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Abstract Cinchona functionalized mesoporous silica is
synthesized by one pot synthesis method. The main silica
precursor (TEOS) is co-condensed with a cinchonidine
molecule linked organosilane which is renovated by tri-
ethoxy silane moiety at its C11 position to yield cinchona
functionalized silica. The subsequent deposition of Pt
nanoparticles over functionalized silica provides a catalytic
system for the enantioselective hydrogenation of w«-acti-
vated ketone (Orito’s reaction). Thus-developed catalyst
system is found to be enantioselective with an enantiomeric
excess (e.e) of 35.6%.

Keywords Heterogeneous asymmetrical catalysis -
Cinchona functionalized silica - Pt/SiO,-cinchona -
Enantioselective hydrogenation - Orito reaction

1 Introduction

Owing to high surface area and tunable pore size, meso-
porous silica has numerous applications. A series of sig-
nificant efforts have been made to incorporate organic
components into the inorganic silica frame work to achieve
the beneficial properties of the both components to adapt
innovative materials that can be used in catalytic systems,
to tailor materials for separation operations, optical and
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electronic devices and many other applications [1-4]. The
incorporation of functionalities can be achieved in three
ways [5]: by successive attachment of organic components
onto a pure silica matrix (grafting) [6—11], by simultaneous
reaction of condensable inorganic silica species and sily-
lated organic compounds (co-condensation, one-pot syn-
thesis) [12-15], and by the use of bissilylated organic
precursors that lead to periodic mesoporous organosilicas
(PMOs) [16-19]. Using grafting route, a great variety of
organic groups has been incorporated onto the surface of
mesoporous inorganic silica, although usually the incor-
poration efficiency of the organic functionality to the final
material is rather low. The simultaneous co-condensation
(one-pot synthesis) of organoalkoxy silanes and the cor-
responding tetraalkoxy silane precursors have improved the
incorporation of different organic moieties [20].

In the field of heterogeneous catalysis, the heteroge-
neous asymmetric catalysis is of crucial importance as an
ever growing demand of enantiomerically pure compounds
in the field of life and material sciences has amplified the
importance of chiral synthesis [21-24]. Naturally occurring
cinchona alkaloids are classified as privileged chiral cata-
lysts [25], having unique chemical structure which can
induce chirality to plenty of different achiral compounds
and can yield highly pure chiral compounds [26]. The
discovery of cinchona-platinum/support catalyst system for
Orito reaction (Scheme 1) by the Orito’s group [27, 28] has
initiated a series of research work in the field of asym-
metric hydrogenation of a-functionalized activated ketones
and probably the most studied reaction in the field of
asymmetric hydrogenation [24, 29-31]. Regarding to this
kind of reactions, different research groups have been
focused on the role of specific parts of the catalyst systems
i.e., the role of supports [32-35], type of metal and its
dispersity [36—41], the role of cinchona structure [42-46]
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and the working mechanism of cinchonidine (chiral mod-
ifier)-substrate over the Pt surface [47-53].

There have been certain reports about the grafting of
modified cinchona alkaloids over different supports,
including mesoporous silica which has been used in a
variety of reactions [54-57]. Recently our group has
developed a single unit heterogeneous chiral catalyst sys-
tem (Pt/SiO,-cinchonidine) for enantioselective hydroge-
nation of ethyl pyruvate [57] by using grafting route for
direct tethering of cinchonidine molecule to the carboxyl-
ate functionalized SBA-15. There are some motivating
reports about the synthesis of chiral mesostructured
organosilica (ChiMO) which incorporated the chiral
ligands in the silica framework by condensing bissilylated
chiral organic precursor with a silica precursor [20, 58—62].
Herein, we report probably for the first time the synthesis
of cinchona functionalized silica by one pot synthesis
method, renovating a cinchonidine molecule to a silylated
cinchonidine [63] and further co-condensing with a silica
precursor by using cetyl trimethyl ammonium bromide
CTAB as a soft template under basic conditions. Pt nano-
particles are deposited afterwards over thus functionalized
silica to achieve a package of heterogeneous chiral catalyst
system. To our delight, the catalyst system is found to be
enantioselective for the Orito’s reaction.

2 Experimental
2.1 Materials and method
2.1.1 Reagents

All chemicals were of reagent grade and used as received
otherwise mentioned. Cetyl trimethyl ammonium bromide
(CTAB), tetracthyl orthosilicate (TEOS), Diethylamine
(DEA), NaOH, Tetrahydrofuran (THF), triethylamine
(EtzN), toluene (dried using Na metal and diphenyl
ketone), acetic acid, C,HsOH, CH;OH, HCI, formalde-
hyde (37%) were purchased from Shanghai Lingfeng
chemical reagent Co. Ltd; triethoxysilane (EtO3SiH),
cinchonidine 99% and ethyl pyruvate 98% were purchased
from Alfa Aesar. Trimethyl chlorosilane (TMSCI) from
Sinopharm chemical reagent Co. Ltd., H,PtCls.6H,O
solution Karstedt catalyst (platinum-divinyl tetramethyl
disiloxane complex in toluene, 2.1-2.4%Pt) from ABCR
GmbH & Co.
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2.1.2 Synthesis of cinchonidine functionalized silica
by one pot method (CDS-0)

Cinchonidine molecule was modified to create triethoxysilyl
functionality at C11 position (Fig. 1) by a reported method
[63]. Originally, it involves three synthesis steps, first one is
the synthesis of 9-O-(trimethylsilyl) cinchonidine (2 or
CDTMS) and second is the synthesis of 9-O-(trimethylsilyl)-
11-(triethoxysilyl)-10,11-dihydrocinchonidine (3 or CDT-
ESS) and third is the removal of trimethysilyl group from C9
carbon, the last step was intentionally skipped to keep pro-
tecting that C9 chiral position (Scheme 2) which has been
reported as of significant role in the enantioselectivity [42—46].

After having silylated cinchonidine CDTESS (confirmed
by 'H NMR) which is a yellowish amorphous material, it
need to be dissolved in some organic solvent (toluene and
CHCl3) for further condensing with silica source (TEOS)
under basic conditions. CTAB was selected as a soft template
because it is easy to extract from the organosilica framework
as compared to other template i.e., Pluronic P123. We
adapted the synthesis method with some modifications
as reported earlier [20]. In a typical synthesis, 1.5 g
(4.15 mmol) of CTAB was dissolved in 3 g (41.3 mmol) of
DEA and 59 g (3.3 mol) of deionized H,O in a plastic bottle
under magnetic stirring at room temperature for 30 min to
get homogeneous solution. For CDTESS/TEOS weight ratio
as 0.05 (molar ratio CDTESS/TEOS = 0.025),added 5.82 g
(27.9 mmol) TEOS and 0.3 g (0.69 mmol) CDTESS (dis-
solved in either toluene or CHCl;) separately with different
time intervals (0—60 min). It is worth mentioning here that
we carefully observed that TEOS should be pre hydrolyzed

Fig. 1 Cinchonidine molecule with atomic numbering [63]
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Scheme 2 Steps for prior modification of cinchonidine for trieth-
oxysilylated cinchonidine precursor

before the addition of CDTESS to get some ordered struc-
ture. The mixture was further allowed to co-condense under
magnetic stirring for 4 h at room temperature. The resultant
gel was transferred to an autoclave to be aged statically at
100 °C under autogenous pressure for 48 h. After that the
product was filtered, washed with water and ethanol, and
dried to get approximately 2.9 g of pale yellow product. To
get rid of the template CTAB from the organosilica frame-
work and additionally to remove the protecting group at C9
position of the cinchonidine molecule, 1 g of the dried
product was refluxed at 70 °C in 100 mL of CH30H and
1.5 mL. HCI solution for 8 h, the product was filtered,
washed with water and ethanol, and dried to achieve finally
0.8 g of cinchonidine functionalized silica. Thus achieved
product was named as CDS; ,; .-O (time interval for CDT-
ESS addition into prehydrolyzed TEOS solution, CDTESS
wt%), where t and ¢ corresponds to toluene and chloroform
as co-solvent, respectively. The surface and textural prop-
erties were analyzed by XRD and N, sorption analysis and
organic functionality was determined by FTIR, TG/DTA and
CHN elemental analysis.

2.1.3 Pt impregnation over cinchonidine functionalized
silica

The deposition—precipitation (DP) method was employed
for the impregnation of Pt over cinchonidine functionalized

silica (CDS-O) as reported in our previous work [57]. In a
typical method, 250 mg of CDS-O was dispersed in 10 mL
de-ionized H,O, then calculated amount (for 3% Pt load-
ing, 0.5 mL) of H,PtCls.6H,O solution (15 mg/mL) was
added and allowed to stir for 2 h at room temperature.
Adjusted the pH of the mixture to 10—12 with several
drops of 2 M NaOH solution and further stirred for 2 h at
room temperature. After that, 3 mL of HCHO solution
(37%) was added to reduce Pt ions to Pt particles under
refluxing at 100 °C for 1 h till the brownish color appeared,
indicating the formation of Pt particles. The product was
separated through centrifugation, washed 3 times with
de-ionized H,O and dried to achieve Pt/CDS-O catalyst
system for the enantioselective hydrogenation of ethyl
pyruvate (EP). The Pt particle size and its dispersion were
analyzed by TEM.

2.1.4 Enantioselective hydrogenation of ethyl pyruvate

The hydrogenation of ethyl pyruvate was carried out in a
steel reactor equipped with Teflon cylinder and a pressure
gauge as reported earlier [57]. In a typical hydrogenation
reaction, 30 mg of Pt/CDS-O catalyst was added in the
cylinder, to this, 1.5 mL of acetic acid was added as sol-
vent and 75 pL of ethyl pyruvate was used as reactant. H,
gas was purged several times through the cylinder and then
maintained the H, gas pressure (0.1 MPa). The reaction
was continued for 4 h at 25 °C under magnetic stitring.
The product was separated by centrifugation and catalyst
was washed with acetic acid (3 times) for further use. The
enantioselective product was analyzed by GC-FID with
chiral column (CHIRSSIL-DEX CB 25M x 0.25).

2.2 Characterization

X-ray powder diffraction (XRD) patterns were collected on
a BRUKER K D8 FOCUS using Cu Ko radiation
(4 = 1.5404 10\) operated at 40 kV and 40 mA in the 20
range of 0.8-5° at scanning rate of 0.6°/min. Nitrogen
sorption isotherms were measured at 77 k using NOVA
2020e Quantachrome instrument. Each sample was evac-
uated at 120 °C for 8 h. The BET surface area was cal-
culated from the adsorption branches in the relative
pressure range of 0.05-0.20 and the pore volume was
evaluated at a relative pressure of 0.98. The pore diameter
and the pore size distribution were calculated from the
desorption branch using the Barrett—Joyner—Halenda (BJH)
method. The thermogravimetric (TGA) and differential
thermal (DTA) analysis were performed concurrently over
PerkinElmer Pyris Diamond TG/DTA analyzer, the sample
(3-5 mg) was heated in air at a rate of 10 °C/min from 40
to 800 °C. Fourier transform infrared (FTIR) spectroscopy
was carried out on Nicolet Nexus 670 FTIR spectrometer
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with a resolution of 4 cm™', the sample was grinded with
KBr and then pressed to achieve the pellets. '"H NMR
spectra were recorded at 500 MHz on a Bruker AVANCE
500 spectrometer. CHN contents were determined by
Elementar Vario EL III. Transmission electron microscopy
(TEM) was performed on FEI Tecnai 20 S-TWIN operat-
ing at 200 kV. Enantiomeric excess (e.e) for enantiose-
lective product was calculated as e.e.% = {[R — S/
[R + S]}*100 and measured by GC-FID equipped with a
chiral column (CHIRSSIL-DEX CB 25M x 0.25).

3 Results and discussion

3.1 Optimization of the one-pot synthesis step
and surface analysis

For the co-condensation of main silica precursor (TEOS)
and chiral organic silica precursor (CDTESS), firstly we
optimized the hydrolysis time for both TEOS and CDT-
ESS. We observed through experiments that if CDTESS
was hydrolyzed prior to TEOS, a non-ordered or less
ordered product was achieved. Experimentation was done
over the sequence and time of addition of both silica pre-
cursors and consequently product was analyzed by XRD
and N, sorption analysis to find out the proper combina-
tion. CDTESS is an amorphous material and it was a
necessity to homogenize the chiral organic silica source in
a proper organic solvent (co-solvent) prior to co-conden-
sation, toluene and chloroform were selected for that pur-
pose. The resultant product after the condensation was
named as CDS;-O and CDS_-O for toluene and chloroform
when used as co-solvents, respectively. Nature of co-sol-
vent (toluene and chloroform) also affected the surface
properties i.e., pore enlargement and loss of ordered
structure was observed in some cases when toluene was
used. Table 1 summarizes the optimization of the method
by describing the conditions for hydrolysis and its effects

over the surface properties. It is obvious from Table 1 that
when toluene was used as a co-solvent it helps in the
enlargement of the pore size as it worked as micelle
swelling agent [64]. A predictable trend was also being
followed regarding to the orderly structure and the time
interval for the addition of CDTESS solution into main
solution having TEOS and CTAB. In the case, when
CDTESS solution was pre-hydrolyzed 5 min before TEOS
(first entry, Table 1), toluene in the solution may have
interacted the template CTAB micelle which acted as
micelle expander. Afterwards the main silica source TEOS
can undergo co-condensation with CDTESS along with
other TEOS molecules around the expanded CTAB micelle
but not in a very regular fashion and resulted in a non-
ordered structure. Afterwards, we tried reverse sequence
(TEOS pre-hydrolyzed before CDTESS solution) with
different time intervals to achieve an optimum combina-
tion, i.e., a larger pore size and moderately ordered struc-
ture (entry 4, Table 1). We achieved 5% (weight ratio)
cinchonidine functionalized mesoporous silica having
3.25 nm of pore size and moderate ordered structure using
toluene as co-solvent. While in case when CHCl; were
used as co-solvent, no pore enlargement phenomenon was
observed. The pore size contraction phenomenon was
generally observed as we increased the time interval for the
addition of CDTESS solution into the prehydrolyzed TEOS
solution. The possible reason may be the interaction of
co-solvents (toluene or chloroform) with the soft template
which was found to be time interval dependant. From the
above observations, we analyzed that the hydrolysis rate of
CDTESS is higher than that of TEOS and decided to pre-
hydrolyze TEOS before CDTESS. Different time intervals
for the addition of CDTESS solution were experimented
(5, 15, 45 and 60 min) into the pre-hydrolyzed TEOS.
From XRD analysis, all thus synthesized chiral organic
silica samples were of relatively more ordered structure
than those of CDS-O (Fig. 2). A slight contraction in pore
size was observed when CDTESS contents were raised

Table 1 Optimization of

. .. Sample name CDTESS/TEOS Surface structure® Pore size® (nm) Surface
hydrolysis conditions and the . . 2
. (weight ratio) area (m°/g)
surface properties
°CDS-0O (-5, 5%) 0.05 Non ordered 4.1 556.4
CDS;-O (0, 5%) 0.05 Non ordered 3.58 464.3
CDS-O (15, 5%) 0.05 Non ordered 3.25 585.3
CDS-O (30, 5%) 0.05 Ordered 3.25 591.7
4 Surface structure was CDS.-O (5, 5%) 0.05 Ordered 2.83 469.5
determined by XRD CDS.-O (15, 5%) 0.05 Ordered 2.83 545.5
b Pore size and surface area by CDSC—O (45, 5%) 0.05 Ordered 2.81 567.6
N, sorption analysis CDS.-O (45, 7%) 0.07 Ordered 2.76 598.4
¢ DS, ?r.c'o (time interval for CDS.-O (45, 9%) 0.09 Ordered 2.72 580.8
the addition of CDTESS to CDS.-O (60, 5%) 0.05 Ordered 2.99 535.7

prehydrolyzed TEOS)
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Fig. 2 XRD patterns for synthesized cinchona functionalized silica

from 5 to 9%, but the structure still remain ordered (entry
7, Table 1). The degree of ordering lessens with increasing
organic contents (Fig. 2), the XRD peak become more
broaden for CDS.-O (45, 9%) with 9% of CDTESS than
for that of 5% for CDS.-O (45, 5%).

Figure 3 shows the N, sorption analysis for CDS.-O
(30, 5%) (i) and CDS.-O (45, 5%) (ii). Figure 3a represent
the N, sorption isotherms, curves i and ii correspond to
type IV isotherms with characteristic hysteresis loops
corresponding to the cylindrical mesopores [65]. Figure 3a,
curve i for CDS-O (30, 5%) is different in shape because
of toluene (co-solvent) effect. Figure 3b reveals that

narrow pore size distributions were followed by the above
discussed cinchona functionalized silica specimens.

3.2 Organic functionality determination

The ultimate purpose is to functionalize silica with a
cinchonidine molecule, which was achieved by co-con-
densation of the both silica precursors (main silica source
as TEOS and chiral silica source as CDTESS). Scheme 3
represents an artistic view of one pot synthesis route to the
cinchonidine functionalized silica. The presence of organic
functionality over thus synthesized materials is evidenced
by CHN elemental analysis, FTIR and TG/DTA analysis.

5, 7 and 9% (based on initial CDTESS/TEOS weight
ratio) cinchonidine functionalized silica was also synthe-
sized by one pot synthesis method; the results of CHN
analysis are shown in Table 2.

The efficiency of the successful attachment of organic
moiety into silica matrix is estimated (taking N contents as
a reference for cinchonidine) to be more than 75% based on
CHN elemental analysis. Percent efficiency of the method
was calculated by using Eq. (1)

%Efficiency

Final loading determined by CHN analysis < 100
Initial loading '

(1)

Figure 4 shows the FTIR spectra for the as-synthesized
and CTAB extracted sample, CDS.-O (60, 5%). It is
obvious from the spectra that soft template CTAB is
removed from the organic—inorganic hybrid material as
strong C-H stretching (at 2,930 and 2,850 cnf]) and
bending (at 1,470 cm_l) bands are vanished after
extraction. Some kinks can be observed (black curve
Fig. 4) in the stretching and bending C-H band regions
which may corresponds to the built-in cinchonidine in the
organic—inorganic hybrid material.

Fig. 3 N, sorption isotherms (a) 350 - i (b) 3 -
(a) and BJH pore size
distribution (b) for CDS-O (30, 300 |
5%) and CDS.-O (45, 5%) S
~
—~ 250 1 8 21
2 =
] o
L 200 =)
> o —=— CDSt-0(30, 5%)
; 1 A —e— CDSc-0(45, 5%)
150 | —=— CDSt-0(30, 5%) 3
—e—CDSc-0(45, 5%)
100 -
T T T T T 0 T T T
0.0 0.2 0.4 0.6 0.8 1.0 1 10 100
P/Pg Pore size/(nm)
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Scheme 3 Schematic representation of one pot synthesis of cinchona functionalized silica (CDS-O)

Table 2 CHN elemental analysis for cinchona functionalized silicas

Sample name N (%) C (%) H (%)
CDSc-O (45, 5%) 0.42 4.95 1.20
CDSc-O (45, 7%) 0.6 6.42 1.83
CDSc-O (45, 9%) 0.69 7.04 2.04

Further, organic functionality was determined by thermo
gravimetric analysis. Figure 5 shows TG/DTA curves for
CDS.-O (60, 5%). Figure 5a is the as-synthesized CDS.-O
(60, 5%) having directing agent CTAB in its mesoporous
structure, while Fig. 5b shows the TG/DTA curves for CDS.-
0O (60, 5%) free of CTAB and having cinchona functionality.
The weight loss due to CTAB is almost diminishes in the
temperature region of 180-250 °C as clear from the TG curve
of Fig. 5b caused by the removal of template, further weight
loss from 250400 °C is caused by decomposition of CDT-
ESS molecule and was calculated as 3.43% which is in
accordance with that calculated from the CHN elemental
analysis. To confirm the characteristic decomposition of a
CDTESS molecule, Fig. 5d shows the TG/DTA curves for
CDTESS and it is very clear from the TG curve that most of
the CDTESS (more than 70%) molecule is decomposed in the
temperature range of 250—400 °C. Figure 5c presents the TG/
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Fig. 4 FTIR spectra for CDS.-O (60, 5%) as synthesized and after
CTAB extraction

DTA curves for the template free cinchona functionalized
silica CDS-O (45, 9%) with 9% by weight of CDTESS initial
loading. From 250400 °C, the weight loss is 5.11%, which is
also in agreement with the CHN analysis.
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Fig. 6 TEM pictures for CDS-O/Pt

3.3 Catalytic activity

After achieving cinchona functionalized silica, Pt nanopar-
ticles were deposited in/onto the chiral silica to create
conducive environment through which enantioselective

hydrogenation reaction could be carried out. The Pt nano-
particles are distributed among the pore channels not in a very
regular fashion as can be seen from Fig. 6, which cinchona
functionalized silica synthesized by one pot method and fur-
ther deposited by Pt nanoparticles (CDS-O/Pt). It is obvious
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Scheme 4 Model reaction of 0 OH OH
hydrogenation of ethyl pyruvate || /k =
H, /RT B
C (0] 2 :
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Table 3 Catalytic activity test for enantioselective hydrogenation of
ethyl pyruvate

Catalyst system Conversion (%) e.e (%) (R-isomer)

*CDS-O(—15, 5%)/Pt 100 12.6
CDS-0(0, 5%)/Pt 100 17.5
CDS-O(15, 5%)/Pt 100 18.9
CDS,-0(30, 5%)/Pt 100 21.6
CDS.-O(5, 5%)/Pt 100 243
CDS.-O(15, 5%)/Pt 100 29.7
CDS.-0(45, 5%)/Pt 100 31.8
CDS.-0(45, 7%)/Pt 100 35.6
CDS.-0(45, 9%)/Pt 100 35.2
CDS.-0(60, 5%)/Pt 100 34.9

% 3% Pt contents were loaded over the cinchona functionalized silica

Reaction conditions were optimized at: H, pressure = 0.1 MPa,
Temp. = Room temp. (17 °C), Time = 4 h, catalyst = 30 mg, ethyl
pyruvate = 75 pL, acetic acid (solvent) = 1.5 mL

Table 4 Catalyst recyclability

Catalyst Conversion (%) e.e (%) (R isomer)

CDS.-O (45, 7%)/Pt

Fresh 100 35.6
Recycle 1 100 349
Recycle 2 100 36.1
Recycle 3 100 354

that Pt particle distribution is not much harmonized, may be
because of more homogeneity of hydrophobic contents
(CDTESS) within the silica frame work. Asitcan be seen from
Fig. 6 that some of the Pt nanoparticles (~2 nm shown as
encircled) are residing inside the pore channels which may
offer chiral catalytic sites for enantioselective hydrogenation
of ethyl pyruvate (EP) if cinchonidine molecules are available
in its surroundings. While most of the Pt nanoparticles
(>3 nm, larger than pore size) were accumulated onto the
silica surface which may contribute to the racemic product if
there is no chiral modifier (cinchonidine) in the surroundings.

3.3.1 Hydrogenation of ethyl pyruvate
The catalyst system prepared by cinchona functionalization

of silica by one pot method followed by the Pt nanoparti-
cles deposition was tested for a model reaction (Scheme 4)

@ Springer

of enantioselective hydrogenation of ethyl pyruvate. The
results are summarized in Table 3.

The enantioselectivity was determined for two types of
synthesized chiral functionalized silica i.e., CDS-O, CDS.-
O (by one pot method, using toluene and trichloromethane
as co-solvents, respectively). The catalyst system based on
CDS-O/Pt was found to be the least enantioselective
(Table 3, entry 1-4) but with the 100% conversion. The
lower enantioselectivity may be attributed to the poor
surface structure which makes the catalysts system
unproductive. Comparatively, better enantioselectivities
were observed for the catalyst system based on CDS.-O/Pt
ranging from 24.3 to 35.6% of enantiomeric excess (e.e). It
has also been observed that increasing the chiral organic
contents from 5 to 7% (based on initial loadings) favorably
enhances the e.e value (Table 3, entry 8), but further
increase to 9% was found not to be very effective (Table 3,
entry 9). From this, we can say that catalyst system based
on chiral functionalized silica developed by one pot
method and further impregnated by Pt nanoparticles, is
capable of inducing enantioselectivity in the Orito’s
reaction.

Catalyst systems based on cinchona functionalized silica
synthesized by one pot method and subsequently loaded by
Pt nanoparticles were found to be recyclable for at least
three times with slight fluctuations in enantioselectivity as
shown in Table 4.

4 Conclusions

One pot synthesis method was employed for the synthesis
of cinchona functionalized silica. TEOS was co-condensed
with a chiral organic silica precursor (CDTESS) under
basic conditions and using CTAB as soft template. Thus
achieved chiral silica was impregnated by Pt nanoparticles
to get a catalyst system CDS-O/Pt which is capable of
inducing enantioselectivity to the Orito’s reaction.
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