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Abstract: In this work, anchoring of cinchona derivatives to trifunctional cores (hub approach)
was demonstrated to obtain size-enlarged organocatalysts. By modifying the cinchona skeleton
in different positions, we prepared four C3-symmetric size-enlarged cinchona derivatives (hub-
cinchonas), which were tested as organocatalysts and their catalytic activities were compared with
the parent cinchona (hydroquinine) catalyst. We showed that in the hydroxyalkylation reaction of
indole, hydroquinine provides good enantioselectivities (up to 73% ee), while the four new size-
enlarged derivatives resulted in significantly lower values (up to 29% ee) in this reaction. Anchoring
cinchonas to trifunctional cores was found to facilitate nanofiltration-supported catalyst recovery
using the PolarClean alternative solvent. The C3-symmetric size-enlarged organocatalysts were
completely rejected by all the applied membranes, whereas the separation of hydroquinine was
found to be insufficient when using organic solvent nanofiltration. Furthermore, the asymmetric
catalysis was successfully demonstrated in the case of the Michael reaction of 1,3-diketones and
trans-β-nitrostyrene using Hub3-cinchona (up to 96% ee) as a result of the positive effect of the
C3-symmetric structure using a bulkier substrate. This equates to an increased selectivity of the
catalyst in comparison to hydroquinine in the latter Michael reaction.

Keywords: cinchona; organocatalysis; C3-symmetry; size-enlargement; nanofiltration; asymmet-
ric reaction

1. Introduction

Over the years, catalysis has been widely explored for the more economical and often
more selective production of high-value products [1]. As the preparation of enantiopure
organic compounds is of great interest, asymmetric catalysis has developed into a dynamic,
rapidly evolving field [2]. Compounds with rotational symmetry have gained increased
attention in asymmetric synthesis because they are believed to be able to improve enantios-
electivity by decreasing the number of possible transition states during the reaction [3–5].
Due to their beneficial effect on enantioselectivity, C2- and C3-symmetric molecules have
been the focus of extensive research and, as a result, C3-symmetric compounds have been
successfully applied as catalysts, ligands, molecular receptors, supra- and macromolecular
constructs, gelators, metal-organic materials (MOMs), etc. [6–11].

Symmetry 2021, 13, 521. https://doi.org/10.3390/sym13030521 https://www.mdpi.com/journal/symmetry

https://www.mdpi.com/journal/symmetry
https://www.mdpi.com
https://orcid.org/0000-0002-9529-0674
https://orcid.org/0000-0001-8203-4711
https://orcid.org/0000-0001-6251-5382
https://orcid.org/0000-0002-9043-6435
https://orcid.org/0000-0002-0152-2746
https://orcid.org/0000-0001-7305-3312
https://doi.org/10.3390/sym13030521
https://doi.org/10.3390/sym13030521
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/sym13030521
https://www.mdpi.com/journal/symmetry
https://www.mdpi.com/article/10.3390/sym13030521?type=check_update&version=1


Symmetry 2021, 13, 521 2 of 16

Organocatalysts containing three equal catalytic units in a C3-symmetrical fashion
have also been studied. Following the application of tripodal phosphinamide ligands in the
enantioselective BH3 reduction of ketones [12,13], Han et al. successfully applied tribenzyl-
and triphenylphosphine oxide-based proline organocatalysts for aldol reactions [14]. Sub-
sequently, Moorthy et al. applied C3-symmetrical organocatalysts by anchoring proline
and pyrrolidine to trifunctional trialkylbenzene cores. These C3-symmetric organocatalysts
provided the Michael adducts of carbonyl compounds and trans-β-nitrostyrene with high
stereoselectivities [15]. In addition to proline and pyrrolidine, trisimidazoline derivatives
were also successfully utilized as catalysts by Fujioka et al. in Michael addition reactions,
α-amination of β-ketoesters, and bromolactonization of alkenoic acids [16–18]. Later, the
application of C3-symmetric trisimidazoline organocatalysts was extended to an enantio-
and diastereoselective Betti/aza-Michael sequence as well [19].

Cinchona-based C2- and C3-symmetric compounds have also been widely studied [20].
Jew et al. demonstrated the high enantioselectivity of a novel trimeric cinchona alkaloid
ammonium salt as a phase-transfer catalyst (PTC) in the catalytic asymmetric alkylation of
the N-(diphenylmethylene)glycine tert-butyl ester [21]. Later, the C3-symmetric cinchona
PTC catalyzed asymmetric synthesis of α-amino acids and the highly enantioselective
Michael reaction of chalcones and diethyl malonate were performed by Siva et al. [22–25].
Csámpai and co-workers examined the in vitro antitumor activity of acylated mono-, bis-,
and tris-cinchona-based amines [26]. Other than high selectivity, Dong et al. also showed
the good recyclability of cinchonine squaramide-based C3-symmetric catalysts in enantios-
elective Michael addition, in hydroxyalkylation of indoles with alkyl trifluoropyruvate,
and in asymmetric chlorolactonization of carboxylic acids [27–30]. These catalysts were
easily recovered by precipitation and used for four to six cycles without significant loss of
productivity or selectivity.

Organic solvent nanofiltration (OSN), also called solvent-resistant nanofiltration
(SRNF), is a pressure-driven sustainable separation technology applied in fine chemical
and petrochemical purification, which can separate solutes between 50 and 2000 g mol−1

in a wide range of organic solvents [31]. OSN is a predictable and energy-efficient technol-
ogy compared to other separation techniques such as distillation, chromatography, and
extraction [32]. There is increasing interest in applying OSN for the purification of pharma-
ceutically relevant compounds [33–36], as well as for solvent recovery [37,38]. OSN has also
been proposed for the recovery of enlarged metal catalysts [39], and organocatalysts [40].
As an alternative recycling method to precipitation, Livingston et al. demonstrated the
OSN enabled recovery of C3-symmetric quinidine-based organocatalysts [41]. The im-
mobilization of cinchonas on trifunctional cores was found to be an effective molecular
weight enlargement (MWE) method to facilitate their retention by OSN without destroying
the catalytic efficiency of the organocatalysts in Michael addition reactions. Immobilizing
organocatalysts on multifunctional cores, the so-called “hub-approach”, is an MWE method,
in which the number of catalytic motifs in the size-enlarged molecule is increased, while the
extent of non-functional “spacers” is decreased in comparison to polymer- or dendrimer-
based supports. By adjusting the length and type of the linkers between the core (hub)
and the catalytic units, the rigidity of the resulting size-enlarged catalyst can be regulated,
which has a direct effect on the selectivity experienced in the organocatalytic reactions.

Taking these results into account, we intended to further explore the organocatalytic
opportunities of size-enlarged C3-symmetric cinchona-based organocatalysts. Thus, multi-
ple hub-cinchona structures both with or without H-bond donor capabilities were designed
and tested in the hydroxyalkylation of indole and Michael addition reactions, in which
the structure–selectivity relationships are also discussed. Finally, the expected superior
membrane rejection of the size-enlarged catalysts is presented.

2. Results

During our work, we prepared and explored two types of C3-symmetric cinchona
organocatalysts with varied H-bond donor properties (Figure 1). Compounds belonging
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to Type A are structurally the simplest as they have no H-bond donor units due to the
derivatization of the hydroxyl group (9-OH, see Figure 1c) of the cinchona skeleton during
the immobilization process. On the contrary, the mono H-bond donor 9-OH has been
reserved in the case of Type B compounds as the cinchona motif was anchored to the
hub, either through the aromatic quinoline (Williamson ether formation) or through the
quinuclidine unit using copper(I) catalyzed azide–alkyne cycloaddition (CuAAC). As a hub,
we used 1,3,5-triethynylbenzene, 1,3,5-tris(bromomethyl)benzene, or tripropargylamine.
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2.1. Synthesis of New C3-Symmetric Hub-Cinchona Catalysts

First, we prepared Hub1,2-cinchona (Type A) organocatalysts using a common in-
termediate (3, Scheme 1). Cinchona azide 3 was obtained in two steps: mesylation of
hydroquinine (1), followed by substitution with azide anion applying NaN3. Then, azide 3
was reacted with either 1,3,5-triethynylbenzene (4), or tripropargylamine (5) in a CuAAC
reaction, which gave Hub1- and Hub2-cinchona, respectively, with moderate yields. Hav-
ing been functionalized at the secondary hydroxyl group of the cinchona moiety, these
compounds contain no H-bond donor units. However, other non-covalent interactions can
still be formed through the protonated quinuclidine N-atom (ionic) or the aromatic quino-
line ring (π–π stacking). Furthermore, the triazole-rings formed by the CuAAC reaction
are good electron pair donors, which could interact with metallic species, combining the
advantageous catalytic qualities of organocatalysts and transition metals to promote new
chemical transformations [42,43].

Next, cinchona derivatives with mono H-bond donor units (Type B) have been prepared.
Hydroquinine (1) was demethylated using BBr3 (1M in DCM) to obtain dihydrocupreine
6 that bears a free phenolic hydroxyl group (Scheme 2). Then, using Cs2CO3, as a base,
the phenolate of 6 was formed, which could react with 1,3,5-tris(bromomethyl)benzene (7)
in a Williamson ether formation reaction to give the size-enlarged organocatalyst Hub3-
cinchona with a good yield. Consequently, we connected the cinchona motif to the core
through a stable ether bond, and the H-bond donor hydroxyl group remained intact.

Organocatalyst Hub4-cinchona was prepared via convergent synthesis (Scheme 3),
utilizing an alternative anchoring method. We converted the commercially available
quinine (8) into didehydroquinine (9) using a Br2 addition–HBr elimination reaction. In a
separate reaction, we reacted 1,3,5-tris(bromomethyl)benzene (7) with NaN3 in a mixture
of water:acetone (1/100) to give the triazido-derivative 10. Finally, alkyne 9 and triazide 10
were subjected to a CuAAC reaction, which gave organocatalyst Hub4-cinchona with a
moderate yield.

2.2. Application of Hub-Cinchona Catalysts in Hydroxyalkylation of Indole and Michael
Addition Reactions

We started our organocatalytic reactions with the hydroxyalkylation of indole. First,
the optimal solvent and reaction time were chosen using 5 mol% hydroquinine (1), the
parent catalytic unit of the hub-cinchona derivatives. As solvents, 11 conventional and
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alternative agents were used (Table 1). In general, ether-type solvents showed better
enantioselectivities in this reaction, while the protic ethanol gave a practically racemic
product. An explanation for this solvent effect could be the formation of competing H-
bonds between the solvent and the catalyst/substrates. Regarding the yield, in toluene and
ethanol we achieved almost complete transformation, while the other solvents also gave
good results (>67%). For the subsequent experiments, cyclopentyl methyl ether (CPME)
was chosen, because this solvent provided the best enantioselectivity (73% ee) and the yield
was still good after 24 h stirring at 0 ◦C (82%). Based on the 19F NMR spectra, the yield did
not change significantly when the reaction time was reduced to 1 h.
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Solvent Reaction Time (h) Yield (13, %) 2 Enantiomeric Excess [(S), %] 3

CPME 24 82 73
2-MeTHF 24 70 69

MTBE 24 88 67
DME 24 81 64

toluene 24 98 61
EtOAc 24 70 59

PolarClean 24 67 52
DMC 24 92 52
DCM 24 99 48

MeCN 24 82 36
EtOH 24 98 2
CPME 4 87 73
CPME 2 85 72
CPME 1 87 72

1 Reaction conditions: indole (1 eq), ethyl trifluoropyruvate (1 eq), 0.015 mmol catalyst mL−1 solvent; 2 Determined
by 19F NMR, 3 Determined by chiral HPLC; CPME: cyclopentyl methyl ether; 2-MeTHF: 2-methyltetrahydrofuran;
MTBE: tert-butyl methyl ether; DME: dimethoxyethane; PolarClean: methyl 5-(dimethylamino)-2-methyl-5-
oxopentanoate; DCM: dichloromethane.

With the best solvent and reaction time in hand, we used our newly prepared hub-
cinchona organocatalysts in the hydroxyalkylation reaction (Table 2). While the yield was
only slightly lower (~10% difference), the size-enlarged catalysts showed significantly lower
enantioselectivities in comparison to hydroquinine (1). The highest enantiomeric excess
was achieved with Hub4-cinchona (29% ee), while Hub2-cinchona practically provided the
hydroxyalkylated product as a racemic mixture (2% ee). Due to the tripropargylamine hub,
the latter catalyst (Hub2-cinchona) contains a competitive basic unit with the quinuclidine
N-atom, which can explain the lack of enantioselectivity. Comparing the structural features
of the other catalysts, we can conclude that Hub1- and Hub4-cinchonas have more rigid
structures, which can be attributed to the triazole rings that also serve as spacers between
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the hub and the catalytically active motifs. Therefore, the cinchona units in these cases
are more separated from each other. Still, the formation of non-covalent interactions
between the individual catalytic motifs within the hub-cinchonas can explain, in general,
the significantly lower enantioselectivity and why Hub1,4-cinchonas gave better results
than the structurally more flexible Hub3-cinchona. The Structures, NMR spectra, MS
spectra and HPLC chromatograms of the prepared C3-symmetric hub-cinchonas (Hub1-4-
cinchonas) are shown in Supplementary Materials.

Table 2. Hydroquinine (1) and Hub1–4-cinchonas catalyzed indole hydroxyalkylation reaction 1.
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As the solvent can significantly alter the formation of non-covalent interactions, we
performed the complete solvent screen with Hub3-cinchona (Table 3). While no higher
enantioselectivity was achieved, the previously observed trend was still recognizable:
ether-type solvents gave good results, but the protic ethanol promoted the formation of
the racemic product. Interestingly, in some cases (toluene, DCM, and MeCN) the other
antipode of 13 was found to be present in excess.
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Additionally, the catalytic efficiencies of the size-enlarged hub-cinchonas and hydro-
quinine (1) were also compared in the Michael addition reaction of pentane-2,4-dione
(14) and trans-β-nitrostyrene (15). The applied reaction conditions were chosen based
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on our previous work [44]. Based on the measured enantioselectivities (Table 4), hy-
droquinine (1) is not a suitable catalyst for this reaction (14% ee). While organocata-
lysts Hub1,2,4-cinchonas gave nearly racemic mixtures, Hub3-cinchona showed two times
higher enantioselectivity than catalyst 1 (32% ee vs. 14% ee) with a preference to the mirror
image stereoisomer.

Table 4. Hydroquinine (1) and hub-cinchona catalyzed Michael addition reaction of pentane-2,4-
dione (14) and trans-β-nitrostyrene (15) 1.
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Catalyst Yield (16, %) 3 Enantiomeric Excess (16, %) 2

hydroquinine (1) 82 14 (R)
Hub1-cinchona 10 3 (S)
Hub2-cinchona 24 1 (S)
Hub3-cinchona 82 32 (S)
Hub4-cinchona 78 1 (S)

1 Reaction conditions: diketone (2.5 eq), nitrostyrene (1 eq), 0.015 mmol catalyst mL−1 solvent; 2 Determined by
chiral HPLC; 3 Yield of isolated product purified by preparative thin-layer chromatography (TLC).

Considering that these two catalysts (1 and Hub3-cinchona) are structurally very
similar in regard to the catalytical motif(s), the higher selectivity clearly suggests that
the C3-symmetric structural feature of the size-enlarged Hub3-cinchona has a positive
effect on the enantioselectivity. This advantageous outcome can be attributed either to the
formation of a sterically more hindered space during the transition state or to an alternative
catalyst–substrate interaction layout including two or more cinchona motifs.

Next, using Hub3-cinchona, the Michael addition reaction was also performed with a
structurally bulkier and electronically more favorable Michael donor, 1,3-diphenylpropane-
1,3-dione (17, Scheme 4). The applied reaction conditions were based on our previous
work [45]. Although only 1 mol% of catalyst was used, the enantioselectivity observed was
significantly higher regardless of the solvent (2 mL), e.g., DCM (53% ee), EtOAc (64% ee),
MeCN (71% ee), or toluene (80% ee). The best result was achieved by using MTBE. In this
case, the selectivity reached 93% ee and the yield was 69% after purification by preparative
thin-layer chromatography (TLC). In comparison, the reaction catalyzed by hydroquinine
(1) gave only 6% ee with an 84% preparative yield.
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catalyzed by Hub3-cinchona organocatalyst.

To conclude, the Michael addition reaction showed increased selectivity for the size-
enlarged Hub3-cinchona catalysts compared to its cinchona unit (hydroquinine, 1), which
indicates the positive effect of the C3-symmetric structure. Furthermore, a Michael adduct
prepared from the bulkier substrate was obtained with excellent enantioselectivities (up to
93% ee) with Hub3-cinchona size-enlarged organocatalyst.

2.3. Membrane Rejection of Hub-Cinchona Organocatalysts

Given the bulky nature of the size-enlarged catalysts, they were fully retained on all the
tested membranes with rejection values of 100% (Figure 2a). It is important to achieve 100%
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rejection in order to avoid the loss of any valuable catalyst during the recovery process. The
rejections of indole (11) and the hydroxyalkylated product 13 vary between 5% and 55%
depending on both the membrane and the molecular weight (MW). For efficient catalyst
recovery, the rejection gap between the catalyst and the other solutes needs to be as large
as possible. Consequently, one can conclude that the best membrane for hub-cinchona
organocatalyst recovery is DM900. This membrane exhibited substrate solute rejections
below 30%, while still maintaining complete retention of the catalysts. Moreover, DM900 is
the most open membrane with the highest flux of 6.7 ± 0.24 L m−2 h−1 (Figure 2b). It is
important to maximize the flux in order to achieve an efficient catalyst recovery process.
Comparing the membrane rejections of the hub-cinchonas with hydroquinine (1), the
advantage of molecular size-enlargement can be clearly seen. Due to the similar rejection
values of hydroquinine (1) and product 13, membrane recovery of 1 from the reaction
mixture would be inadequate.
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3. Materials and Methods
3.1. General Information

Starting materials were purchased from commercially available sources (Sigma-Aldrich,
Merck, and Alfa Aesar). Infrared spectra were recorded on a Bruker Alpha-T FT-IR spec-
trometer (Bruker, Ettlingen, Germany). Optical rotations were measured on a Perkin-Elmer
241 polarimeter (Perkin-Elmer, Waltham, MA, USA) that was calibrated by measuring the
optical rotations of both enantiomers of menthol. Silica gel 60 F254 (Merck) and aluminum
oxide 60 F254 neutral type E (Merck) plates were used for TLC. Aluminum oxide (neutral,
activated, Brockman I) and silica gel 60 (70–230 mesh, Merck) were used for column chro-
matography. Ratios of solvents for the eluents are given in volumes (mL mL−1). Melting
points were taken on a Boetius micro-melting point apparatus (VEB Dresden Analytik,
Dresden, Germany) and they were uncorrected. N,N-Dimethylacetamide (DMAc) solu-
tion of polybenzimidazole (PBI, 26 wt%) was purchased from PBI Performance Products
(USA). The previously reported 20PBI.X membrane was obtained based on Schaepertoens
et al. [46]. PBI was selected as it is an emerging polymer for OSN [47,48]. DuraMem
solvent-resistant membranes (DM500 and DM900) can be obtained from Evonik (Germany).
PolarClean solvent is produced by Solvay (Italy). NMR spectra were recorded either on
a Bruker DRX-500 Avance spectrometer (at 500 MHz for 1H, at 125 MHz for 13C, and at
376 MHz for 19F spectra) or on a Bruker 300 Avance spectrometer (at 300 MHz for 1H,
at 75 MHz for 13C, and at 222.5 MHz for 19F spectra) or on a Bruker Avance III HD (at
600 MHz for 1H and at 150 MHz for 13C spectra). HPLC-MS was performed on an HPLC
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system using Agilent Technologies 1200 Series-Agilent Technologies 6130 Quadrupole;
column: Phenomenex Kinetex C18 100A (2.6 µm, 50 × 3.00 mm); A eluent: water (1%
HCOONH4); B eluent: MeCN (8% water, 1% HCOONH4); gradient: 20–100%. In case
of indole hydroxyalkylation, HPLC-MS was performed using a Shimadzu LCMS-2020
(Shimadzu Corp., Kyoto, Japan) device, equipped with a Reprospher (Altmann Analytik
Corp., München, Germany) 100 C18 (5 µm, 100 × 3 mm) column and a positive/negative
double ion source (DUIS±) with a quadrupole MS analyzer in a range of 50–1000 m/z. The
samples were eluted with gradient elution, using eluent A (0.1% formic acid in water) and
eluent B (0.1% formic acid in MeCN). The flow rate was set to 1.5 mL min−1. The initial
condition was 5% eluent B, followed by a linear gradient to 100% eluent B by 1.5 min;
from 1.5 to 4.0 min, 100% eluent B was retained, and from 4 to 4.5 min, it went back
by a linear gradient to 5% eluent B, which was retained from 4.5 to 5 min. The column
temperature was kept at room temperature, and the injection volume was 1–10 µL. The
purity of the compounds was assessed by HPLC with UV detection at 215 and 254 nm.
High resolution mass measurements were performed on a Thermo Exactive plus EMR
Orbitrap mass spectrometer, which was used with a Thermo Ultimate 3000 UHPLC with
100% methanol as the mobile phase, or on a Thermo Velos Pro Orbitrap Elite (Thermo
Fisher Scientific) system. The ionization method was ESI operated in positive ion mode.
The samples were dissolved in methanol. Data acquisition and analysis were accomplished
with Xcalibur software version 4.0 (Thermo Fisher Scientific). The enantiomeric ratios of
the samples were determined by chiral high-performance liquid chromatography (HPLC)
measurements using either reversed-phase mode (Thermo Finnigan Surveyor LC System,
Thermo Fisher Scientific, Waltham, MA, USA) or normal phase mode (PerkinElmer Series
200 LC System, PerkinElmer, Inc, Shelton, CT, USA), and the exact conditions are indicated
in the correspondent asymmetric reaction in the Experimental Section.

3.2. Preparation of Compounds

(1R)-(–)-((2S,4S,5R)-5-Ethylquinuclidin-2-yl)(6-methoxyquinolin-4-yl)methyl methanesulfonate (2):

This compound was prepared based on the description in the literature [49]. A solution
of hydroquinine (1, 3.00 g, 9.19 mmol, 1.0 eq) in dry tetrahydrofuran (THF, 55 mL) was
stirred under Ar at 0 ◦C. Triethylamine (TEA, 6.2 mL, 44.1 mmol, 4.8 eq) was added to this
solution, followed by dropwise addition of methanesulfonyl chloride (2.9 mL, 36.8 mmol,
4.0 eq). Next, the reaction mixture was allowed to warm up to room temperature, and
it was stirred for 4 h. The solvent was evaporated under reduced pressure. The residue
was dissolved in a mixture of DCM (50 mL) and sat. aqueous solution of NaHCO3
(50 mL). The aqueous phase was extracted with DCM (2 × 50 mL). The combined organic
phase was dried over anhydrous MgSO4, filtered, and the solvent was removed under
reduced pressure. The crude product was purified by column chromatography (silica gel,
MeOH/toluene 1:6) to obtain hydroquinine mesylate (2, 2.20 g, 73%) as a yellow solid.

Rf: 0.37 (silica gel, MeOH/toluene 1:4); Mp: 102.9–104.3 ◦C (lit Mp: 105–108 ◦C) [48];
MS-ESI+ (m/z): [M + H]+ calculated for C21H29N2O4S: 405.2, found: 405.0. Spectroscopic
data are fully consistent with those reported in the literature [50].

(2S,4S,5R)-(+)-2-((S)-Azido(6-methoxyquinolin-4-yl)methyl)-5-ethylquinuclidine (3):

Compound 3 was prepared based on the description in the literature [49]. A solution of
mesylate 2 (2.00 g, 4.94 mmol, 1.0 eq) in dry dimethylformamide (DMF, 55 mL) was stirred
under Ar atmosphere at room temperature. NaN3 was then added (1.45 g, 22.3 mmol,
4.5 eq) to this solution. Next, the reaction mixture was warmed up to 45 ◦C and it was
stirred at this temperature until the reaction was completed. The solvent was evaporated
under reduced pressure, then, water was added to the residue, and this aqueous mixture
was extracted with Et2O (3× 15 mL). The combined organic phase was evaporated to obtain
azido-hydroquinine as a yellow oil (3, 1.44 g, 83%) and used without further purification.



Symmetry 2021, 13, 521 10 of 16

Rf: 0.20 (silica gel, DCM/MeOH 10:1); MS-ESI+ (m/z): [M + H]+ calculated for
C20H26N5O4: 352.2, found: 352.1. Spectroscopic data are fully consistent with those
reported in the literature [44,51].

Dihydrocupreine (6):

Hydroquinine (1, 1.00 g, 3.06 mmol, 1.0 eq) was dissolved in DCM (90 mL) under
an Ar atmosphere, then this solution was cooled to 0 ◦C. Next, BBr3 (1 M DCM solution,
26.0 mL, 26.0 mmol, 8.5 eq) was added dropwise. Next, the reaction mixture was left
to slowly warm up to room temperature, and it was stirred overnight. After complete
consumption of the starting material (TLC, silica gel, DCM/MeOH/NH4OH 5:1:0.01), a
solution of 10% NaOH (aq., 40 mL) was added to the mixture. Following the separation of
the two phases, the aqueous phase was washed with DCM (3 × 50 mL). Next, cc. HCl (aq.)
was added to neutralize the aqueous phase, followed by extraction with DCM (3 × 50 mL).
The combined organic phase was dried over anhydrous MgSO4, filtered, and the solvent
was evaporated under reduced pressure to yield 6 (860 mg, 90%) as a brown solid.

Rf: 0.12 (silica gel; MeOH/toluene 1:4); [α]25
D : -180.9◦ (c 1.00, CHCl3); Mp. 224.4−225.9 ◦C

(lit. Mp. 230 ◦C, [52]). Spectroscopic data are fully consistent with those reported in the
literature [53].

(R)-[(2S,4S,5S)-5-Ethynylquinuclidine-2-yl)(6-methoxyquinoline-4-yl]methanol (9)

To a solution of quinine (8, 5.00 g, 15.4 mmol, 1.0 eq) in DCM (150 mL), a mixture of
Br2 (1.70 mL, 30.9 mmol, 2.0 eq) and DCM (7 mL) was added at 0 ◦C. The reaction mixture
was stirred at 0 ◦C for 1 h while a yellow solid precipitated. After stirring the reaction
mixture for an additional hour at room temperature, hexane (300 mL) was added, stirred
for 10 min, and filtered. The filtrate was washed with hexane and dried under infrared
lamp for 1 h. The yellow solid was dissolved in THF (150 mL), and tetrabutylammonium
iodide (TBAI, 550 mg, 1.71 mmol, 0.1 eq) was added to this solution. Then, finely powdered
potassium hydroxide (KOH, 5.00 g, 89.1 mmol, 5.8 eq) was added to the mixture, and
stirred at 45 ◦C for 1 h when an additional batch of KOH (5.00 g, 89.1 mmol, 5.8 eq) was
added to it. The reaction mixture was stirred for 12 h at room temperature. After complete
consumption of the starting materials (TLC, silica gel, MeOH/DCM/TEA 1:10:0.2), the
mixture was filtered, dried over anhydrous MgSO4, and the solvent was removed under
reduced pressure. The crude product was purified by dry column vacuum chromatography
(silica gel, EtOAc/NH4OH 20:1, EtOAc/NH4OH/MeOH 95:5–45:55) to yield 9 (4.25 g,
85%) as a brown solid.

Rf: 0.50 (silica gel, MeOH/DCM/TEA 1:10:0.2). Mp. 167–170 ◦C; Spectroscopic data
are fully consistent with those reported in the literature [54].

1,3,5-Tris(azidomethyl)benzene (10)

Tris(bromomethyl)benzene (7, 500 mg, 1.40 mmol, 1.0 eq) was dissolved in a mixture
of acetone/H2O 1:0.01 (10 mL), then NaN3 (550 mg, 8.50 mmol, 6.1 eq) was added, and
the resulting mixture was stirred at room temperature for 1 day. After consumption of
the starting material (TLC, silica gel, EtOAc/hexane 1:2), the mixture was concentrated,
and to the remaining aqueous mixture EtOAc (15 mL) and water (15 mL) were added.
The separated organic phase was washed with water (2 × 15 mL), dried over anhydrous
MgSO4, filtered, and the solvent was removed under reduced pressure to yield 10 (244 mg,
71%) as an oil. This product was used without further purification.

Rf: 0.65 (silica gel, EtOAc/hexane 1:2). Spectroscopic data are fully consistent with
those reported in the literature [54]. Although the tris(azidomethyl)benzene is reported to
be relatively insensitive to heat and shock, special care was taken during its synthesis and
application to avoid accidents [55,56].

Hub1-cinchona

To a mixture of cinchona azide (3, 700 mg, 2.00 mmol, 6.0 eq), 1,3,5-triethynylbenzene
(4, 50 mg, 0.33 mmol, 1.0 eq) and N,N-diisopropylethylamine (DIPEA, 1.22 mL, 7.00 mmol,
21.0 eq) a suspension of CuI (38 mg, 0.20 mmol, 0.6 eq) in MeCN (1 mL) was added.
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The mixture was stirred at 60 ◦C for 2 days. After complete consumption of the starting
material (TLC, silica gel, MeOH/DCM/NH4OH 1:10:0.01), the solvent was evaporated
under reduced pressure, and the crude product was purified by column chromatography
(silica gel, MeOH/DCM/NH4OH 1:20:0.01–1:5:0.01 to yield Hub1-cinchona (200 mg, 50%)
as light-yellow solid.

Rf: 0.40 (silica gel, MeOH/DCM/NH4OH 1:10:0.01); Mp. 195 ◦C; 1H NMR (600 MHz,
DMSO-d6): δ 0.85 (m, 12H), 1.40 (m, 12H), 1.53 (overlapping, 3H), 1.63 (br, 6H), 1.73 (br,
3H), 2.41 (m, 3H), 2.96 (m, 3H), 3.43 (overlapping, 3H), 3.99 (s, 9H), 4.09 (overlapping, 3H),
6.64 (m, 3H), 7.46 (m, 3H), 7.85 (br, 3H), 7.88 (d, J = 6.0 Hz, 3H), 7.98 (d, J = 6.0 Hz, 3H), 8.11
(m, 3H), 8.86 (m, 6H); 13C NMR (125 MHz, DMSO-d6): δ 12.3, 25.4, 26.5, 27.3, 28.0, 37.0,
40.7, 56.0, 57.0, 57.1, 59.7, 102.5, 120.6, 121.1, 121.2, 121.7, 127.9, 131.7, 132.1, 140.0, 144.4,
145.6, 148.1, 158.0; HPLC-MS-ESI+ (m/z): [M + H]+ calculated for C72H82N15O3: 1204.66,
found: 1204.44; triflate salt formed by the addition of Cu(CF3SO3)2: HRMS-ESI+ (m/z):
[(M + 2H + Tf)/2]2+ calculated for C73H84O6N15F3S: 677.81954; found: 677.81628.

Hub2-cinchona

To a mixture of cinchona azide (3, 803 mg, 2.29 mmol, 6.0 eq), tripropargylamine
(5, 50 mg, 0.38 mmol, 1.0 eq) and DIPEA (1.39 mL, 8.00 mmol, 21.0 eq) was added a sus-
pension of CuI (44 mg, 0.23 mmol, 0.6 eq) in MeCN (1 mL). The mixture was stirred
at 60 ◦C for 2 days. After complete consumption of the starting material (TLC, sil-
ica gel, MeOH/DCM/NH4OH 1:10:0.01), the solvent was evaporated under reduced
pressure, and the crude product was purified by column chromatography (silica gel,
MeOH/DCM/NH4OH 1:20:0.01–1:5:0.01 to yield Hub2-cinchona (243 mg, 54%) as light-
yellow solid.

Rf: 0.40 (silica gel, MeOH/DCM/NH4OH 1:10:0.01); Mp. 162 ◦C; 1H NMR (600 MHz,
DMSO-d6): δ 0.73 (br, 3H), 0.82 (m, 9H), 1.35 (overlapping, 12H), 1.60 (overlapping, 9H),
2.33 (br, 3H), 2.46 (br, 3H), 2.90 (br, 3H), 3.42 (overlapping, 9H), 3.89 (s, 9H), 3.98 (br,
3H), 6.52 (br, 3H), 7.43 (m, 3H), 7.74 (br, 3H), 7.82 (m, 3H), 7.96 (d, J = 9.0 Hz, 3H), 8.16
(overlapping, 3H), 8.78 (m, 3H); 13C NMR (125 MHz, DMSO-d6): δ 12.3, 25.3, 26.4, 27.1,
28.1, 37.0, 40.7, 46.8, 56.0, 57.0, 57.4, 59.3, 102.3, 120.8, 121.7, 123.9, 127.9, 131.7, 140.3, 142.5,
144.4, 147.9, 158.0; HPLC-MS-ESI+ (m/z): [M + H]+ calculated for C69H85N16O3: 1185.69,
measured: 1185.55; HRMS-ESI+ (m/z): [M + H]+ calculated for C69H85N16O3: 1185.6985,
found: 1185.6951.

Hub3-cinchona

To a solution of dihydrocupreine (6, 500 mg, 1.60 mmol, 6.0 eq) in dry DMF (50 mL),
Cs2CO3 (772 mg, 2.39 mmol, 9.0 eq) was added, and the resulting mixture was stirred at
60 ◦C for 1 h. Next, 1,3,5-tris(bromomethyl)benzene (7, 95 mg, 0.27 mmol, 1.0 eq) was added
to the mixture, and stirred for 3 h. Then, the solvent was evaporated, and the residue was
taken up in a mixture of EtOAc (50 mL) and H2O (50 mL). The forming brown precipitate
was filtered and washed with EtOAc (3 × 20 mL) to yield Hub3-cinchona (398 mg, 71%)
as a brown solid.

Rf: 0.41 (aluminum oxide, MeOH/DCM/NH4OH 10:1:0.01); Mp. 166–175 ◦C; IR (film)
νmax: 3267, 2929, 2871, 1618, 1590, 1507, 1457, 1378, 1359, 1325, 1238, 1217, 1131, 1115, 1085,
1052, 1024, 1004, 937, 880, 857, 820, 758, 693, 642, 620, 609, 568, 549, 530, 467, 435, 417, 401
cm−1; 1H NMR (600 MHz, DMSO-d6): δ): 0.76 (t, J = 7 Hz, 9H), 1.22 (m, 6H), 1.25 (m, 3H),
1.28 (m 3H), 1.57 (m, 3H), 1.61 (m, 3H), 1.64 (m, 3H), 1.65 (m, 3H), 2.06 (m, 3H), 2.31 (m,
3H), 2.75 (m, 3H), 2.98 (m, 3H), 3.10 (br, 3H), 5.20 (br, 3H), 5.32 (d, J = 12.6 Hz, 3H), 5.34
(d, J = 12.6 Hz, 3H), 5.67 (br, 3H), 7.47 (dd, J = 9.1 Hz, 2.7 Hz, 3H), 7.50 (d, J = 4.5 Hz, 3H),
7.64 (br d, J = 2.7 Hz, 3H), 7.66 (br, 3H), 7.94 (d, J = 9.1 Hz, 3H), 8.68 (d. J = 4.5 Hz, 3H);
13C NMR (125 MHz, DMSO-d6): δ12.3, 24.1, 25.3, 27.4, 28.4, 37.3, 42.0, 57.8, 60.8, 69.7, 71.1,
104.1, 119.4, 121.5, 126.4, 127.3, 131.5, 137.7, 144.2, 147.9, 149.7, 156.0; HPLC-MS-ESI+ (m/z):
[M + H]+ calculated for C66H79N6O6: 1051.60, found: 1051.8.
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Hub4-cinchona

To a mixture of triazide (10, 110 mg, 0.45 mmol, 1.0 eq), cinchona derivative 9
(875 mg, 2.71 mmol, 6.0 eq) and DIPEA (1.66 mL, 9.49 mmol, 21.0 eq)—a suspension
of CuI (51.7 mg, 0.27 mmol, 0.6 eq) in MeCN (3 mL)—were added. The mixture was stirred
at 60 ◦C for 2 days. After complete consumption of the starting material (TLC, silica gel,
MeOH/DCM/NH4OH 1:5:0.01, or DCM/hexane 1:2), the solvent was evaporated under
reduced pressure, and the crude product was purified by column chromatography (alu-
minum oxide, MeOH/DCM/NH4OH 1:20:0.01–1:5:0.01 to yield Hub4-cinchona (306 mg,
56%) as a light-brown solid.

Rf: 0.49 (aluminum oxide, MeOH/DCM/NH4OH 1:20:0.01); Mp. 179–180 ◦C; 1H
NMR (600 MHz, DMSO-d6): δ 1.53 (m, 3H), 1.57 (m, 6H), 1.71 (m, 3H), 1.98 (m, 3H), 2.52
(m, 3H), 2.87 (m, 3H), 2.96 (m, 3H), 3.02 (m, 3H), 3.20 (m, 3H), 3.21 (m, 3H), 3.88 (s, 9H),
5.23 (m, 3H), 5.46 (s, 6H), 5.62 (d, J = 5.1 Hz, 3H), 7.08 (s, 3H), 7.38 (dd, J = 2.8; 9.2 Hz, 3H),
7.48 (d, J = 4.5 Hz, 3H), 7.51 (d, J = 4.5 Hz, 3H), 7.92 (d, J = 9.2 Hz, 3H), 7.93 (s, 3H), 8.86 (d,
J = 4.5 Hz, 3H); 13C NMR (125 MHz, DMSO-d6): δ 24.5, 27.5, 27.7, 32.8, 42.1, 52.4, 55.5, 55.6,
60.6, 71.1, 102.7, 119.4, 121.2, 122.2, 126.9, 127.4, 131.3, 137.6, 144.1, 147.7, 149.5; 150.7; 156.9;
HPLC-MS-ESI+ (m/z): [M + H]+ calculated for C69H76N15O6: 1210.60, measured: 1210.40;
HRMS-ESI+ (m/z): [M + H]+ calculated for C69H76N15O6: 1210.60975, found: 1210.61203.

General procedure for the indole hydroxyalkylation reaction: ethyl (S)-(+)-3,3,3-trifluoro-2-hydroxy-
2-(1H-indol-3-yl)propanoate (13)

To a solution of indole (11, 36 mg, 0.31 mmol, 1.0 eq) in the given solvent (1 mL),
hydroquinine (1, 5 mg, 0.015 mmol, 5 mol%) was added and the resulting reaction mixture
was stirred for 1 h at 0 ◦C. Next, ethyl trifluoropyruvate (12, 27 µL, 0.31 mmol, 1.0 eq)
was added to it, and stirred further at 0 ◦C. After the corresponding reaction time (see
Tables 1–3) the volatile components were removed under reduced pressure. The crude
product was purified by preparative thin-layer chromatography (Rf: 0.45, silica gel, DCM)
to give product 13 as a solid.

Rf: 0.45 (silica gel, DCM); [α]25
D : +9.1 (CHCl3, c 1.00, 87% ee, S config.) (lit. [α]25

D : +11.3,
CHCl3, c 1.01, 74% ee, S config. [57]); Colorless crystals. Mp. 71–72 ◦C (lit. Mp: 70.5–71.8
◦C, [58]); MS-ESI- (m/z): [M − H+]- 286; The yield was determined by 19F NMR. Enan-
tiomeric excess was determined by reversed phase HPLC analysis using Phenomenex Lux
Cellulose-1 (5 µm, 250 × 4.6 mm) column, eluent water (0.1% NH4OAc)/MeCN = 40/60,
0.8 mL min−1, UV detector 222 nm. Retention time for (R)-13 and (S)-13 are 6.5 min and
7.2 min, respectively. Spectroscopic data are fully consistent with those reported in the
literature [58].

General procedure for the Michael addition reaction of pentane-2,4-dione (16):

To a solution of 1,3-dioxo compound 14 (78 µL, 0.77 mmol, 2.5 eq) and trans-β-
nitrostyrene (15, 46 mg, 0.31 mmol, 1.0 eq) in the given solvent (1 mL), hydroquinine
(1, 5 mg, 0.015 mmol, 5 mol%) was added. The resulting mixture was stirred at room
temperature for 24 h. Then, the volatile components were removed under reduced pressure.
The crude product was purified by thin-layer chromatography (hexane/EtOAc, 2:1) to give
the Michael adduct as a solid.

(S)-(+)-3-(2-Nitro-1-phenylethyl)pentane-2,4-dione (16): Rf: 0.13 (silica gel, hexane/
EtOAc, 4:1); [α]25

D : +195.2 (CHCl3, c 1.00, 99.1% ee, S config.) (lit. [α]25
D : +196.7, CHCl3, c

1.01, 88% ee, S config. [59]); White crystals. Mp. 125–128 ◦C (lit. Mp: 124–126 ◦C, [59]);
MS-ESI+ (m/z): [M + NH4]+ 267.1; Enantiomeric excess was determined by normal phase
HPLC analysis using Phenomonex Lux Cellulose-1 column (5 µm, 250 × 4.6 mm), eluent
hexane/ethanol = 85/15, isocratic mode; 0.8 mL min−1; temperature 20 ◦C, UV detector
254 nm. Retention time for (S)-16: 16.1 min, for (R)-16: 17.6 min. Spectroscopic data are
fully consistent with those reported in the literature [59].
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General procedure for the Michael addition reaction of 1,3-diphenylpropan-1,3-dione (18):

To a solution of 1,3-dioxo compound 17 (107 mg, 0.48 mmol, 1.0 eq) and trans-β-
nitrostyrene (15, 213 mg, 1.43 mmol, 3.0 eq) in the given solvent (2 mL), hydroquinine
(1, 5 mg, 0.015 mmol, 5 mol%) was added. The resulting mixture was stirred at room
temperature for 24 h. Then, the volatile components were removed under reduced pressure.
The crude product was purified by thin-layer chromatography (hexane/EtOAc, 4:1) to give
the Michael adduct as a solid.

(S)-(+)-2-(2-Nitro-1-phenylethyl)-1,3-diphenylpropane-1,3-dione (18): Rf: 0.35 (silica
gel, hexane/EtOAc, 4:1); [α]25

D : +22.1 (DCM, c 1.0, 99.3% ee, S config.) (lit. [α]25
D : +21.3, DCM,

c 1.0, 98% ee, S config. [60]); White crystals. Mp. 136.2 ◦C (lit. Mp: 135.6 ◦C [61]); MS-ESI+
(m/z): [M + H]+ 391.2. When Hub1–4-cinchonas were used as catalysts, enantiomeric
excess was determined by reversed phase HPLC analysis using Phenomenex Lux Cellulose-
1 column (5 µm, 250 × 4.6 mm), eluent water (0.1% NH4OAc)/MeCN = 30/70, isocratic
mode; 0.8 mL·min−1, temperature 20 ◦C, UV detector 222 nm. Retention time for (S)-18:
7.6 min, for (R)-18: 8.9 min. When hydroquinine (1) was used as a catalyst, enantiomeric
excess value was determined by normal phase HPLC analysis with Kromasil® 5-Amycoat
column (250 × 4.6 mm ID, 5 µm) using hexane/ethanol (85:15) eluent. Retention time for
(R)-18: 19.2 min, for (S)-18: 26.1 min. Spectroscopic data are fully consistent with those
reported in the literature [61].

3.3. Nanofiltration

Membrane separation was carried out in a crossflow nanofiltration rig with 53 cm2

effective area (A), as described in the literature [62]. PolarClean, as a green solvent [63], was
used for the filtration, and the applied pressure was 10 bar. Two independent measurements
were carried out, and the presented results are mean values. Equations (1) and (2) were
used to calculate the rejection and permeance after 24 h recirculation in the rig, respectively.

Rejection [%] =

(
1−

Cp

C f

)
× 100% (1)

Flux
[

L m–2 h–1
]
=

V
A·t (2)

where Cp and Cf are the permeate and feed concentrations of the solutes, respectively; V
is the permeate volume, while t is the time of solvent permeation through the membrane
with certain membrane area (A).

4. Conclusions

Four structurally different C3-symmetric cinchona organocatalysts were prepared,
in which the catalytic units are covalently anchored to a trifunctional central core (hub).
Depending on the immobilization site, we obtained compounds either containing or lacking
mono H-bond donor groups on the cinchona skeleton.

The catalytic activities of these size-enlarged molecules were tested in the hydrox-
yalkylation of indole and Michael addition reaction. While the parent hydroquinine was
found to be an efficient catalyst for the Friedel–Crafts reaction of indole (up to 73% ee), the
hub-cinchona catalysts showed significantly lower enantioselectivities, regardless of the
solvent applied. The structure–selectivity correlations revealed that catalysts with more
rigid and extensive spacers performed better, suggesting a disadvantageous interaction
of the individual cinchona units. On the contrary, in the Michael addition reaction, the
hub-cinchona catalyst showed increased selectivity compared to hydroquinine, which indi-
cates the positive effect of the C3-symmetric structure. Furthermore, Hub3-cinchona was
also shown to provide enantioselectivities up to 96% ee, in the case of a bulkier substrate.
Finally, membrane recovery of the size-enlarged organocatalysts using the PolarClean
alternative solvent was found to be straightforward thanks to their ~four-fold increase in
size compared to hydroquinine.
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