Chapter 3

Asymmetric hydrogenation using a covalently immobilized
Ru-BINOL-AP@MSNSs catalyst




Chapter 3

3.1 Introduction:

Asymmetric reduction of unsaturated compounds presents an excellent opportunity for
introducing stereogenic elements along with new functionalities into the structure of organic
compounds. As a result, this process has become one of the most popular methods of asymmetric
synthesis, and it has been used to prepare a diverse of organic scaffolds of biological interest. It is
notable that, among the methodologies currently available for this purpose, hydrogen-transfer
reduction occupies the second prominent position, followed by asymmetric hydrogenation using
molecular hydrogen.!? Aside from excellent selectivities and yields, most of the literature-reported
methods require a stoichiometric amounts of vulnerable chemicals or the utilization of insecure
hydrogen gas at elevated pressure.® Despite the availability of hydrogen donors (2-propanol), as
well as the fact that it is cost effective, convenient, and need not rely on complicated experimental
setups such as browbeat reactors, the hydrogen-transfer reduction reaction is gaining popularity.*
On the other hand, homogeneous metal catalysts (Ru and Ir complexes) are frequently used for
these chemical reactions.>® Nonetheless, a homogeneous catalyst can generally be recovered and
its products purified using methods such as purification, extraction or centrifugation, but complete
removal is difficult to achieve even with these methods.” Aside from recycling catalysts, catalyst
should also be removed from the reaction mixture at a level of parts per million. The reason these
workups are less suitable for industrial applications is that they are time-consuming, tedious, as

well as energy-consuming.

The chiral binaphthyl plays an important role as an auxiliary chiral component.® There are
various enantioselective catalytic systems based on BINOLs and BINAPs developed by Noyori et
al.” The BINOL-based scaffold has been immobilized by grafting it to organic and inorganic
supports. However, we have been researching the immobilization of chiral BINOL species using
contemporary approach. Furthermore, ruthenium metal hydrides produced by asymmetric transfer
hydrogen (ATH) are highly susceptible to air, making their isolation and reusability extremely

challenging. There have been a number of heterogeneous variants developed to circumvent these

10,11 16-18

problems, including polymers,'®!! carbon-nanotube, !? ionic liquids,'*!> dendrimers, '*!8 inorganic

) 19,20
b

materials (like Fe3O4 nanoparticles or organic/inorganic materials.”'> Most of these systems

require high temperatures, extended reaction times, an uplifted catalyst loading, excess base, and
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a time-consuming recovery process, like filtration or centrifugation. The employment of both
chiral auxiliaries and transition metal catalysts is often rather expensive, which is why silica
supports have been used to immobilize enantioselective catalyst systems to ensure that catalyst
separation and recycling is facilitated.?'">* The use of binaphthyls chirality in silica supports has
been studied and used in asymmetric catalysis in particular.?**> Mesoporous amorphous silica
nanoparticles (MSNs) have proven valuable as supported materials because they can be obtained
in large quantities, possess a large surface-to-volume ratio, are stable at high temperatures and pH,
and can be functionalized in a number of different ways.?¢=C In light of the rising appreciation for
MSNss as promising platforms, the proposed work aimed to develop a state-of-the-art method to
synthesize exceedingly competent and enantioselective system by grafting Ru(IIl) (S) BINOL
moiety onto MSNs. It demonstrated unique activity in stereoselective transfer hydrogenation, with
84.38% conversion and enantioselectivity > 90% for the R-isomer. Adding to the excitement, the
newly synthesized catalyst retains its activity even after undergoing recycling for five consecutive

cycles.
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Scheme 3.1 Synthesis of Mesoporous Silica Nanoparticles MSNs.
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Scheme 3.2 A state-of-the-art pathway for synthesizing Ru-BINOL-AP@MSN:Ss.
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3.2 Experimental Section

3.2.1 Synthesis of mesoporous silica nanoparticles (MSNs)

A previously published method 3! was modified to some extent to synthesize the MCM-41
type of MSNs. 480 ml of distilled water and 3.5 ml of 2 M NaOH solution were intimately mixed
together, Subsequently the addition of 1 g of surfactant (CTAB) and 5 ml of isopropyl alcohol as
a co-surfactant with continuous stirring and then, a homogenous solution was created by gently
heating the mixture. Then, a white slurry was produced by adding 5 ml of TEOS very slowly
(dropwise) while stirring vigorously. The finished product was filtered after two hours, washed
multiple times with CH3OH and distilled water, dried at 70 °C, and then calcined for six hours at
550 °C (Scheme 3.1).

3.2.2 Synthesis of (3-aminopropyl)trimethoxysilane grafted onto MSNs (AP@MSNs)

Using a reported post-synthetic grafting technique®?, an amine-functionalized MSNs was
synthesized. Here in this method, 1.0 g of pre-dried calcinated MSNs were mixed with 10 mL dry
toluene within a round-bottom flask. In an argon atmosphere, the mixture obtained was subjected
to continuous stirring and heated to a reflux temperature for a period of 1 hour. Subsequently, (3-
aminopropyl)trimethoxysilane (5.5 mmol, 1 mL) was carefully added drop by drop to the ongoing
reaction mixture, while maintaining continuous stirring. The reaction was allowed to progress for
a duration of 24 hours. The resulting product was initially subjected to filtration and subsequently
washed multiple times in succession with toluene and acetone. The solid mass that ensued was
then dried in a vacuum oven at 110°C for 6 hours, resulting in the formation of amine-

functionalized MSNss.

3.2.3 Preparation of 2-(methoxymethoxy)-1-(2-(methoxymethoxy)-naphthalen-1-
yDnaphthalene (MMNN)

The title compound was synthesized as per the reported method using S-BINOL as the

starting material.* In the first step, 40% suspension of sodium hydride in mineral oil (1.76 g, 29.5
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mmol) was dispersed in dimethylformamide (DMF) (20 ml) and then mixed in a solution of S-
BINOL (1.20 g, 4.2 mmol) at 0°C. After 1 h of stirring at 0°C, the mixture was then given 1.25 ml
of methoxy methyl chloride (16.65 mmol), and stirred for an further 1 hour at 0°C. The reaction
mixer was maintained for 3 hours at room temperature. This mixture was then cooled with distilled
water and extracted with diethyl ether (60 ml), followed by saturated NaHCO3 and 10% brine
solutions were used to wash the extracted organic layer to get the final product. The compound

was allowed to recrystallize with diethyl ether as a solvent at room temperature.

3.2.4 Synthesis of MMNN grafted onto amine-functionalized MSNs

A suspension containing 1.0 g of amine-functionalized MSNs was prepared in 10 mL of
toluene. This suspension was heated with continuous stirring under an argon atmosphere at its
reflux temperature for 1 hour. Subsequently, while maintaining the same conditions, MMNN (1.0
mmol, 0.37 g) was introduced into the reaction mixture and left to react for 24 hours. Following
the reaction, the product was filtered, subjected to multiple washes with acetone and toluene, and

ultimately dried in an air oven at 120 °C for a period of 6 hours to obtain the final product.

3.2.5 Synthesis of chiral Ru-BINOL-AP@MSNs

S-BINOL-amine-functionalized MSNs (1.0 g) were dispersed in methanol (10 mL) and
heated for 15 minutes with incessant stirring under an inert atmosphere. The reaction mixture was
then treated with RuCl3-3H20 (1.0 mmol, 0.26 g) at a reflux temperature. After the reaction
prolonged for 6 hours, the solid catalyst was then filtered, washed multiple times with methanol

and finally dried at 120°C in a heating oven for 6 hours (Scheme 3.2).

3.2.6 Catalytic Activity

An asymmetric hydrogenation reaction is performed in which the ketone is converted into
an alcohol in an asymmetric manner, which was used to determine the catalytic capacity of Ru-
BINOL-AP@MSNSs. A catalyst (0.05 g), acetophenone (120.15 mg, 1 mmol), KOH (112.20 mg,
2 mmol) and isopropyl alcohol (10 ml) were added to a 50 mL three angled neck round-bottom
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flask (RBF) and stirred continuously for 12 h at 80°C in an argon atmosphere. It was then filtered
to remove the solid catalyst and collected the filtrate. The chiral-phase HPLC was used to
determine the conversion using Chiralpak OJ-H column; n-hexane/ isopropanol (95/05) system.>*
37 Under the optimized conditions, we also catalytically tested other acetophenone derivatives such
as 4-Br acetophenone, 4-Cl acetophenone, 4-MeO acetophenone, 4-OH acetophenone, and 4-NH2

acetophenone under the optimized conditions.

3.3 Results and Discussion

3.3.1 X-ray Diffraction Patterns
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Figure 3.1 XRD patterns (a) MSNs, (b) AP@MSNS, (¢c) BINOL-AP@MSNSs and (d) Ru-BINOL-
AP@MSNSs.
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The XRD measurements were performed in order to ensure that the material obtained has
an ordered structure as well as the presence of ruthenium metal ions. Figure 3.1 presents the
diffractograms recorded for MSNs, AP@MSNs, BINOL-AP@MSNs, and Ru-BINOL-
AP@MSNs compounds. There were three peaks exhibited in the XRD pattern of MSNs at 20 =
38.4°,42.2°, and 44.1° corresponding to the planes (1 0 0), (2 0 0), and (1 0 1), respectively. The
XRD pattern of Ru-BINOL-AP@MSNs confirmed the presence of Ru as low intensity peak at 26
=40.3°. This indicates the mesoporous materials have a high crystallinity and hexagonally ordered
pores. Functionalization, and thus a subside in the uniformity of the hexagonal mesostructure, may
be the cause of the disappearance of XRD peaks in subsequent compounds. In comparison to
MSNs, the XRD pattern for Ru metal in silica has a lower intensity, which indicates that the
catalyst preparation process involved a lower loading of the metal ion precursor. When the XRD
data of neat MSNs, AP@MSNs, and BINOL-AP@MSNs with Ru doped Ru-BINOL-AP@MSNs
catalyst were compared, all samples displayed a characteristic wide peak spanning from 15° to
30°, indicative of amorphous silica, a finding that aligns well with the results from HRTEM

analysis. ¥4

3.3.2 Scanning electron microscopy

Particle Size (nm)

Figure 3.2 FESEM images of (a) MSNs (b) Ru-BINOL-AP@MSNs and (c¢) Histogram graph of
MSNS.

Figures 3.2 (a) and (b) depict FESEM images of as-synthesized MSNs and Ru-BINOL-
AP@MSNS, respectively. The SEM images of MSNs and Ru-BINOL-AP@MSNs were compared
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to the initial support to ascertain the size and shape of the catalyst. A mono-dispersed spherical
particle morphology was observed in the first sample, with particle sizes between 160 and 230 nm.
Using Image] software, the average size of MSNs was determined to be 200+5 nm, as depicted in
Figures 3.2 (c¢). The spherical morphology of the MSNs has been preserved, in accordance with
the XRD analysis, as shown in Figures 3.2 (a) and (b), which show both samples have a spherical

morphology with a mean diameter below 230 nm. This indicates functionalization did not

41,42

significantly alter the shape and size of nanoparticles.

3.3.3 Transmission electron microscopy

Figure 3.3 HRTEM pictures of (a) MSNs (b) Ru-BINOL-AP@MSNSs.

The mesoporous structure of MSNs was characterized using transmission electron
microscopy (TEM). Typical micrographs of the as-synthesized compounds are shown in Figures
3.3. As shown in Figure 3.3 (a), mesoporous silica exhibited an array of highly ordered hexagonal
pores with typical MSNs properties. The macroscopic hexagonal features of these materials are

very consistent with their mesoscopic hexagonal structural units, suggesting that they were formed
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by stacking silicate micelles rather than through sol-gel phase transformation. As shown Figure
3.3 (b), the organic scaffold was incorporated into the MSNs matrix in situ without altering the
hexagonal pore orders. Selected Area Electron Diffraction (SAED) was employed for both MSNs
and Ru-BINOL-AP@MSNSs to assess their crystallinity. The SAED analysis on the ensemble of
individual particles revealed diffused spots characteristic of amorphous materials, providing
further confirmation of the amorphous nature of the silica. Through TEM, the morphologies and
microstructures of the obtained MSNs samples can be clearly revealed, where nanosized particles

can be reliably observed as elongated or near spheres.*’

3.3.4 X-ray Photo electronic spectroscopy
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Figure 3.4 XPS spectra of Ru-BINOL-AP@MSN:ss: (a) survey spectra (b) Ru 3p, (¢) N 1s and (d)
C Is.
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The X-ray photoelectron spectroscopy (XPS) was used to both determine the Ruthenium
oxidation state and to confirm the organic moiety immobilization onto the MSNs matrix. An XPS
analysis of Ru-BINOL-AP@MSNs containing survey spectra is shown in Figure 3.4 (a),
illustrating the presence of C, N, O, and Ru elements onto the surface of the catalyst. The binding
energy of Ru 3ds; overlayed with that of C 1s, requiring the deconvolution of the XPS Ru 3p3.2
profile to distinguish Ru species. According to Figure 3.4 (b), the binding energies of Ru 3p for
Ru-BINOL-AP@MSNs are 462.7 and 484.3 eV for 3ps2 and 3pi2 of Ru, respectively. This
indicates that Ru(+3) ions have been reduced completely to Ru(0). Contrarily, the N 1s spectrum
(Figure 3.4 (¢)) is deconvoluted into three peaks that are observed at energies that accord with the
C-N-C, N-(C)3, and C-N-H bonds, respectively, at 398.5 eV, 400.0 eV, and 401.2 eV. Besides, the
existence of chemically diverse carbons in the high-resolution C 1s XPS spectrum (Figure 3.4 (d))
validates the grafting of BINOL onto MSNs.*#7 Moreover, ICP-AES analysis data exhibits a

weight percentage of Ru of 10.10%, which is consistent with XPS measurements.*3

3.3.5 FTIR spectra
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Figure 3.5 FTIR spectra of (a) MSNs, (b) AP@MSNSs, (¢) BINOL-AP@MSNs and (d) Ru-
BINOL-AP@MSNS.
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FTIR spectra of MSNs, AP@MSNs, BINOL-AP@MSNs and, Ru-BINOL-AP@MSNs are
presented in Figure 3.5. The FTIR spectra of heterogenized systems, namely AP@MSNs, BINOL-
AP@MSNs and, Ru-BINOL-AP@MSN:Ss, are consistent with the predicted chemical structure of
the organic scaffolds (Figure 3.5). In addition, in contrast to the spectra of MSNs, a couple of new
peaks in the FTIR spectra of heterogenized systems were seen at ~2935 (C-H stretching
vibrations), ~1630 (C-N vibration), and ~1470 (C-C stretching vibration) cm™!, indicating the
establishment of the hybrid organic-inorganic systems. Additionally, silanol capping with a
trimethylsilyl group (TMS) on siliceous supports resulted in a substantial reduction in the free Si-
OH stretching band observed at around 3400 cm™' in the FTIR spectra of AP@MSNs, BINOL-
AP@MSNs, and Ru-BINOL-AP@MSNs (Figure 3.5 (b-d)). A reduction in relative intensity of
peaks at 3475 cm™! and 3382 cm ™! was observed after BINOL and anchoring of Ru metal ions onto
MSNs, and the characteristic band (due to -NH bending vibration) observed at 1634 cm™! was
found to disappear, indicating the formation of a C—N bond after BINOL and anchoring of Ru

metal ions.**!

3.3.6 3C CP MAS NMR spectra
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Figure 3.6 1*C CP MAS NMR spectrum of Ru-BINOL-AP@MSNS.
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13C CP MAS spectrum of Ru-BINOL-AP@MSNs, shown in Figure 3.6, exhibits peaks at
63, 41, 28, and 9 ppm due to MAPTES surface modification, 120-155 ppm for aromatic carbons
from (S)-BINOL's naphthyl groups, and 170 ppm (CH2-NH group), which shows that BINOL was

successfully attached to silica.>

3.3.7 BET analysis
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Figure 3.7 (A) N2 adsorption— desorption isotherms of (a) MSNs, (b) AP@MSNs, (¢) BINOL-
AP@MSNs and (d) Ru-BINOL-AP@MSNSs; (B) BJH pore size distributions of (a) MSNSs, (b)
AP@MSNSs, (¢) BINOL-AP@MSNSs and (d) Ru-BINOL-AP@MSNS.
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Table 3.1 Textural parameters of catalysts and catalyst precursors

Sample Surfazce_1 Pore - Ayerage pore
area/m* g volume/cm” g diameter/nm
MSNs 1048.32 0.91 6.2
AP@MSNs 106.31 0.82 5.2
BINOL-AP@MSNs 101.3 0.58 2.9
Ru-BINOL-AP@MSNs 89.02 0.38 2.6

Figure 3.7(A) shows N2 adsorption-desorption isotherms and pore size distribution curves
of MSNs, AP@MSNs, BINOL-AP@MSNs, and Ru-BINOL-AP@MSNSs. A revocable type IV
adsorption-desorption isotherm was observed in the neat siliceous MSNs, which is typical of
mesoporous materials. The neat siliceous MSNs had a specific BET surface area of 1048 m? g!
(Table 3.1). The isotherms of functionalized MSNs, such as AP@MSNs, BINOL-AP@MSNSs, and
Ru-BINOL-AP@MSNs, on the other hand, displayed a lower N2 uptake, indicating a reduction in
specific surface area and pore volume (Table 3.1). Furthermore, the p/po coordinate of the
inflection point and the capillary condensation step height both decreased, indicating organic
species grafting at the internal silica surface altered the pore size distributions in these materials

(Figure 3.7(B)).>?
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3.3.8 Thermogravimetric study
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Figure 3.8 TGA curves of (a) MSNs, (b) AP@MSNs, (¢) BINOL-AP@MSNs and, (d) Ru-
BINOL-AP@MSNS.

The TGA curves of neat MSNs, AP@MSNs, BINOL-AP@MSNs, and Ru-BINOL-
AP@MSNSs are shown in Figure 3.8. According to Figure 3.8, neat MSNs showed only one step
of degradation (up to 300 °C) with an observed mass loss of 9.82%, which might be due to
desorption of the physiosorbed water and dehydroxylation of the surface silanol groups present on
MSNs. AP@MSNs and BINOL-AP@MSNSs, on the other hand, demonstrated two consecutive
weight losses, one at temperatures below 300 °C and the other at above 300 °C. The decomposition
of aminopropyl silane groups resulted in an additional 10.27% weight loss (above 300°C) in

AP@MSNs as compared to MSNs after accounting for the weight loss that is associated with the
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dehydroxylation of some residual silanol groups (below 300°C). Furthermore, BINOL-
AP@MSNs showed 10.1% weight loss, which might be due to BINOL-AP organic scaffolds.
Decomposition of the Ru-BINOL-AP@MSNs occurs in three distinct steps. Lattice water
molecules are lost in the first step, which occurs in the temperature range of 50 to 140 °C, where
a mass loss of 10.38% was observed. A second stage occurs between 140 and 300 °C with a mass
loss of 4.06% observed. This is most likely due to the decomposition of one water molecule and
one chloride ion coordinated to ruthenium metal ion. With heating; the decomposition of the
aminopropyl and BINOL based organic scaffolds was followed. It was assumed that the third
stage, which takes place in the temperature range 300—-600°C, corresponds to the breakdown of
the aminopropyl and BINOL-based organic scaffolds. After calculating the weight loss (obs.

8.95%) resulting from organic scaffold degradation above 300°C. 32734

3.4 Catalytic activity

In this work, we looked into the potential of Ru-BINOL-AP@MSNs an archetypal catalyst
for asymmetric hydrogenation reaction (Scheme 3.3). 10 mL of 2-propanol acting as both a solvent
and a source of hydrogen was mixed with 1 mmol substrate and 0.05g of catalyst (Ru-BINOL-
AP@MSNs) in a 50 mL reaction vessel. Employing acetophenone as a representative substrate,
optimal reaction conditions for transfer hydrogenation reaction were determined. It was evident
that 80°C temperature was imperative for improving yield with KOH as the base, however, a
reduction in yield was observed with less than 2 mmol of the base injected. In addition, Ru-
BINOL-AP@MSNs without base, as well as without either catalyst or base, or both, failed to yield
any product. Acetophenone in isopropyl alcohol (IPA) underwent asymmetric transfer

hydrogenation in just 12 hours, producing 84.38% of 1-phenyl ethanol with a 90.80% ee.

HO
Ru-BINOL-AP@MSNs

Y

Scheme 3.3 Asymmetric transfer hydrogenation reaction catalyzed by Ru-BINOL-AP@MSNs
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3.4.1 Acetophenone derivatives

Moreover, other acetophenone derivatives have also been tested over Ru-BINOL-
AP@MSNSs catalyst under optimized conditions as shown in Table 3.2. Both electron-withdrawing
groups (4-bromoacetophenone and 4-chloroacetophenone) and electron-donating groups (4-
methoxyacetophenone, 4-hydroxyacetophenone, and 4-aminoacetophenone) can be successfully

hydrogenated to produce high yields and enantioselectivities for the corresponding alcohols.

Table 3.2 Different types of acetophenone derivatives, the % conversion and excess of enantiomer

(ee) catalyzed by Ru-BINOL-AP@MSNs in the asymmetric hydrogenation reaction

Entry Substrates(R) Conversion(%) ? ee (%)°
1 4-Br acetophenone 84 92
2 4-C] acetophenone 83 87
3 4-OMe acetophenone 80 86
4 4-OH acetophenone 76 83
4 4-NH, acetophenone 74 81

2 Conversion Determined by normal HPLC analysis. ®ee Determined
by chiral-phase HPLC analysis (Chiralpak OJ-H)

3.4.2 Recyclability test

For asymmetric transfer hydrogenation, we have performed a recyclability test on the Ru-
BINOL-AP@MSNSs catalyst to demonstrate its heterogeneous nature and their results are shown
in Table 3.3 and depicted in Figure 3.9. The catalyst Ru-BINOL-AP@MSNs can be quantitatively
recovered by filtration during a catalytic recyclability test, but the product can be isolated from the
reaction mixture by extraction with diethyl ether, producing a clean product without the need for

additional purification. Additionally, Ru-BINOL-AP@MSNSs catalyst recyclability was examined
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in 5 runs, yields gradually declining after the third run despite consistently high enantioselectivities

(Table 3.3).

Table 3.3 Recyclability test of the asymmetric hydrogenation reaction catalyzed by Ru-BINOL-
AP@MSNSs.

Consecutive runs Conversion Excess enantiomer (ee)
(Reuse) (%o)a) (%)]
0 84 91
1 83 86
2 80 85
3 75 84
4 72 82

2 Conversion Determined by normal HPLC analysis. °ee Determined
by chiral-phase HPLC analysis (Chiralpak OJ-H)

Reaction condition: Acetophenone (1 mmol), IPA (10 mL), Ru-BINOL-AP@MSNs (0.05
g), 80 °C, 12 h.
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Figure 3.9 Recyclability test of Ru-BINOL-AP@MSNSs catalyst over asymmetric hydrogenation

reaction
3.5 Conclusions

This study presents a state-of-the-art pathway for the design of chiral Ru-BINOL
functionalized mesoporous silica nanoparticles, Ru-BINOL-AP@MSNs, without the need for any
protecting or deprotecting steps, which were competently corroborated through various analytical
techniques. This hybrid catalyst, which was demonstrated to be stable and efficient, was used for
asymmetric hydrogenation in isopropyl alcohol (IPA). Additionally, Ru-BINOL-AP@MSNs
catalyst could be recycled and reused at least five more times without significantly losing its
effectiveness. The Ru-BINOL-AP@MSNs catalyst has been found to have the following
advantages: high yields of product, low catalyst requirement, easy workup, simple methodology,
and reusability without significant loss of activity. By employing this potent technique, we aim to
develop more sturdy, multifaceted, stereoselective, and recyclable chiral BINOL-based

organocatalysts for asymmetric organic transformations.
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