with a monochro-
matic Al-Kα X-ray source producing approximately 25 W of
X-ray power. XPS data were collected from a surface area
of 1000 μm×300 μm with a pass energy of 224 eV and a step
energy of 0.8 eV for survey scans and 0.4 for high-resolution
scans. For quantitative analysis, high-resolution scans were used.
In all reactions carried out using a cinchona alkaloid derivatives-
containing catalytic microreactor, the formation of the products
was followed using online UV–vis spectroscopy as described
in ref. [23]. 1H-NMR experiments were performed on a Bruker
400 MHz NMR spectrometer. Chiral high-performance liquid
chromatography (HPLC) analysis was performed on a Waters
instrument using a ChiralPak AD-H column purchased from
Daicel Chemical Industries, Ltd.
4.3. Setup of the Flow Microreactor. All microreactor

experiments were performed in a microfluidic setup as
described in ref. [23]. Glass microreactors (Figure S5) with a
residual volume of 13 μL and dimensions of 150 μm depth and

150 μm width were purchased from Micronit Microfluidics
(Enschede, The Netherlands).
4.4. Synthesis of the Catalytic Polymer Coating. PGMA

brushes on the silicon oxide wafers and the microchannels were
carried out as described before [22]. The silica wafers and the
microchannel functionalized with PGMA brushes were incu-
bated in a 30 mM solution of NaN3 in DMF at 65 °C for 6 h.
Subsequently, a solution of O-propargylcinchonidine (1, 6.65 mg,
0.02 mmol) and tris(2-(dimethylamino)ethyl)amine (Me6TREN,
2.30 mg, 0.01 mmol) in DMF (2 mL) was degassed using the
freeze–pump–thaw method (in a sealed Schlenk vessel). CuBr
(1.45 mg, 0.01 mmol) was added to the above solution, and the
mixturewas stirred for 15min under a continuous flow of nitrogen.
Afterwards, the wafers functionalized with azide groups were
placed in a Schlenk tube and sealed with a septum. The tube was
filled with argon, and the solution containing cinchonidine deriv-
ative 1was syringed inside andwas kept in contact for 18 h. For the
preparation of the cinchonidine derivative 1-containing polymer
brushes inside the microchannels, the same solution was flowed
through the microchannel at a flow rate of 0.1 μL/min for 18 h.
Successively, the silicon wafer andmicrochannel were rinsed with
DMF and dichloromethane. For the preparation of the quinidine-
derivative bearing polymer brushes inside the microchannels,
the same procedure as described above was followed using 2
(16.10 mg, 0.02 mmol) instead of 1.
The proline-containing polymer brushes on silicon wafers were

obtained by adopting the procedure described above. First, the
azide moieties of the PGMA brushes were treated with a solution
of 6 (39.12mg, 0.1mmol),Me6TREN (11.50mg, 0.05mmol), and
CuBr (7.20 mg, 0.05 mmol) in DMF (2 mL) at 65 °C for 6 h, and
subsequently incubated in a solution of 10% piperazine in DMF
for 30 min. The same procedure was used to functionalize the
interior of the microchannel walls with proline-comprising poly-
mer brushes.
4.5. Diels–Alder Reaction of Anthrone (3) and N-substi-

tuted Maleimides (4a–e) in a Cinchona Derivative 1-/2-Func-
tionalized Microreactor. The Diels–Alder reaction between
anthrone (3) (25 μM) and N-substituted maleimides (4a–e)
(50 μM) was carried out in dichloromethane–chloroform at room
temperature with a residence time of 52min. Anthrone (3) exhibits
its absorptionmaximum at 264 nm. Conversions of 3 to 5a–ewere
calculated based on the decrease in the absorption at 264 nm; the
product does not exhibit any absorption at this wavelength. The
molar absorptivity (ε264) of 3 is 26200/M/cm. No side products
could be detected. The experimental errors in these measurements
are ±4%. The enantiomeric excess was determined by HPLC
analysis (Diacel ChiralPak AD-H, n-hexane–isopropanol=80:20,
0.75mL/min for 5a and 1.0mL/min for 5b–e, λ=230 nm, RT). 5a
[42] (Table 3, entry 1); tR (major)=19.0min, tR (minor)=20.0min.
5b [42] (Table 3, entry 2); tR (major)=32.5 min, tR (minor)=
41.5 min. 5c [42] (Table 3, entry 3); tR (major)=34.5 min,
tR (minor)=40.0 min. 5d [42] (Table 3, entry 4); tR (major) =
19.0 min, tR (minor)=21.0 min. 5e [42] (Table 3, entry 5);
tR (major)=11.0 min, tR (minor)=13.5 min.

4.6. Lab-scale Diels–Alder Reaction between Anthrone
(3) and N-substituted Maleimides (4a–e) under Homogene-
ous Conditions. All lab scale reactions were performed with 3
(25 μmol) and N-substituted maleimides (4a–e) (50 μmol) with
20 mol% of quinidine derivative 2 in 0.8 mL of deuterated
dichloromethane at room temperature. After a reaction time of
52 min, the conversions of the reactions were determined by
1H-NMR spectroscopy.

4.7. Aldol Reaction of Cyclohexanone (7) and 4-Nitro-
benzaldehyde (8) in a Proline-Functionalized Microreactor.
The aldol reaction between cyclohexanone (7) (500 μM) and
4-nitrobenzaldehyde (8) (50 μM) was carried out in water at
room temperature. The conversion of 8 was calculated based
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on the decrease in the absorption at 267 nm (ε267=19450/M/cm).
The product does not exhibit any absorption at this wavelength.
The experimental errors in these measurements are ±2%. The
enantiomeric excess was determined by HPLC (DIACEL Chiral-
Pak AD-H, n-hexane–isopropanol=95:5, 1 mL/min, λ=254 nm,
RT); anti: tR (major)=63.5 min, tR (minor)=47.0 min; syn:
tR (major)=33.0 min, tR (minor)=43.0 min.

4.8. Titration with Picric Acid. The number of catalytically
active sites present in the cinchona alkaloid and proline deriva-
tives-containing microreactors was estimated with Gisin's acid–
base titration procedure using dichloromethane and water, respec-
tively, as solvent [33]. First, the catalytic device was rinsed with a
solution of 5% diisopropylethylamine in dichloromethane–water
for 15 min and washed thoroughly with dichloromethane–water.
Subsequently, a 50 mM solution of picric acid in dichlorome-
thane–water was flowed into the microchannel for 15 min, where-
upon it was thoroughly washed with dichloromethane–water for
30 min. Finally, the picric acid was eluted from the microreactor
with a solution of 5% diisopropylethylamine in dichloromethane–
water and collected in a volumetric flask and was analyzed using
UV–vis spectroscopy. The molar absorptivity of diisopropylethyl-
amine picrate is ε353=25020/M/cm.
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