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ABSTRACT: In this work we introduce a sustainable mem-
brane-based synthesis−separation platform for enantioselective
organocatalysis. An azido derivatized cinchona-squaramide
bifunctional catalyst was synthesized and subsequently grafted
to the surface of a polybenzimidazole-based nanofiltration
membrane. The favorable effect of the covalent graftingdue
to the change in geometry and increased secondary inter-
actionson the catalytic activity due to conformational changes
was confirmed by quantum chemical calculations. Asymmetric
Michael and aza-Michael reactions of 1,3-dicarbonyl and indole,
pyrazole, and triazole derivatives to β-nitrostyrene were
performed with as high as 99% enantiomeric excess. This report
on the enantioselective aza-Michael reaction of pyrazoles and
triazoles opens new frontiers in the application of squaramide-based cinchona catalysts. A catalytic membrane cascade reactor
was developed for an integrated synthesis−purification process allowing at least 98% product and substrate recovery, and
quantitative in situ solvent recycling. The sustainability of the synthetic methodology was assessed through E-factor and carbon
footprint.

KEYWORDS: enantioselective catalysis, polybenzimidazole, recycling, organic solvent nanofiltration, surface modification,
Michael addition, catalytic membrane reactor, cinchona-squaramide

■ INTRODUCTION
Due to the numerous advantages over conventional transition-
metal catalysis, organocatalytic methodologies have become an
attractive synthetic tool in asymmetric catalysis.1,2 However,
the cumbersome product purification by column chromatog-
raphy, and the need for catalyst recovery and reuse, call for the
design of more flexible and sustainable organocatalytic
strategies. Immobilization of organocatalysts on polymer
supports was proposed to overcome the separation bottle-
neck;3,4 however, binding a homogeneous catalyst to solid
surfaces often led to a deterioration in catalytic activity5 and
enantioselectivity.6,7 Consequently, the scientific and techno-
logical challenges of realizing highly efficient asymmetric
reactions and simultaneously developing practical separation
strategies are yet to be solved.8

In the steadily expanding field of organocatalysis, cinchona
alkaloids play a prominent role, owing to their high reactivity

and enantioselectivity. Chiral squaramides, due to their rigid
four-membered ring with electron delocalization, are a
promising class of cinchona-based asymmetric organocatalysts
for C−C bond formation.9 Asymmetric Michael and aza-
Michael reactions of 1,3-dicarbonyl and indole, pyrazole, and
triazole derivatives to β-nitrostyrene were selected as model
reactions in this study. The use of the resulting asymmetric
products is versatile ranging from medicines to herbicides.10

Membrane-based separations, and in particular nanofiltra-
tion, have been recognized as sustainable technologies allowing
the purification and concentration of chemicals under mild
conditions.11,12 The surface modification of membranes is a
rapidly evolving area with interests from various fields of
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separation such as desalination, materials, pharmaceuticals,
petrochemicals, biomedical devices, and sensors. The mem-
brane surface modification techniques including surface
coating, grafting, chemical and plasma treatments, and UV
irradiation have recently been reviewed.13

Due to the insufficient rejection of catalysts, membrane-
assisted catalysis requires catalyst enlargement via soluble
supports.14 The slow leaching of the catalyst or its adsorption
to the membrane lead to decreased reaction rate and product
contamination.15−17 The hypothesis examined in this work is
whether covalent grafting of an organocatalyst to a membrane
surface would allow the development of a new, sustainable
methodology consisting of catalysis, product purification,
excess reagent, and solvent recovery in a single unit operation,
in addition to overcoming the aforementioned drawbacks.
Here we present the new methodology of covalent grafting of
organocatalysts on nanofiltration membranes for integrated
synthesis−separation.

■ RESULTS AND DISCUSSION

Synthesis of Homogeneous and Membrane-Grafted
Asymmetric Organocatalysts. The cinchona-squaramide
was found to be an excellent catalyst for asymmetric Michael
additions.9 To graft the catalyst on a membrane, the azido

derivative 7, which can be clicked onto any solid support, was
synthesized (Scheme 1). Commercially available hydroquinine
was converted to cinchona amine derivative 1 by reported
procedure,18 which was demethylated using BBr3 in DCM to
give 2.19 Amines 1 and 2 were reacted with half-squaramide
320 resulting in squaramides 421 and 5, respectively. Cinchona
squaramide 4 was applied as the benchmark homogeneous
organocatalyst. Subsequently, the phenolic hydroxyl group of 5
was O-alkylated with azidoethyl mesylate 622 affording azido
derivative 7.
A polybenzimidazole-based nanofiltration membrane (8)

was chosen to anchor the catalyst due to its excellent stability
in a wide range of organic solvents. Membrane 8 was prepared
by casting a 250 μm thick film of a 26 wt % polybenzimidazole
(PBI) dope solution in dimethylacetamide solvent, on a
nonwoven polypropylene support (Scheme 1). The temper-
ature of the coagulation bath for phase inversion was set at
either 10 °C or 20 °C resulting in two series of membranes,
designated with A and B, respectively. Lower temperature
during the membrane formation results in tighter membranes
(Membrane Series A) with low molecular weight cutoff
(MWCO).23 Membrane 8 was deprotonated with aqueous
NaOH followed by propargyl bromide 9 treatment to form
membrane 10 with versatile propargyl groups, which can

Scheme 1. Synthesis of the Asymmetric Homo- and Heterogeneous Michael Addition Catalystsa

aSynthesis of the conventional methoxy (4), and new azidoethylene functionalized (7) cinchona squaramide. The latter was anchored to a
propargylated polybenzimidazole (10) via Click chemistry to obtain an organocatalytic nanofiltration membrane (12). Refer to the SI for the
synthesis and membrane fabrication procedures.
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readily undergo click reactions. The PBI-anchored catalytic
membrane 12 was prepared in an azide−alkyne cycloaddition
from azido derivative 7 and propargylated PBI membrane 10
using copper(I) iodide catalyst and diisopropylethylamine base
11 in acetonitrile. The immobilization reaction was optimized
on the monomer subunit 13 of PBI using different solvents,
bases and copper salts (Table 1).

The FTIR analysis confirmed the formation and disappear-
ance of the key functional groups during the surface
modification of the membranes (Figure 1a−d). The diagnostic
stretching vibrations of terminal acetylenic C−H and CC
bands appeared at 3312 cm−1, 2135 cm−1, and 629 cm−1 for
the propargylated membrane 10 (Figure 1c). Having clicked
the cinchona-squaramide 7 onto the membrane, the character-

Table 1. Optimization of Membrane Surface Modification on the PBI Monomer Unit 13

reaction solvent base Cu salt isolated yield (%)

13 → 14 DMF K2CO3 74
CH3CN K2CO3 59
CH3CN DBU 62
H2O NaOH 77

14 → 15 THF-DMF DIPEA CuI 73
THF-H2O sodium ascorbate CuSO4 64
CH3CN DIPEA CuI 81

Figure 1. FTIR spectra for compound 7 (a), and membranes 8 (b), 10 (c), and 12 (d). In search of cinchona-squaramide distribution via AFM-IR
mapping a 20 μm × 20 μm area of membrane 8 (e) and 12 (f). The heights and the colors represent the relative topography (AFM) and IR peak
intensity, respectively; see the SI for the quantitative 2D results. The cross-section for membrane 12 was investigated with SEM (g).
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istic triazole and quinoline peaks appeared at 3085 and 1623
cm−1, respectively (Figure 1d). Quantitative results were
obtained using elemental microanalysis, the propargyl/
benzimidazole monomer ratio for membrane 10, and the
cinchona-squaramide/benzimidazole monomer ratio for mem-
brane 12 were found to be 0.98 and 0.94, respectively (see
Supporting Information, SI). Excessive washing of the
membranes with acetonitrile ensured complete removal of
unreacted species. Atomic force microscopy infrared spectros-
copy (AFM-IR) revealed (i) uniform distribution of the
catalyst on the membrane surface, and (ii) smoother surface as
a result of the surface modifications (Figure 1e versus 1f). The
cross-section of the membrane shows macrovoids (Figure 1g),
which are typical for integrally skinned asymmetric membranes
prepared via phase inversion.24

Evaluation of the Catalytic Performance. The
efficiency of squaramide-based cinchona catalyst 4 in
asymmetric transformations was initially assessed through the
Michael additions of 1,3-dicarbonyl, indole, pyrazole, and
triazole derivatives to β-nitrostyrene in tert-butyl methyl ether
(MTBE), dichloromethane (DCM), toluene, acetonitrile, and
ethyl acetate (Table 2). The transformation requires catalyst
loadings as low as 1 mol %, and proceeds at room temperature.
MTBE and toluene solvents afforded the products in varying
yields (3% to 92%) with unprecedented enantioselectivities
(98% to 99%). Moreover, this is the first report on the
enantioselective synthesis of pyrazole (Entry 7) and triazole

(Entry 8) derivatives. The former product was previously
synthesized in a racemic form,25 however the latter product has
not even been reported in a racemic form. Consequently, these
results open new directions for the application of squaramide-
based cinchona catalysts. The absolute configuration (S) for 30
and 32 were determined by vibrational circular dichroism
(VCD) spectroscopy combined with quantum chemical
calculations at density functional theory (DFT) level (see SI).
The thermodynamics of the substrate adsorption was

investigated in different solvents (Table 3). The adsorption
Gibbs free-energy was found to be negative in all cases,
indicating that the adsorption on the membrane-grafted
catalyst 12 is a thermodynamically feasible process. In line
with the experimental observations (see Table 2), toluene is
the most suitable solvent for the catalysis with the most

Table 2. Asymmetric Additions of 1,3-Dicarbonyls, Indole, Pyrazole, and Triazole Derivatives to β-Nitrostyrene 16 Using
Homogeneous Catalyst 4 in Different Solventsa

entry nucleophile product yield (%) ee (%)

1 17 18 90b/31c/92d/43e/42f 99b/93c/99d/19e/23f

2 19 20 72b/87c/25d/50e/65f 99b/97c/99d/29e/34f

3 21 22 11b/27c/13d/19e/4f 99b/97c/99d/26e/35f

4 23 24 51b/42c/81d/54e/19f 99b/96c/99d/24e/30f

5 25 26 51b/56c/60d/47e/50f 99b/96c/99d/23e/19f

6 27 28 28b/50c/38d/14e/33f 99b/93c/99d/25e/21f

7 29 30 15b/8c/10d/5e/23f 99b/96c/99d/51e/43f

8 31 32 3b/8c/4d/23e/11f 98b/94c/98d/39e/34f

aReaction conditions for entries 1−6: catalyst 4 (20 mg, 31.6 μmol), nitrostyrene (943 mg, 6.32 mmol), nucleophiles (3.16 mmol); reaction
conditions for entries 7 and 8: catalyst 4 (20 mg, 31.6 μmol), β-nitrostyrene 16 (472 mg, 3.16 mmol), and nucleophiles (6.32 mmol). All the
reactions were carried out in 2.0 mL solvent. btert-Butyl methyl ether. cDichloromethane. dToluene. eAcetonitrile. fEthyl acetate. The ee values
were determined by chiral HPLC.

Table 3. Thermodynamics of the Substrate Adsorption in
Different Solvents

solvent MeCN EtOAc DCM iPr2O
b toluene

ΔGa [kJ mol−1] −46.0 −49.7 −50.7 −54.0 −64.6

aAdsorption Gibbs free-energies (at standard state, concentration of
1M) calculated using the ωB97X-D/6-311G** method. bMTBE was
estimated with iPr2O as the former solvent is not available in the Q-
Chem database.
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negative adsorption Gibbs free-energy among the applied
solvents.
The substitution of the homogeneous catalyst 4 with the

heterogeneous membrane catalyst 12A in a continuous stirred-
tank reactor resulted in a noticeable decrease in reaction yield
(Figure 2). The enantiomeric excess also decreased but still

remained high in the range of 87% to 99%. It is speculated that
the decrease in yield is a result of the limited mass transport
due to the heterogeneous nature of the membrane catalysis. In
contrast, the membrane reactor configuration, which involves
recirculation of the reaction mixture through membrane
catalyst 12A, afforded the products in good to excellent yields
(69% to 94%) with excellent enantiomeric excess (90% to
99%). For instance, the yield for pyrazole product 22 (Entry 3)
increased from 5% to 94% as a result of improved mass
transport. Furthermore, the membrane reactor also out-

performed the homogeneous system with regards to yield. In
particular, the yield for the triazole product 32 (Entry 8)
increased from 4% to 69%. The enantiomeric excess obtained
through membrane catalyst 12A remained virtually the same
for all entries irrespective of the reactor type, i.e., continuous
stirred-tank reactor and membrane reactor.
Design of experiment approach using Modde was used to

map the reaction conversion in the membrane reactor, and the
results are shown as contour plots in Figure 3. Increasing the
reaction time from 6 to 12 h significantly improved the
conversion but longer reaction times are not necessary. Flux is
defined as the volume of solvent that permeates the membrane
per unit area in a given time, and it is proportional to the
applied pressure. Both high pressure and high cross-flow
recirculation of the reaction mixture favor the conversion. The
correlation between the pressure and the recirculation is
reciprocal, i.e. decreasing the pressure necessitates the use of
higher recirculation rate. The optimization function of Modde
gave 30 bar, 12 h and 90 L h−1 recirculation flow rate, and
these parameters were used in the catalytic membrane reactor.

Catalytic Membrane Cascade Reactor. Solute rejec-
tions26 for crude mixtures of entry 3 containing 16, 21, and 22,
as well as entry 7 containing 29, and 30 were measured to
construct the MWCO curve, which indicates the separation
performance of the membranes (Figure 4a). Refer to section
6.2 in the SI for the experimental procedure. The larger the gap
in the rejection of the solutes to be separated, the higher the
efficiency of the membrane separation. Ideally 100% rejection
is required to obtain 100% product recovery. The permeance
for membrane catalyst 12A and 12B were found to be 1.01 ±
0.03 and 1.41 ± 0.07 L m−2 h−1 bar−1, respectively. The lower
MWCO of 140 g mol−1 (opposed to 200 g mol−1 for 12B) and
lower permeance for membrane 12A originates from the lower
fabrication temperature (see Scheme 1). The concept of the
catalytic membrane cascade reactor is depicted in Figure 4b.
The first stage (solid lines) was initially operated at 30 bar as a

Figure 2. Comparison of catalytic performance for homogeneous
catalyst 4a in a continuous stirred-tank reactor and heterogeneous
membrane catalyst 12A used in either a continuous stirred-tank
reactorb or a membrane reactorc. The reaction entries refer to the
stoichiometry in Table 2. All reactions were carried out in toluene for
24 h. The ee values were determined by chiral HPLC.

Figure 3. Conversion for product 22 as a function of recirculation flow rate, pressure (or flux) and reaction time obtained from a Central Composite
Face design of experiments approach. Catalyst membrane 12A and toluene were used in the membrane reactor. The × in the design space
represents the parameters used for the membrane cascade reactor.
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stand-alone membrane reactor to yield 22 and 30 using
membrane catalyst 12A and 12B, respectively. The concen-
tration profiles for the 12-hour catalysis confirmed 50%
consumption of the reagents 16 and 29 applied in excess
(Figure 4c and 4d), which corresponds to 100% conversion.
The catalysis was followed by a two-stage diafiltration, which

purified the products in the first stage, while the second stage
(dashed lines) simultaneously recovered the unreacted
reagents 16 and 29 (1 equiv) as well as in situ recycled the
solvent. The pressure in the first stage was kept constant at 30
bar. Due to the smaller volume of the second stage, the
concentration of reagents increased by about 3 times, which
resulted in a 2−8 bar pressure increase (Figure 4c and 4d).
The 8 and 5 diavolumes27 allowed 99% removal of the
unreacted reagents, at a cost of 0.1% and 2.1% loss of products
22 and 27, respectively (Figure 4c and 4d). The purification
required no addition of solvent due to the in situ solvent
recovery unit. The E-factor and carbon footprint for the final
process were estimated to be 9.3 kg kg−1 and 34.7 kg kg−1 after
93% and 88% reduction by the second stage, respectively (see

SI). These challenging case studies demonstrated the viability
and sustainability of the membrane-grafted asymmetric
organocatalysis with integrated synthesis−separation platform.
A sensitivity analysis, with regards to solute rejections, product
loss and purity, was performed to reveal the robustness and
operational window for the proposed methodology (see SI).
Owing to the complexity of the process, the continuous
operation is a challenge yet to be solved.

Elucidation of Catalyst-Membrane-Substrate Inter-
actions. The possible effect of the covalent grafting on the
catalytic performance was investigated using quantum chemical
computations. The catalytic membrane is a complex system as
the cinchona-squaramide is covalently grafted to the
benzimidazole-based polymer. Geometrical structure of the
catalyst-membrane-reagent system was investigated using
Density Functional Theory (DFT), while the secondary
interactions therein were studied using the XSAPT(KS)+D
method and Non-Covalent Interaction (NCI) analysis (see
SI).

Figure 4. (a) Molecular weight cutoff curves for the membrane catalysts. Reaction mixtures of entry 3 (16, 21, 22) or entry 7 (29, 30) were used to
obtain the curves in toluene at 30 bar. The arrows show the rejection difference between the compounds to be separated. (b) Process diagram for
the catalytic membrane cascade reactor. The first stage (solid lines) containing membrane catalyst 12 operates as a stand-alone reactor until 100%
conversion is reached. Subsequently, the permeate is directed to the second stage (dashed lines) for separation. Concentration profile for products
22 (c) and 30 (d) in the first stage of the membrane cascade during the catalytic reaction and the separation using catalyst 12A and 12B,
respectively.
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Owing to the flexible bonds between the biphenyl rings in
the PBI chain, the grafting of the catalyst to the chain may
change the conformation of the polymer, which leads to the
change of the helicity. The optimized structures (Figure 5a)
revealed that the helicity of the catalyst-grafted polymer chain,
i.e., dihedral angle between the biphenyl rings, is distorted by
10° because the benzimidazole and the phenyl rings are not in
plane. The NCI analysis concluded that π−π stacking occurs
between the quinoline functionality of the cinchona-
squaramide and the benzimidazole units of the PBI, which
contributes to the distortion of the polymer chain (Figure 5b).
The participation of the protonated nitrogen of the
quinuclidine catalytic site in the catalytic reaction is depressed,
while π−π stacking with the bis(3,5-trifluoromethyl)phenyl
group occurs (Figure 5c). According to the NCI analysis, there
is no secondary interaction between the active moiety of the
catalyst (i.e., the squaramide), and the polymer based on the
absence of lobes, albeit the grafting resulted in conformation
changes. The evolved steric effects explain the breaking of
hydrogen bond between the oxo group of the substrate and the
amino group of the squaramide. The presence of the
membrane increased the secondary interaction between the
substrate and reagent during their catalytic reaction from −20
kJ mol−1 to −37 kJ mol−1 (according to the SAPT
calculations), and in parallel decreased both their distance
from 6.1 to 4.7 Å, and their plane angle from 84° to 60°.
Consequently, the quantum chemical modeling is in line with
the observations that the covalent grafting of the catalyst to the
membrane could accelerate the catalytic reaction rate.
The hydrophobicity of membranes is an important

parameter affecting separation performance. Contact angle
measurements, and calculations for solvation Gibbs free-
energies (ΔG) in water were performed to investigate the
effect of surface modification on the hydrophobicity of the
membranes (Table 4). The hydrophobicity of the unmodified
membrane 8 and the propargyl-functionalized membrane 10
were found to be similar, while the membrane-grafted catalyst
12 showed a distinctive hydrophilic character. More hydro-

philic membranes exhibit lower MWCO than their hydro-
phobic counterparts, which enables effective separation of
compounds with relatively low molecular weight.28 Moreover,
the adsorption of the polar reagents from toluene is more
favorable onto hydrophilic surfaces.29 This phenomenon
facilitates the enrichment of reactants near the catalytic sites
on the membrane surface, where the reaction occurs.

■ CONCLUSIONS
In summary, we demonstrated an efficient and, given the high
yield and enantiomeric excess, eminently suitable membrane-
based synthesis−separation platform for asymmetric organo-
catalysis. A cinchona-squaramide and a polybenzimidazole
membrane were successfully modified with azide and propargyl
functionalities, respectively. The catalyst was successfully
clicked onto the nanofiltration membrane. The covalent
grafting of the catalyst to the membrane favorable alters the
conformation, which enhanced the catalytic activity according
to both the quantum chemical calculations and experimental
observations. Solvent screening and thermodynamic analysis
showed that toluene favors the asymmetric catalysis the most.
Asymmetric reactions between 1,3-dicarbonyls, indole,

pyrazole, and triazole derivatives and nitrostyrene were
achieved in good to excellent yields (69% to 94%) with
excellent enantiomeric excess (90% to 99%) using membrane
catalyst 12. Design of experiments, in particular Central
Composite Face, was used to optimize the parameters for the
catalytic membrane reactor.

Figure 5. Optimized structure for catalytic membrane 12 (a); the non-covalent interactions (NCI plots) between the polybenzimidazole backbone
and the catalyst moiety (b), and between the cinchona-squaramide catalyst moiety and the substrates (c). Plane angle (φ) and average distance (δ)
for substrate 16 and reagent 17 during reaction using homogeneous catalyst 4 (d) and membrane-anchored catalyst 12 (e).

Table 4. Calculated and Experimental Membrane
Hydrophobicity

membrane ΔGa [kJ mol−1] contact angleb (deg)

8 −448 78 ± 3.5
10 −434 81 ± 3.2
12 −508 47 ± 2.7

aSolvation Gibbs free-energy calculated using the SM12 model on
ωB97X-D/6-31G* level in water. bAverage values for three
independently prepared membranes.
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The asymmetric organocatalysis with integrated separation
was successfully demonstrated in a two-stage membrane
cascade reactor. The integrated separation allowed at least
98% product recovery and 99% unreacted substrate recovery.
The demonstrated new synthetic methodology with in situ
solvent recovery mitigated the need for solvent addition for
purification. The enhanced organocatalyst and compact
synthesis−separation design reduced the E-factor and carbon
footprint by 93% and 88%, respectively. The concept of
catalyst-grafted membrane cascade reactor presented herein
enables new possibilities for fine chemical manufacturing, and
further boosts growth in the exciting new era of organo-
catalysis.
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Polystyrene-Supported, Highly Recyclable Squaramide Organocata-
lyst for the Enantioselective Michael Addition of 1,3-Dicarbonyl
Compounds to Beta-Nitrostyrenes. Adv. Synth. Catal. 2012, 354,
2905−2910.
(8) Xu, X.; Cheng, T.; Liu, X.; Xu, J.; Jin, R.; Liu, G. Chiral
Squaramide-Functionalized Imidazolium-Based Organic−Inorganic
Hybrid Silica Promotes Asymmetric Michael Addition of 1,3-
Dicarbonyls to Nitroalkenes in Brine. ACS Catal. 2014, 4, 2137−
2142.
(9) Malerich, J. P.; Hagihara, K.; Rawal, V. H. Chiral Squaramide
Derivatives are Excellent Hydrogen Bond Donor Catalysts. J. Am.
Chem. Soc. 2008, 130, 14416−14417.
(10) Waser, M. Asymmetric Organocatalysis in Natural Product
Syntheses; Springer: Wien, 2012.
(11) Sholl, D. S.; Lively, R. P. Seven Chemical Separations to
Change the World. Nature 2016, 532, 435−443.
(12) Szekely, G.; Jimenez-Solomon, M. F.; Marchetti, P.; Kim, J. F.;
Livingston, A. G. Sustainability Assessment of Organic Solvent
Nanofiltration: from Fabrication to Application. Green Chem. 2014,
16, 4440−4473.
(13) Miller, D. J.; Dreyer, D. R.; Bielawski, C. W.; Paul, D. R.;
Freeman, B. D. Surface Modification of Water Purification
Membranes. Angew. Chem., Int. Ed. 2017, 56, 4662−4711.
(14) Cseri, L.; Fodi, T.; Kupai, J.; Balogh, G. T.; Garforth, A.;
Szekely, G. Membrane-Assisted Catalysis in Organic Media. Adv.
Mater. Lett. 2017, 8, 1094−1124.
(15) Siew, W. E.; Ates, C.; Merschaert, A.; Livingston, A. G. Efficient
and Productive Asymmetric Michael Addition: Development of a
Highly Enantioselective Quinidine-Based Organocatalyst for Homo-
geneous Recycling via Nanofiltration. Green Chem. 2013, 15, 663−
674.
(16) Fahrenwaldt, T.; Großeheilmann, J.; Erben, F.; Kragl, U.
Organic Solvent Nanofiltration as a Tool for Separation of Quinine-
Based Organocatalysts. Org. Process Res. Dev. 2013, 17, 1131−1136.
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