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Preparations of spherical nanoparticles of chiral
Cinchona alkaloid-based bridged silsesquioxanes
and their use in heterogeneous catalysis of
enantioselective reactionsy
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Two spherical nanoparticulate materials were prepared by base-catalyzed sol-gel hydrolysis/self-con-
densation of the bis-Cinchona alkaloid-phthalazine-based bridged bis(triethoxysilanes). For the purpose
of comparing the catalytic properties, two compact materials were also prepared from the same precur-
sors using a fluoride-catalyzed sol—gel process. All materials were characterized by SEM, TEM, solid-state
295i NMR and C NMR, TGA, and FTIR. The prepared silsesquioxane-based materials were studied as
potential heterogeneous catalysts for selected enantioselective reactions. The spherical material with reg-
ularly incorporated bis-quinine-phthalazine chiral units exhibited good to excellent enantioselectivities in
osmium-catalyzed dihydroxylations of alkenes. Enantioselectivities observed in dihydroxylations of aro-
matic trans-alkenes were as excellent as those observed with the homogeneous catalyst (DHQ),—PHAL.
One compact and one nanoparticulate material was successfully recycled and reused five times without
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loss of enantioselectivity. Furthermore, both quinine-based and cinchonine-based materials were tested
as heterogeneous organocatalysts for chlorolactonization of 4-arylpent-4-enoic acids. The materials
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Introduction

Chirality is an important aspect of biologically active com-
pounds. Their activity is based on interaction with enzymes,
receptors, or other binding molecules that exist in living organ-
isms in an enantiomerically pure form. Binding affinity typi-
cally differs for individual enantiomers or diastereomers of a
chiral molecule, resulting in different biological properties of
these stereoisomers. The ability to synthesize the desired
stereoisomer of a chiral compound is a key aspect in the devel-
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showed only moderate enantioselectivities; however, these are the first heterogeneous catalysts for
enantioselective chlorolactonization published so far.

opment and production of pharmaceuticals, diagnostics, vita-
mins, fragrances, and agrochemicals. In particular, absolute
configuration of a molecule is of vital importance in drug
design and development. While one enantiomer of a drug
exhibits the desired effect, the other enantiomer can have
reduced, no, or even deleterious effects.

To synthesize a single enantiomer of a chiral compound,
several synthetic approaches can be chosen: i. a target com-
pound can be prepared as a racemate and then resolved into
individual enantiomers; ii. a chiral auxiliary, which controls
the stereochemical course of the reaction, can be introduced
into a starting compound and then removed from the mole-
cule after the stereoselective reaction; iii. an enantiomerically
pure stoichiometric reagent can be used to transform an
achiral starting compound to an enantiomerically pure
product; iv. the stereochemical course of the reaction can be
controlled with an enantiomerically pure catalyst."” The latest
approach is highly preferred because the enantiomerically
pure compound is usually highly limited and expensive, whilst
only used in small amounts in the catalytic setup.

Development of catalysts for enantioselective reactions has
been a subject of extensive research since the middle of the

This journal is © The Royal Society of Chemistry 2024
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last century. Since then, a large number of successful catalytic
systems have been reported, including metal complexes with
enantiomerically pure ligands, organocatalysts and natural
enzymes.>® The vast majority of enantioselective catalysts
function as homogeneous catalysts, although the use of
heterogeneous catalysts is more advantageous. Solid catalysts
can be easily separated from the reaction mixture and even-
tually recycled or used in continuous processes. It is therefore
not surprising that attention has focused on the development
of solid heterogeneous catalysts for enantioselective reactions
in recent years. A large variety of heterogeneous chiral catalysts
have been introduced, including chiral polymers, metal-
organic frameworks, and hybrid organosilica materials.” By far
the most common method of preparing a solid heterogeneous
catalyst is immobilization of a chiral catalyst onto an insoluble
solid support, which can be either an inorganic solid or an
organic polymer.®™" Silicas and silica-based mesoporous
materials (e.g. MCM-41, SBA-15) have been widely used as the
support materials due to their strength, stability, and
inertness."”'* The disadvantage of these materials is low
loading and irregular distribution of chiral organic molecules
on the surface of the material. In addition, pores of a meso-
porous material can be blocked by the attached molecules.
Another approach to prepare organosilica materials is co-con-
densation of organic trialkoxysilane with a source of inorganic
Si0, (e.g. TEOS)."* When this one-pot procedure is done in the
presence of surfactant, periodically ordered mesoporous
organosilica (PMO) can be obtained.””™” However, the dis-
advantage of this method is that the mesoporous material con-
tains only a minor amount of the chiral organic component.**
A few successful catalysts of enantioselective reactions were
prepared by co-condensation of two organic bis(trialkoxysi-
lanes), where the chiral bridged bis(trialkoxysilane) was con-
densed with an excess of a smaller achiral bridged bis(trialkox-
ysilane) in the presence of a surfactant to form the functiona-
lized PMO."*!

To prepare the materials with the maximum amount of
organic molecules incorporated, the bridged silsesquioxanes
must be prepared by hydrolysis/self-condensation of the
bridged organic bis(trialkoxysilanes) of general formula (R’
0)3Si-R-Si(OR’);, where R is chiral organic unit. Unlike in the
materials prepared by the co-condensation method, the chiral
organic unit is repeated regularly in the structures of those
materials.”> Despite high expectations for this type of
materials, only a small number of such chiral materials have
been reported so far and only a few of them have been used to
catalyze enantioselective reactions. The first catalysts based on
the bridged silsesquioxanes were reported by Moreau et al.>*"°
The enantiomerically pure (1R,2R)-cyclohexane-1,2-diamine
organic unit was incorporated into the materials and their
rhodium complexes were used to catalyze hydrogen transfer
reduction of acetophenone with enantioselectivities in the
range of 14-58% ee. Hybrid material that was prepared by self-
condensation of rhodium complex of (2R,3R)-1,4-bis(diphenyl-
phosphaneyl)butane-2,3-diyl bis{[3-(triethoxysilyl)propyl]carba-
mate} in the absence of surfactant by Moreau et al.>” catalyzed
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hydrogenation of (Z)-2-acetamido-3-phenylacrylic acid with
34% ee. The first bridged silsesquioxane-based PMO was
reported by Polarz et al.,*® who prepared PMO by hydrolysis/
self-condensation of (S)-1-[3,5-bis(tri-iso-propoxysilyl)phenyl]
ethan-1-ol in the presence of Pluronic P-123 and then modified
it with AI™. The obtained material successfully catalyzed
enantioselective carbonyl-ene reaction with enantioselectivi-
ties up to 74% ee. Recently, we prepared the bridged silses-
quioxanes possessing the bis-cinchonine-phthalazine chiral
unit, whose osmium complexes catalyzed Sharpless dihydroxy-
lation of alkenes with enantioselectivities up to 98% ee.*”

Various Cinchona alkaloid derivatives are used as ligands or
organocatalysts in homogeneous catalysis.>**" Discovery of the
(DHQ),-PHAL and (DHQD),-PHAL ligands (Fig. 1) by
Sharpless et al.>*** proved to be a key improvement in homo-
geneous osmium-catalyzed enantioselective dihydroxylation of
alkenes, which became applicable to a wide range of sub-
strates. Although other similar ligands containing two
Cinchona alkaloids attached to an aromatic linker have been
developed, these two ligands are the most universal to date. In
addition to the osmium-catalyzed dihydroxylations of alkenes,
(DHQ),-PHAL or (DHQD),-PHAL was also used as an organo-
catalyst of enantioselective conjugate addition of alkynones to
B-diketones,>® dichlorination of allylic alcohols®®?® and
amides,”” chlorolactonization of 4-substituted 4-pentenoic
acids,*®*° and decarboxylative trichloromethylation of Morita—
Baylis-Hillman adducts.*®*"

Soon after the pioneering work of the Sharpless’ team,
research began to prepare analogous solid catalysts that could
be easily isolated from the reaction mixture and recycled.
Since then, many heterogeneous catalysts have been prepared
in which Cinchona alkaloid derivatives are bound to insoluble
organic polymers,*>™*® silicones**™" or grafted onto prefabricated
silica materials.”*”® However, these materials often contain, as
linkers between the alkaloid derivative and the support, func-
tional groups that are hydrolytically labile under conditions of
Sharpless dihydroxylation, causing leaching of the ligand from
the solid material. Salvadori et al®” clearly demonstrated that
even low solution concentration of the alkaloid derivative, which
is a product of the hydrolysis of the material, could be respon-
sible for high ee values in Sharpless dihydroxylation rather than
the insoluble material. In addition, it has been shown that in
some organic polymers the alkaloid derivative is only physically
trapped and can be easily washed out into the solution.”®* Proof

(DHQ),-PHAL  (8S,9R)
(DHQD),-PHAL (8R,95S)

Fig. 1 Structures of (DHQ),—PHAL and (DHQD),—-PHAL.
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of hydrolytic stability of the heterogenized ligands for Sharpless
dihydroxylation is a key experiment to confirm the heterogeneous
nature of catalysis.”” However, most published articles do not
report this experiment.

Herein, we present the preparation of novel spherical nano-
particles that are chiral bridged silsesquioxanes in nature and
contain bis-quinine-phthalazine or bis-cinchonine-phthal-
azine derivatives as chiral units. Further, their application as
heterogenized chiral ligands in osmium-catalyzed enantio-
selective alkene dihydroxylation and as solid organocatalysts
in enantioselective chlorolactonization of 4-arylpent-4-enoic
acids are demonstrated.

Experimental
General

Melting points were determined on an Electrothermal IA
9100 melting point apparatus. Optical rotation was measured
on a Bellingham & Stanley ADP450 Polarimeter at 25 °C; [a]p, is
reported in 107" deg ecm® g~' and concentration in g per
100 mL. FTIR spectra of samples soluble in CHCI; and CH,Cl,
were measured as a film on KBr glass using a Nicolet 6700
instrument. Liquid NMR spectra were recorded on a Varian
Mercury Plus spectrometer (IH NMR at 299.97 MHz), an
Agilent-MR DDR2 spectrometer (‘"H NMR at 399.94 MHz; *C
NMR at 100.58 MHz; '°F at 376.29 MHz), and a JEOL
JNM-ECZR 500 MHz (*"H NMR at 500.16 MHz; *°Si NMR at
99.37 MHz). All NMR measurements were carried out at rt.
Chemical shifts § are reported in ppm, coupling constants J
are given in Hz. "H NMR and "*C NMR spectra were referenced
to the signals of residual non-deuterated solvents (CDCl; i
7.26, 8¢ 77.16; DMSO &y 2.50, 8¢ 39.52), >°Si NMR spectra to
tetramethylsilane and '’F NMR spectra to trichlorofluoro-
methane as internal standards. Mass spectra were measured
on a Thermo Scientific LTQ Orbitrap Velos spectrometer with
electrospray ionization. TLC analyses were carried out on alu-
minium foils coated with Silica gel 60 F,5, (Merck) and com-
pounds were detected under UV light (4 = 254 nm) or visual-
ized by a treatment with 3% aqueous KMnO, and heating.
Silica gel (Fluka, 63-200 pm) was used for a preparative
column chromatography. Silica gel (Fluka 40-60 pm) was used
for flash column chromatography, which was performed on a
Biichi Pure C-810 Flash instrument. HPLC analyses were done
on an Ecom instrument (pump LCP4100, UV detector
LCD2083, software CSW32) using the YMC Chiral Cellulose-SB
(250 x 4.6 mm; 5 pm) and YMC Chiral ART Amylose-SA (250 x
4.6 mm; 5 pm) columns.

Solid-state NMR (SS-NMR) spectra were measured at 9.39 T
using a JEOL JNK-ECZ400R/M1 NMR spectrometer (400 MHz,
JEOL, Japan). For all measured samples, the dry material was
packed into 3.2 mm ZrO, sample tube rotors and spectra
recorded at rt. Solid-state >C (100.53 MHz) NMR spectra were
referenced externally to y-glycine (174.1 ppm), with spectra for
samples obtained utilizing CP/MAS (with high-powered 'H
decoupling) at 20 kHz using optimized relaxation delays of 2 s
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and a contact time of 2.0 ms. Solid-state *°Si (79.43 MHz) NMR
spectra were referenced externally to tetrakis(trimethylsilyl)
silane (—9.8 ppm), with spectra for samples obtained utilizing
CP/MAS (with high-powered "H decoupling) at 6 kHz using
optimized relaxation delays of 2 s and a contact time of
5.0 ms. Spectra were subsequently analyzed using MestReNova
software (V. 14.3.1 Mestrelab Research).

The content of individual structural types (T, T?, T%) was
obtained by peak deconvolution and integration of the *°Si CP/
MAS NMR spectra. Degree of condensation ¢ was calculated
using the equation:

T +2T> +3T°

c=—ag—"s——" x 100.
3(TH+ T2+ T%)

The mass of Si in the material was determined from the
weighted average of Si mass fraction present in T” subunits,
whereby T" ratios were obtained from 2°Si CP/MAS NMR.
Similarly, the average molecular weight of the material was
determined from the weighted average of T" subunit molecular
weights, whereby T” ratios were obtained from 2°Si CP/MAS
NMR.

Thermogravimetric analyses were performed using a Q500
analyser (TA Instruments, New Castle, USA). A sample was
placed on a platinum pan and heated at a rate of 10 °C min™"
in a flow (60 mL min™") of nitrogen:oxygen (molar ratio
80:20) mixture up to 800 °C. Residual weight (m,) was used
(after correction to absorbed water) to calculation of content of
Si in the materials (wg;), assuming the incombustible residue
was pure SiO,:

My - Wsilicon

——FF X 100.
mg - (1 - wwater)

Wsi =

Scanning electron microscopy was performed on a ZEISS
Ultra Plus instrument (Sigma Family, Jena, Germany) sup-
plemented by an EDS detector X-Max 20 Oxford Instruments.
Samples were applied to the metal targets containing carbon
tape either in the form of a powder or as a suspension in dis-
tilled water. Thanks to the implemented nitrogen probe, it was
not necessary to gild the samples. All samples were viewed as
secondary electron images with the use of the following para-
meters: EHT = 1 kV, low-current mod 7-20 pm aperture with
decrease of extraction voltage up to 3 kV. To protect the
samples against disruption the working distance was deter-
mined 1.5-4 mm. Histograms obtained from
100 measured diameters in the Image] program.

A transmission electron microscope JEOL JEM 2200FS
equipped with an energy dispersive spectrometer Oxford
Instruments was used for detailed structural characterization.
A powder sample in the form of a suspension in propan-2-ol
was dropped on the copper grid with supportive carbon and
formvar layers and freely dried. Observation was performed in
transmission mode using accelerating voltage of 200 kV.

An Nicolet iZ10 FTIR spectrometer (Thermo Scientific, USA)
with the ATR sampling technique was used to obtain FTIR
spectra of solid samples. The sample was placed on a diamond
crystal and was measured in the spectral range 4000-400 cm ™"

were
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with a resolution of 4 cm™". Averaging 16 background scans
and 8 sample scans were used to obtain the spectrum.
Atmospheric and baseline corrections were done using the
Omnic software.

The ECD spectra of solid-state samples were recorded on a
J-815 (JASCO Corporation, Tokyo, Japan) in the spectral range
of 220-500 nm at a scanning speed of 50 nm min ', a
response time of 2 s, and a resolution of 0.1 mm. The spectro-
meter was purged during the measurements by gaseous nitro-
gen (purity >99.99%, Siad, Czech Republic). Due to the small
amount of sample M2 (6.8 mg), it was diluted with KClI
(0.1360 g), the spectrum of matrix was recorded under identi-
cal conditions and subtracted. The obtained spectra represent
five spectral accumulations. The corresponding absorbance
values were computed using the Spectra analysis module of
Spectra Manager (JASCO Corporation, Tokyo, Japan) based on
the photomultiplier HT voltage values.

Organic solvent nanofiltration (OSN)®® was carried out
using solvent-resistant stirred cell Millipore (for 47 mm mem-
branes) equipped with 100 kDa regenerated cellulose ultrafil-
tration discs Millipore (Ultracel®) and PTFE encapsulated
O-rings Teflex (FEP/Viton) with nitrogen as a driving gas. The
pressure was adjusted to 1-5 mbar so that the eluent exits the
cell dropwise.

Syntheses of compounds

10,11-Didehydroquinine  (3),**  10,11-didehydrocinchonine
(4),**  1,4-dichlorophthalazine,®*  (3-azidopropyl)triethoxy-
silane,* Cu/C catalyst,* precursor 2, 4-phenylpent-4-enoic
acid,®® 4-(4-methoxyphenyl)pent-4-enoic acid,*® 4-[4-(trifluoro-
methyl)phenyl]pent-4-enoic acid®® and analytical standards of
racemates for catalytic experiments were synthesized according
to literature procedures. Synthetic procedures and analytical
data for all synthesized compounds can be found in the ESL}
Other chemicals and solvents were used as received from com-
mercial sources (Sigma-Aldrich, Fluorochem, Penta).
Anhydrous tetrahydrofuran and absolute ethanol were
obtained from a PureSOLV PS-MD-7 (VWE International)
drying columns. Dioxane was dried over sodium and freshly
distilled prior to use.

Synthesis of dialkyne 5. To a solution of 10,11-didehydroqui-
nine 3 (0.905 g, 2.8 mmol) in anhydrous tetrahydrofuran
(40 mL) 60% suspension of NaH in mineral oil (0.204 g,
5.1 mmol of NaH) was added under an argon atmosphere. A
solution of 1,4-dichlorophthalazine (0.254 g, 1.25 mmol) in
anhydrous tetrahydrofuran (7.5 mL) was added dropwise and
the mixture was refluxed for 48 h. After cooling to rt, methanol
(2 mL) was added dropwise, followed by water (30 mL). The
mixture was extracted with dichloromethane (3 x 60 mL), the
organic layers were combined, washed with brine (60 mL), and
dried over Na,SO,. After the drying agent removal and solvent
evaporation, the crude product was purified by flash chromato-
graphy in a dichloromethane/ethanol (gradient from 10 to
15%) mixture. Dialkyne 5 was obtained as a light yellow solid
(0.553 g, 56%). Mp 158-159 °C; [a]?? +276.0 (¢ 1.00, CH,CL,);
Umax/cm™ 3302, 3073, 2943, 2868, 2833, 2201, 2109, 1621,
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1509, 1396, 1355, 1228, 1131; 'H NMR (400 MHz, CDCl;) &:
8.66 (d, J = 4.7 Hz, 2H), 8.27-8.36 (m, 2H), 7.99 (d, = 9.4 Hz,
2H), 7.93-7.97 (m, 2H), 7.58 (d, J = 2.3 Hz, 2H), 7.46 (d, J = 4.3
Hz, 2H), 7.36 (dd, J = 9.2, 2.5 Hz, 2H), 6.99 (d, J = 6.3 Hz, 2H),
3.92 (s, 6H), 3.65-3.73 (m, 2H), 3.03-3.19 (m, 4H), 2.79 (dt, J =
13.7, 2.9 Hz, 2H), 2.43-2.61 (m, 4H), 2.10-2.24 (m, 2H), 2.03
(d,/ = 2.7 Hz, 4H), 1.80 (dd, J = 13.3, 7.4 Hz, 2H), 1.61-1.74 (m,
2H), 1.18-1.46 (m, 2H); *C NMR (101 MHz, CDCIl;) é: 157.7,
156.5, 147.4, 144.7, 144.7, 132.4, 131.6, 127.3, 122.8, 122.5,
121.9, 118.7, 101.9, 88.0, 76.1, 68.7, 59.8, 57.7, 55.7, 42.1, 27.6,
26.9, 26.3, 24.3; HRMS (ESI) m/z for C4H,NgO, (M + HJY)
calced 771.3653, found 771.3656.

Synthesis of bis(triethoxysilane) 1. To a stirred mixture of
dialkyne 5 (1.5 g, 1.9 mmol), triethylamine (0.54 mL,
3.9 mmol) and Cu/C catalyst® (0.7 g) in anhydrous dioxane
(80 mL) a solution of (3-azidopropyl)triethoxysilane (0.963 g,
3.9 mmol) in anhydrous dioxane (10 mL) was added under an
argon atmosphere. The mixture was refluxed for 24 h, cooled
to rt and filtered through a pad of Celite. A solvent was evapor-
ated and the residue was dried at 40 °C and 200 Pa. Hexane
(45 mL) was added to the crude product and the mixture was
stirred under an argon atmosphere for 4 h. The precipitate was
isolated by filtration on a membrane filter (PTFE, 0.45 pum),
washed with hexane (2 x 20 mL) and dried at 40 °C and 200 Pa
for 3 h giving bis(triethoxysilane) 1 as a white-gray powder
(1.974 g, 80%). Mp 104-106 °C; vma/cm™ 2972, 2937, 2883,
1621, 1508, 1392, 1354, 1262, 1228, 1164, 1078; 'H NMR
(500 MHz, CDCl;) &: 8.63 (d, ] = 4.5 Hz, 2H), 8.33-8.23 (m, 2H),
7.97 (d, J = 9.1 Hz, 2H), 7.90 (dd, J = 6.1, 3.3 Hz, 2H), 7.62 (d,
J = 2.7 Hz, 2H), 7.45 (d, J = 4.5 Hz, 2H), 7.35 (dd, J = 9.2, 2.6 Hz,
2H), 7.23 (s, 2H), 7.04 (d, J = 6.1 Hz, 2H), 4.27 (t, J = 7.2 Hz,
4H), 3.93 (s, 6H), 3.77 (q, J = 7.0 Hz, 12H), 3.78-3.73 (m, 2H),
3.40-3.11 (m, 6H), 3.03-2.92 (m, 2H), 2.66 (tt, J = 9.9, 9.2, 5.0,
3.9 Hz, 2H), 2.15-2.08 (m, 2H), 1.96 (tt, J = 8.1, 6.6 Hz, 4H),
1.86-1.73 (m, 6H), 1.72-1.45 (m, 2H), 1.17 (t, J = 7.0 Hz, 18H),
0.55 (t, J = 8.2 Hz, 4H); >C NMR (101 MHz, CDCl;) §: 157.8,
156.6, 150.7, 147.5, 144.8, 144.8, 132.5, 131.6, 127.4, 123.0,
122.6, 122.1, 120.7, 118.8, 102.1, 76.1, 60.2, 58.6, 56.4, 55.9,
52.4, 42.8, 33.3, 28.0, 27.9, 24.3, 24.0, 18.4, 7.6; *°Si NMR
(99 MHz, CDCl;) 6 —46.11; HRMS (ESI) m/z for
CesHgoN1,010Si, (M + H]") caled 1265.6358, found 1265.6366.

Materials preparations

Preparation of material M1. Cetyltrimethylammonium
bromide (CTAB, 130 mg, 0.36 mmol) was dissolved in distilled
water (60 mL), 2 M solution of NaOH (44 pL) was added and
the mixture was stirred at 80 °C and 700 rpm for 50 min. A
solution of bis(triethoxysilane) 1 (237 mg, 0.187 mmol) in
absolute ethanol (2 mL) was added dropwise over 15 min and
the mixture was stirred at 80 °C and 700 rpm for 2 h. After
cooling to rt, the mixture was centrifuged at 21 000 rpm for
15 min, the solid was separated and treated with 1 M solution
of NH,NO; in ultrasonic bath at 45 °C for 30 min. The solid
was separated by centrifugation at 21 000 rpm for 15 min and
the washing cycle with NH,NO; was repeated. The solid was
10 times washed with water (centrifugation at 21 000 rpm for
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15 minutes between the washing cycles) and lyophilized at
—53 °C and 14 Pa for 4 h. Material M1 was obtained as a white
solid in 62% yield (121.2 mg; based on an average molecular
weight of 1052.50 g mol~" calculated from T, T* and T® units,
see above).

Preparation of material M2. Pluronic 123 (4.23 g) was dis-
solved in distilled water (10 mL) at 45 °C. After cooling to rt
25% aqueous ammonia (0.67 mL) and absolute ethanol
(0.66 mL) were added and the mixture was stirred at 500 rpm
at rt for 60 min. A solution of precursor 2 (160 mg, 0.13 mmol)
in absolute ethanol (2 mL) was added dropwise over 30 min
and the mixture was stirred at 500 rpm at 40 °C for 36 h while
viscous gel was formed. Acetone (20 mL) was added, the
mixture was centrifuged at 11 000 rpm for 10 min, the solid
was separated and washed three times with acetone (10 mL)
with centrifugation at 11000 rpm for 15 min between the
washing cycles. The solid was separated, stirred at 500 rpm in
acetone (20 mL) and refluxed for 2 hours. After cooling to rt,
the solid was separated by centrifugation at 11 000 rpm for
15 min and washed three times with acetone (10 mL) - cen-
trifugation at 11000 rpm for 15 min between the washing
cycles. The solid was lyophilized at —53 °C and 14 Pa for 6 h.
Material M2 was obtained as a white solid in 52% yield
(68.2 mg; based on an average molecular weight of 987.76 ¢
mol " calculated from T", T> and T units, see above).

Preparation of material M3. To a stirred solution of precur-
sor 1 (1.90 g, 1.50 mmol) in absolute ethanol (5.3 mL,
99.3 mmol) 1 M aqueous solution of NH,F (33 pL, 1.23 mg,
0.03 mmol) was added. The mixture was stirred at rt for 2 min
and then left standing at rt without stirring for 48 h. Gel
started to form after approximately 40 min. After 48 h, the
temperature was raised to 70 °C and the mixture was left
under static conditions for 24 h. The mixture was cooled to rt
and the obtained white solid was crushed with a spatula and
thoroughly washed with water, absolute ethanol, anhydrous
acetone and dried at 50 °C and 0.2 kPa for 5 h. Material M3
was obtained as a light gray solid in 96% yield (1.50 g; based
on an average molecular weight of 1045.38 ¢ mol™" calculated
from T', T? and T° units, see above).

Preparation of material M4. Compact material M4 was pre-
pared from precursor 2 according to the procedure published
in our previous paper.>®

Catalytic studies

General procedure for alkene dihydroxylations. To a mixture
of material M (0.0133 mmol), CH3;SO,NH, (25.7 mg,
0.266 mmol), K,CO; (112.0 mg, 0.80 mmol), K;Fe(CN)s
(267.0 mg, 0.80 mmol), distilled water (0.4 mL) and BuOH
(0.4 mL), a solution of potassium osmate (0.48 mg,
0.00133 mmol) in water (135 pL) was added. After 10 min of
vigorous stirring at rt, alkene (0.266 mmol) was added and the
mixture was stirred at rt for 16-40 h. The progress of the reac-
tion was monitored by GLC. At the end of the reaction, the
mixture was diluted with water (6 mL) and extracted with ethyl
acetate (3 x 6 mL). The layers were separated (if necessary cen-
trifugation was used) and the combined organic layers were

6700 | Nanoscale, 2024, 16, 6696-6707

View Article Online

Nanoscale

washed with brine (2 mL), dried over anhydrous Na,SO,, fil-
tered and evaporated in vacuo. Crude product was purified by
flash column chromatography. Enantiomeric ratio was deter-
mined by HPLC using a column with chiral stationary phase.
Detailed information can be found in the ESL.{

General procedure for chlorolactonizations. A solution of
alkenoic acid (0.056 mmol) in chloroform (1 mL) was cooled to
—40 °C, hybrid material M (0.017 mmol) and benzoic acid
(7 mg, 0.056 mmol) were added and the mixture was stirred at
—40 °C for 30 min. 1,3-Dichloro-5,5-dimethylhydantoin was
added (12 mg, 0.061 mmol) and the mixture was stirred at
—40 °C for 48 h. The reaction mixture was diluted with chloro-
form (3 mL) and quenched with 5% aqueous Na,S,0; (4 mL).
The layers were separated and the aqueous phase was extracted
with chloroform (2 x 4 mL). The combined organic extracts were
washed with brine (4 mL) and dried over anhydrous MgSO,. After
the drying agent removal and solvent evaporation, the crude
product was purified by flash column chromatography using
hexane/EtOAc (gradient from 7 to 22%) as an eluent.

Leaching experiment

A mixture of material M3 (13.5 mg, 0.0133 mmol), CH;SO,NH,
(25.7 mg, 0.266 mmol), K,CO; (112.0 mg, 0.80 mmol), K;Fe
(CN)s (267.0 mg, 0.80 mmol), distilled water (0.4 mL) and
t-BuOH (0.4 mL) was vigorously stirred at rt for 16 h, then
diluted with #BuOH (0.6 mL) and water (0.6 mL) and filtered
through a PTFE syringe filter (0.1 um). A solution of potassium
osmate (0.48 mg, 0.00133 mmol) in water (135 pL) was added
to the filtrate. After 10 min of vigorous stirring at rt, 1-phenyl-
cyclohexene (44 pL, 42 mg, 0.266 mmol) was added and the
mixture was stirred at rt for 16 h. The mixture was diluted with
water (3 mL) and extracted with ethyl acetate (3 x 3 mL). The
combined organic layers were washed with brine (2 mL), dried
over anhydrous Na,SO,, filtered and evaporated in vacuo. The
crude product was purified by flash column chromatography
in hexane/ethyl acetate (gradient from 0 to 38%) giving 1-phe-
nylcyclohexane-1,2-diol in 96% yield (49 mg) with er 56 : 44.

Materials recycling

A mixture of material M (0.06 mmol), CH3SO,NH, (113.0 mg,
1.18 mmol), K,CO; (489.0 mg, 3.54 mmol), K;Fe(CN)s (1.16 g,
3.54 mmol), potassium osmate (2.17 mg, 0.006 mmol), dis-
tilled water (2.4 mL) and #BuOH (2.8 mL) was vigorously
stirred at rt for 10 min. (E)-Methyl 3-phenylprop-2-enoate
(119.3 mg, 1.18 mmol) was added and the mixture was stirred
at rt for 48 h. The ratio of starting alkene to product was deter-
mined by GLC analysis. The reaction mixture was diluted with
water (15 mL) and ethyl acetate (10 mL). Compact material M3
was isolated by filtration using a PTFE membrane (0.2 pm),
thoroughly washed with water (10 mL) and ethyl acetate
(15 mL), and dried in vacuo. Nanoparticulate material M1 was
isolated by OSN:* The reaction mixture was diluted with ethyl
acetate (20 mL) and water (20 mL) and was subjected to OSN
until the residual retentate volume of cca 1-2 mL was reached.
The retentate was suspended in ethyl acetate/water (1:1)
mixture (50 mL) and again subjected to OSN until the residual

This journal is © The Royal Society of Chemistry 2024
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retentate volume of cca 1-2 mL was reached. The washing-fil-
tration cycle was repeated three times. The final portion of the
retentate was withdrawn and evaporated to dryness in vacuo.

The filtrate phases were separated and the aqueous one was
extracted with ethyl acetate (2 x 10 mL). The combined organic
phases were washed with brine (10 mL), dried over anhydrous
Na,SO0,, filtered and evaporated in vacuo. The crude product
was purified by flash column chromatography in hexane/ethyl
acetate (gradient from 10 to 50%) giving methyl (2R,3S)-2,3-
dihydroxy-3-phenylpropanoate as a white solid (analytical data
are available in the ESIY).

The recovered material M was used in the next cycle. Weights
of chemicals were recalculated according to the weight of the
recovered material M to maintain the same molar ratios of the
substances as in the first cycle and the whole procedure was
repeated. The results are summarized in Table 3.

Results and discussion

Based on the successful use of bis-Cinchona alkaloid-phthal-
azine in homogeneous enantioselective catalysis, we decided to
incorporate this structural unit into the bridged silsesquioxane
to prepare a solid catalyst that could be easily removed from
the reaction mixture by filtration and possibly recycled. The
sol-gel hydrolysis/self-condensation of the bridged organic bis
(trialkoxysilanes) was selected as the material preparation
method with the aim of introducing the maximum number of
chiral units into the material. Furthermore, a hydrolytically
stable triazole ring was chosen as a linker between the alkaloid
derivative and the silsesquioxane network to prevent leaching
of the ligand from the solid material.

To prepare the materials, we used derivatives of two
Cinchona alkaloids, quinine and cinchonine. In the first stage,
we succeeded in the preparation of two bridged silsesquiox-
anes containing the cinchonine derivative and used them as
heterogenized ligands in enantioselective dihydroxylation of
alkenes.”® The reported cinchonine-based materials were
obtained either as a compact bulk material or as an irregularly
nanostructured material. In this article, we describe follow-up
research leading to quinine-based materials and optimization
of the sol-gel procedure, which enables us to prepare nano-
sphere-shaped materials.

Synthesis of bis(triethoxysilane) precursors

Two bis(triethoxysilane) precursors, bis-quinine-phthalazine
derivative 1 and bis-cinchonine-phthalazine derivative 2
(Fig. 2), were synthesized and then subjected to the sol-gel
self-condensation to give hybrid organosilica materials.

The same synthetic strategy as in our previous paper*® was
used to synthesize bridged bis(trialkoxysilanes) 1 and 2.
Organic triethoxysilanes were chosen since ethanol by-product
is formed during the sol-gel process and the lower reactivity of
the ethoxy groups allows for a greater synthetic control to
tailor the required nanostructures.>® Synthesis of precursors 1
and 2 started from Cinchona alkaloids. The alkene double

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 Structures of precursors.

bond presented in the alkaloid structure was transformed to a
triple bond by a two-step procedure consisting of bromine
addition and dehydrobromination.”'®  10,11-Didehydro
Cinchona alkaloid 3 or 4 then reacted with 1,4-dichlorophthal-
azine in the presence of base giving diyne 5 or 6, respectively
(Scheme 1). The triethoxysilyl groups were introduced into the
precursor structure via copper-catalyzed alkyne-azide cyclo-
addition (CuAAC)®”®® of bis-Cinchona alkaloid-phthalazine
diyne 5 or 6 with (3-azidopropyl)triethoxysilane.

The previously described experimental procedure® was
used to prepare cinchonine-based precursor 2. In the prepa-
ration of 10,11-didehydroquinine 3, the original procedure®
was modified to avoid electrophilic bromination of the aro-
matic ring and to increase yield of the bromination step. The
reaction was done at higher temperature (0 °C instead of
—20 °C) using only one molar equivalent of bromine (contrary
to original two equivalents) giving 10,11-didehydroquinine 3
in 65% overall yield. The next step was substitution of the
chlorine atoms in 1,4-dichlorophthalazine for two 10,11-dide-
hydroquinine molecules leading to diyne 5. While synthesis of
cinchonine-based diyne 6 proceeded smoothly using the pro-
cedure reported for preparation of (DHQ),-PHAL,** the prepa-
ration of quinine-based diyne 5 required optimization of the
reaction conditions. When the reaction was carried out accord-
ing to above mentioned procedure in toluene using a mixture
of potassium carbonate and potassium hydroxide as base, it
gave low and non-reproducible yields, probably due to the
heterogeneous nature of the reaction mixture. The use of
sodium hydride in tetrahydrofuran led to a significant
improvement in yield and reproducibility of the reaction. The
last step in the precursor 1 synthesis was the CuAAC reaction
of diyne 5 with (3-azidopropyl)triethoxysilane. To avoid unde-
sired hydrolysis of the ethoxysilyl groups, the CuUAAC reaction
must be done under anhydrous conditions with exclusion of
acids, bases or strong nucleophiles. The best results were
obtained using the copper-in-charcoal (Cu/C) catalyst®® in
anhydrous dioxane.

Preparation of materials

Both bridged bis(triethoxysilanes) 1 and 2 were subjected to
sol-gel hydrolysis/condensation under various experimental
conditions. Two nanoparticulate materials (M1 and M2) were
prepared by base-catalyzed sol-gel process and two compact
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Scheme 1 Synthesis of precursors.

materials (M3 and M4) were prepared by fluoride-catalyzed
sol-gel process, whereby M1 and M3 are based on bridged bis
(triethoxysilane) 1 and M2 and M4 are based on bridged bis
(triethoxysilane) 2.

The reaction conditions were optimized to obtain nano-
materials M1 and M2 from bis(triethoxysilane) precursors 1
and 2, respectively. Specifically, reaction time, temperature,
surfactant type, ratio of hybrid precursor : surfactant, solvent
volume, and catalyst used were varied. Several different types
of suitable surfactants were chosen to test their ability to form
nanospheres: Triton X-100, Pluronic P123, and CTAB, which
are well known to promote the formation of nanospheres from
various types of inorganic or organic-inorganic precursors.®”’°
Using CTAB as a surfactant and NaOH as a catalyst was found
to be the best conditions for the formation of M1 nano-
particles from bis(triethoxysilane) precursor 1.

Nanoparticles with an average size of 108 nm were formed
under these conditions (Fig. 3), which is similar to the previously
reported synthesis of chiral bridged organosilane nanoparticles.”

b)

8 8
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Fig. 3 Characterization of the material M1: (a) SEM image (scale bar
200 nm) (b) histogram of particles diameters, (c) 2°Si NMR spectrum and
(d) composition of siloxane fraction defined as the total amount of indi-
vidual T” structure units in molar % obtained from signal intensities of
295i NMR spectra and calculated degree of condensation c (in %).
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On the other hand, Pluronic 123 as a surfactant with 25%
aqueous ammonia as a catalyst was shown to be the best con-
ditions for the preparation of M2 nanoparticles from bis
(triethoxysilane) precursor 2. Despite the similar published
synthesis,”® we experienced no fused nanoparticle formation
and well resolved nanospheres with an average size of 132 nm
formed (see Fig. 4a).

The compact material M3 was prepared from bis(triethoxy-
silane) precursor 1 similar to our previously published pro-
cedure® to compare its efficiency to catalyze enantioselective
reactions. The previously described*® material M4 (compact
material based on bis(triethoxysilane) precursor 2) was used
for the comparison to nanoparticulate systems as well.

Materials characterization

All the prepared materials M1-M3 were thoroughly character-
ized using SEM, *°Si SS-NMR (Fig. 3-5), TEM, *C NMR, FTIR,
TGA, and ECD (see ESIf). Characterization of material M4 was

9
8

Relative Frequency (%)
3
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W2 B 00D OO PO, 0 00 S &
295i NMR spectrum (peak) v °§’«‘f:&:ﬁ}?‘:«"&“’h‘%@%"?@%ﬁ:&:«”’ :
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Fig. 4 Characterization of the material M2: (a) SEM image (scale bar
1 pm) (b) histogram of particles diameters, (c) 2°Si NMR spectrum and (d)
composition of siloxane fraction defined as the total amount of individ-
ual T" structure units in molar % obtained from signal intensities of 2°Si
NMR spectra and calculated degree of condensation c (in %).
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Fig. 5 Characterization of the material M3: (a) SEM image (scale bar
200 nm) (b) 2°Si NMR spectrum and (c) composition of siloxane fraction
defined as the total amount of individual T” structure units in molar %
obtained from signal intensities of 2°Si NMR spectra and calculated
degree of condensation c (in %).

published in our previous paper.”® The calculated degree of
condensation (Fig. 3d, 4d and 5c) ranges between 83 and 96%
and is similar to that reported previously for organosilane
nanoparticles.*®”"7?

SEM images from M1 and M2 display spherical nano-
particles with varying diameters (Fig. 3a and 4a), with SEM
used to measure the nanoparticle diameter distribution
(Fig. 3b and 4b), resulting in an average particle size of 108 +
43 and 132 + 53 nm for M1 and M2, respectively (see ESI{). In
contrast, SEM images for M3 displayed a compact solid
material (Fig. 5a). *°Si SS-NMR spectra show three predomi-
nant peaks originating from the polycondensed silica species
T', T2, and T units for M1 (Fig. 3c), with only T> and T? units
observed for M2 and M3 (Fig. 4c and 5b), used to calculate the
degree of polycondensation.

Calculations based on the ratio of T” units from *°Si CP/
MAS SS-NMR (Fig. 3d, 4d and 5c) showed that the percentage
of silicon is 5.33, 5.69 and 5.37 for materials M1, M2 and M3,
respectively. The calculations were not corrected to the pres-
ence of remaining ethoxy groups, as the determination of their
amount from *C SS-NMR is very imprecise. On the other
hand, TGA (see ESI}) was used as an alternative method to
ascertain the Si content in the materials. TGA revealed that the
materials contain only a small amount of water and that all of
them are stable up to ca. 200 °C before their decomposition
begins. None of the materials contain any indication of
residual surfactant being present. The calculated percentage of
silicon is 5.48, 6.48 and 6.25 for materials M1, M2 and M3,
respectively. The higher silicon content according to TGA is
caused by the encapsulation of unburnt carbonaceous material
in the SiO, matrix, which was proved by Raman spectroscopy
of residual material (data not shown).

BC CP/MAS SS-NMR together with FTIR (see ESIf) con-
firmed the presence of the organic component of the materials
M1-M3. Positions and intensities of '*C CP/MAS SS-NMR
peaks in the materials are similar to those measured for the
corresponding precursors in liquid state. Moreover, FTIR
shows typical peaks for aromatics (C-H ~3130 and ~3070,

This journal is © The Royal Society of Chemistry 2024
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C=C ~1580 and ~1510 cm™"), aliphatics (CH, ~2930 and
~2870, C-H ~1460 cm™') and the silica part as well (Si-O-C
~1090, ~1030 and ~940, Si-O-Si ~1050 em™), which is in
good agreement with previously published results.>®

Catalytic studies

The prepared materials were tested in the heterogeneous cata-
lysis of enantioselective reactions. In order to assess the influ-
ence of the nanosphere shape of the materials on enantio-
selectivity of the reactions, catalytic properties of the spherical
materials M1 and M2 with analogous compact materials M3
and M4 were compared.

One of the reactions studied, and chosen was Sharpless
dihydroxylation of alkenes. Since it is well known from homo-
geneous catalysis that ligands based on derivatives of quinine
or quinidine provide better enantioselectivities than ligands
based on derivatives of cinchonine or cinchonidine,”® this
reaction was only studied with materials M1 and M3, which
contain quinine derivative. The starting alkenes (see Table 1)
were chosen to cover different structural types of alkenes
(mono-, di-, trisubstituted; cis-, trans-; aromatic or aliphatic).
As can be seen from the results presented in Table 1, the
spherical nanomaterial M1 provided higher enantioselectivi-
ties for all studied alkenes and, in most cases, also higher
yields of dihydroxylation reactions than the compact material
M3. The highest increase in enantioselectivity when using
spherical nanoparticles M1 compared to the compact material
M3 was achieved in the dihydroxylation of aliphatic alkenes
trans-hex-2-ene  (trans-disubstituted double bond) and
2-methyl-hept-2-ene (trisubstituted double bond).

In agreement with the results of homogeneous Sharpless
dihydroxylations using the (DHQ),-PHAL ligand,**> the best
enantioselectivities were observed for aromatic trans-alkenes,
while cis-alkene provided the worst enantioselectivity The com-
parison of enantioselectivities obtained in heterogeneous cata-
lysis in the presence of material M1 with those achieved in
homogeneous catalysis in the presence of the (DHQ),-PHAL
ligand®? is presented in Table 2.

Since we did not find the literature data for dihydroxylation
of trans-hex-2-ene under homogeneous conditions (Table 2,
line 3), we present for comparison the result of dihydroxylation
of trans-but-2-ene (Table 2, line 4), which is structurally similar
and contains the same type of double bond (trans-di-
substituted). The data presented in Table 2 show that heteroge-
nized ligand M1 exhibits the same excellent enantioselectivi-
ties as (DHQ),~PHAL for ¢rans-disubstituted alkenes, and only
slightly lower enantioselectivities for tri- and monosubstituted
as well as terminal alkenes. However, it should be noted that
the homogeneous catalysis study utilized 1 mol% of (DHQ),~
PHAL ligand,** whereas this work employed an amount of
material (M1 or M3) that corresponds to 5 mol% of the incor-
porated ligand. A larger amount of solid catalyst was needed to
achieve reasonable reaction times. Since the same enantio-
mers of the products predominate in our experiments as in
analogous homogeneous experiments and the same trend of
dependence of enantioselectivity on the character of the
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Table 1 Results of dihydroxylations of alkenes
material (5 mol%)
R HO__ ..R!
i K,0s0, . 2 H,0 (0.05 mol%) o
R2 R3 K,COs3 (3 equiv.) HO 33
KaFe(CN)g (3 equiv.) R
CH3SO,NH, (1 equiv.)
H,O / t-BuOH, rt, 40 h
Material M1 Material M3
Entry Alkene Product Yield” [%] er’ Yield” [%] er?
1 Methyl cinnamate Methyl 2,3-dihydroxy-3-phenylpropanoate 80 100: 0 82 99:1
2 trans-Stilbene 1,2-Diphenylethane-1,2-diol 67 100:0 72 98:2
3 trans-Hex-2-ene Hexane-2,3-diol 65 85:15 54 75:25
4 2-Methylhept-2-ene 2-Methylheptane-2,3-diol 61 92:8 49 78:22
5 1-Phenylcyclohexene 1-Phenylcyclohexane-1,2-diol 95 98:2 88 93:7
6 2-Phenylpropene 2-Phenylpropane-1,2-diol 95 90:10 79 85:15
7 Styrene 1-Phenylethane-1,2-diol 89 90:10 76 83:17
8 Dodec-1-ene Dodecane-1,2-diol 72 80:20 54 75:15
9 1H-Indene 2,3-Dihydro-1H-indene-1,2-diol 90 61:39 54 59:41

“Isolated yield after column chromatography. ? Obtained from HPLC on a column with chiral stationary phase.

Table 2 Comparison of enantioselectivities in osmium-catalyzed dihy-
droxylations of alkenes using solid material M1 and soluble ligand
(DHQ),-PHAL*

M1 (DHQ),-PHAL**
5 mol% 1 mol%

Entry Starting alkene er er

1 Methyl cinnamate 100:0 99.5:0.5"

2 trans-Stilbene 100:0 99.8:0.2

3 trans-Hex-2-ene 85:15 n.a.

4 trans-But-2-ene n.a. 86:14

5 2-Methylhept-2-ene 92:8 97.5:2.5

6 1-Phenylcyclohexene 98:2 98.5:1.5

7 2-Phenylpropene 90:10 96.5:3.5

8 Styrene 90:10 98.5:1.5

9 Dodec-1-ene 80:20 90:10

10 1H-Indene 61:39 68.5:31.5”

@ Ref. 75.  Ref. 76.

alkene double bond was observed, we can conclude that the
same mechanism of chirality transfer from the ligand to the
substrate applies as in homogeneous catalysis. It is generally
accepted that Sharpless dihydroxylation proceeds via a [3 + 2]
cycloaddition mechanism within the U-shaped ligand cavity.”*

It was confirmed that the observed enantioselectivities are
not due to leaching of the ligand from the solid material.
Using the protocol published by Salvadori et al.,”” a leakage
test was performed with material M3 for the dihydroxylation
reaction of 1-phenylcyclohexene. The obtained er 56:44
proved that the high enantioselectivities are not the result of
homogeneous catalysis caused by the washed-out ligand.

An important aspect of heterogeneous catalysts is the possi-
bility of recycling them. Recyclability of materials M1 and M3
was studied for dihydroxylation of methyl cinnamate. After the
dihydroxylation reaction, the material was isolated, thoroughly

6704 | Nanoscale, 2024, 16, 6696-6707

washed, dried, and the recovered material was used in the next
cycle. While compact material M3 was isolated from the reac-
tion mixture by filtration using a PTFE membrane filter
(0.2 pm), it was impossible to isolate nanoparticulate material
M1 by simple filtration or centrifugation. Finally, organic
solvent nanofiltration (OSN)®® was successfully used to isolate
material M1. The results of the recycling experiments are sum-
marized in Table 3 and show that enantioselectivity of the
methyl cinnamate dihydroxylation reaction remained consist-
ent over five cycles.

It is difficult to compare the results obtained by us with pre-
viously published results of dihydroxylation of alkenes using
heterogeneous catalysts in which the bis-Cinchona alkaloid-
phthalazine ligand was grafted onto a silica gel**° or polymer
support.”®  Although excellent enantioselectivities
reported in all cases, Sherrington® and Salvadori®” later
demonstrated that leaching of the ligand from these solids
occurs under Sharpless dihydroxylation conditions and that
low concentrations of the eluted ligand are responsible for
high enantioselectivities of the dihydroxylation reactions.’” To

were

Table 3 Results of methyl cinnamate dihydroxylations with recycled
materials M1 and M3

Material M1 Material M3
Cycle Yield” [%] er’ Yield” [%] er’
1 71 98.0:2.0 63 97.2:2.8
2 76 98.8:1.2 79 95.1:4.9
3 69 98.1:1.9 59 95.9:4.1
4 64 98.1:1.9 67 96.5:3.5
5 70 97.5:2.5 60 96.5:3.5

“Isolated yield after column chromatography. ? Obtained from HPLC
on a column with chiral stationary phase.

This journal is © The Royal Society of Chemistry 2024
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Table 4 Results of chlorolactonization reactions of 4-arylpent-4-enoic acids

material (30 mol%)

o}
benzoic acid (1.0 equiv.)
JLA DCDMH (1.1 equiv.) o
Ar COOH
CHCly Ar
-40°C, 48 h cl
Material M1 Material M2 Material M3 Material M4
Entry Aryl Yield” [%] er’ Yield® [%] er’ Yield® [%] er’ Yield” [%] er’
1 Phenyl 83 74:26 67 74:26 75 72:28 58 64:36
2 4-Methoxyphenyl 64 50:50 66 52:48 64 50:50 59 51:49
3 4-(Trifluoromethyl)phenyl 64 69:31 52 74:26 45 63:37 45 63:37

“Isolated yield after column chromatography. ? Obtained from HPLC on a column with chiral stationary phase.

the best of our knowledge, a structurally similar heterogenized
ligand with confirmed hydrolytic stability has not yet been
reported by other authors. Two hydrolytically stable non-
spherical bis-cinchonine-phthalazine-based bridged silses-
quioxanes that we published recently®® showed lower enantio-
selectivities than the materials presented in this paper.

The second reaction studied was chlorolactonization of
4-arylpent-4-enoic acids. In 2010, Borhan et al.*® developed a
methodology for enantioselective chlorolactonization that uti-
lizes (DHQD),-PHAL as an organocatalyst. They used 1,3-
dichloro-5,5-dimethylhydantoin (DCDMH) or 1,3-dichloro-5,5-
diphenylhydantoin (DCDPH) as a chlorine source, one equi-
valent of benzoic acid as an additive and 0.1 equivalent of
organocatalyst (DHQD),-PHAL to achieve good enantio-
selectivities at —40 °C. The same reaction conditions and
DCDMH as a chlorine source were utilized to evaluate the cata-
lytic properties of materials M1-M4 in chlorolactonizations of
three 4-arylpent-4-enoic acids. However, the reactions pro-
gressed too slowly at —40 °C when the reported amount of
solid organocatalyst (10 mol%) was employed. At higher temp-
eratures, the chlorolactonization reactions proceeded with low
enantioselectivities. As a result, the catalyst amount was
increased to 30 mol%.

The obtained results (Table 4) show that chlorolactoniza-
tions of 4-phenylpent-4-enoic and 4-[4-(trifluoromethyl)phenyl]
pent-4-enoic acids proceeded with moderate enantioselectivity.
Spherical materials M1 and M2 provided slightly higher
enantioselectivity than compact materials M3 and M4. The
difference between the quinine-based material M1 and the
cinchonine-based material M2 was minimal, with material M2
exhibiting higher enantioselectivity in chlorolactonization of 4-
[4-(trifluoromethyl)phenyl]pent-4-enoic acid.
Chlorolactonization of 4-(4-methoxyphenyl)pent-4-enoic acid
provided in all cases no or only negligible enantioselectivity.
This result is in agreement with the outcome of the chlorolac-
tonization reaction catalyzed by the homogeneous catalyst
(DHQD),-PHAL’® (see Table 5, entry 2).

Based on the comparison of the results of chlorolactoniza-
tion reactions catalyzed by material M2 and (DHQD),-PHAL

This journal is © The Royal Society of Chemistry 2024

Table 5 Comparison of enantioselectivities in chlorolactonizations of
4-arylpent-4-enoic acids using solid material M2 and soluble (DHQD),—
PHAL®®

Material M2 (DHQD),-PHAL?®

30 mol% 10 mol%
Yield® Yield®
Entry Aryl [%] er [%] er
1 Phenyl 67 74:26 86 94.5:5.5
2 4-Methoxyphenyl 66 52:48 99 52.5:47.5
3 4-(Trifluoromethyl) 52 73:27 61 95:5°
phenyl

“Isolated yield after column chromatography. ?DCDPH used as a

chlorine source.

(Table 5), it can be concluded that the studied materials cata-
lyzed chlorolactonization with significantly lower enantio-
selectivity than the homogeneous catalyst (DHQD),-PHAL.?®
Similar to the dihydroxylation of alkenes, also in chlorolactoni-
zation of 4-arylpent-4-enoic acids, the same enantiomer of the
product predominates in our experiments as in homogeneous
catalysis. This observation may lead to the conclusion that the
same mechanism of chirality transfer from the organocatalyst
to the reaction product as proposed by Borhan et al®* for
homogeneous catalysis is applied

Conclusion

A synthesis method was developed for the bridged bis(triethox-
ysilane) 1, which contains the bis-quinine-phthalazine struc-
tural unit. This precursor, along with the previously published
analogous cinchonine-based bis(triethoxysilane) 22° were
employed in the preparations of solid bridged silsesquioxanes
using a sol-gel technique. The reaction conditions were opti-
mized to obtain spherical nanoparticulate materials M1 and
M2. The quinine-based material M1 was successfully used as a
heterogenized chiral ligand in Sharpless dihydroxylations of

Nanoscale, 2024, 16, 6696-6707 | 6705
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alkenes, providing higher enantioselectivities than structurally
similar compact material M3. Excellent enantioselectivities,
comparable to those obtained with homogeneous ligand
(DHQ),-PHAL,** were observed for aromatic trans-alkenes.
Furthermore, we confirmed that the material can be recycled
in at least five cycles. We thus prepared the first heterogeneous
analogue of (DHQ),-PHAL ligand for enantioselective dihy-
droxylation of alkenes with a regular distribution of chiral
organic units within the material structure, which is hydrolyti-
cally stable under Sharpless dihydroxylation conditions.

Both quinine-based material M1 and cinchonine-based
material M2 were tested as solid organocatalysts in chlorolacto-
nizations of 4-arylpent-4-enoic acids. Chlorolactonizations of
4-phenylpent-4-enoic and 4-[4-(trifluoromethyl)phenyl]pent-4-
enoic acids proceeded with only moderate enantioselectivities
that were lower than those obtained under homogeneous orga-
nocatalysis using (DHQD),~-PHAL.*® Notwithstanding, to the
best of our knowledge, materials M1-M4 are the first hetero-
geneous catalysts reported for enantioselective chlorolactoniza-
tion reaction. Once again, the analogous compact materials
M3 and M4 gave lower enantioselectivities than the spherical
materials M1 and M2, indicating that the morphology of the
materials affects their catalytic activity. To further improve the
catalytic properties of the materials, it would be necessary to
prepare these bridged silsesquioxanes in the form of PMOs,
which is, however, a very challenging task.
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