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ABSTRACT OF THE DISSERTATION

A New Synthetic Approach for Construction Acid-Base Heterogeneous Tandem
Catalysts

by

Tianyi Yu

Doctor of Philosophy, Graduate Program in Chemistry
University of California, Riverside, December 2020
Dr. Francisco Zaera, Chairperson

The aim of this thesis proposed here is to design a novel, universal route of constructing a
solid-phase catalytic system, which presents an acid-base multifunctional property. Such
a catalytic system is capable of selectively promoting multiple one-pot tandem reac-
tions(e.g. Deacetalization-Henry reaction, Cyano-Ethoxycarbonylation reaction...... ).
The heterogeneous systems we utilized to perform tandem reactions would be chemically
incompatible if carried out in solution or in multiple separate stages. A commercially
available mesoporous silica, SBA-15, was used as support in this thesis and the spatial
separation of two functional groups was achieved using known grafting chemistry fol-
lowed by Ultra-violet/Ozonolysis treatment (Uv/O3).

In the second chapter, a combination of simplest base, amino group (NH>-), and sulfonic
acid (HSOz-) group was grafted onto commercial mesoporous SBA-15. The resulting cat-

alyst was investigated by multiple characterization methods such as solid-state *C, 2Si



cross-polarization magic-angle spinning (CP/MAS) NMR, Fourier-transform infrared
spectrometer, and N2 adsorption—desorption isotherms. Those data indicated both func-
tional groups were successfully tethered onto SBA15 and original mesoporous structure
was maintained well.

Monitored by Gas-Chromatograph, the catalytic performance for a series of NH2-HSOs-
SBAI15 catalyst was examined in the second Chapter via Deacetalization-Henry reaction.
Physical mixture and mono-functionalized catalysts (NH. grafted SBA-15 and HSO3
grafted SBA-15) were tested as comparison groups as well. The result further confirmed
the successfully grafting work of combining and separating both acid and base onto one
support.

The third chapter deals with a new acid-base system, a phosphonic acid-cinchonidine bi-
functional catalyst. Besides all techniques previously applied, solid state 3'P cross-
polarization magic-angle spinning (CP/MAS) NMR and CNS Flash elemental analysis
were further introduced to characterize those more complicated parts. A bimodal-shaped
pore size also revealed that Uv/ozonolysis process was slow but tunable by controlling
the treatment length.

Due to new functionalities introduced by grafting cinchonidine group, the new system
was further capable of a couple of new reactions. Three reactions were then successfully
tested: Deacetalization-Henry cascade reaction, Cyano-Ethoxycarbonylation reaction, and
1,4-addition of thiols to cylic enones. The result confirmed the successful construction
work of grafting new acid and base groups. However, a loss in enantioselectivity has

been observed here. It may cause by the non-chirality of tethered acid sites.
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Chapter 1: Introduction: Hybrid Organic-Inorganic Materials and
Multifunctional Heterogeneous catalysts

The increasing of energy demands nowadays lead scientist to the area of “Green Chemis-
try”. As the report from the International Energy Agency in 2013 shown, in the chemicals
sector energy consumption would increase from 42 exajoules (EJ) in 2010 to 85 EJ in
2050.1 Anyway, improvements in catalysis and related field could significantly reduce
energy intensity for these products by 20% to 40% as a whole by 2050, as much as 13 EJ.
Besides, the reduction of the environmentally deleterious effects in such processes ac-
complished by multistep, single-vessel catalysis cannot be discounted which is mostly
caused by excess use of solvents during purification steps. Ideally, even if such processes
require multiply steps, those syntheses should also be done with one catalytic system and
in one-pot. By introducing such a combined system, people will reduce the isolation and
purification step required which leads to not only less waste produced and less use of sol-
vent, but also a significant amount of energy saving because of the elimination of heat-
based process(i.e., evaporation, recrystallization....).2

How to design such a multifunctional system, especially when the concepts of green
chemistry are involved, becomes a critical problem to scientists. Unfortunately, combin-
ing catalytic functional groups in solution is often limited by chemical incompatibilities
between different components, such as one of the most common pairs, acid and base. Be-
sides, other problems like separation and recycle of catalyst are also inevitable for
homogenous bifunctional catalysts. In this project, we will mainly focus on the construc-

tion of heterogenous catalysts.



1.1 Homogenous Multifunctional catalysts

Although coupling two functional groups is often hard for homogenous catalysts because
of their chemical incompatibilities. There are still many examples in this part. One of the
most well-known examples of homogenous multifunctional catalysts is enzyme.® The
spatial poisoning of cooperating functional groups is hindered by enzyme’s unique flexi-
ble backbone. Despite that, researchers have also successfully prepared many other
homogenous catalysts in the last decades. The synthesis of proline-based aminoboronic
acids, homoboroproline, has been reported by Whiting et al.*> Homoboroproline exhib-
ited good conversion and high e.e. for enamine-mediated aldol reaction in DMF. Besides,
as a commercially available chemical, PBAM can promote the enantioselective synthesis
of B-amino-a-bromo nitroalkanes with B-alkyl substituents via homogeneous catalysis,®
as shown in Figure 1.1. In other cases, metal complexes (such as In(I11) complexes,’
Ru(111) complexes®®...) and urea/thiolureal®!! showed their bifunctionalities as well.
However, the difficulties still lie in the controllable separation between each group. And,
similar to regular homogenous catalysts, extra separation steps required at the end of re-

action and recyclability are also inevitable issues for this kind of bifunctional catalysts.
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Figure 1.1 Homogeneous acid-base bifunctional chiral organocatalysts, PBAM and its derivatives.®



1.2 Heterogeneous Multifunctional catalysts without structural
optimized

In the construction of heterogeneous multifunctional catalysts, silica and silica-alumina
have been largely employed due to their large surface area and functionalizable sites. One
of the simplest ways to obtain multifunctional catalysts has been by immobilizing spe-
cific species on those supports by impregnation or chemical-adsorption methods.

Corriu et al.*? and Davis et al.'® have prepared bifunctionalized heterogeneous catalysts
via a “co-polymerization”(or co-condensation) approach. In these cases, tetraethylortho-
silicate (TEOS) and different(usually two or more than two) types of organotrialkoxy-
silane RSi(OR’)3, which serve as functional precursors, will be mixed in the presence of a
structure-directing regent. It generates a large number of multifunctional and versatile
heterogeneous catalysts and allows a well-controlled loading of each groups.'* In Figure
1.2, an acetylacetonate(acac) and thiol groups bifunctionalized SBA-15 can be obtained
by the addition of acetylacetonate precursor and thiol precursor during the preparation of
this mesoporous organosilica.

Besides, Katz et al.!® and Corma et al.1® have reported another more commonly used
route which is usually called “post-synthesis”. Different from the co-polymerization ap-
proach, specific groups will be grafted onto plain support. However, due to several
factors like diffusion of each regent through the pore tunnels and residual surface silanol
sites, it is hard to control the distribution of functionalized sites directly.!” Some authors
also combined both approaches rather than employed only co-condensation or post syn-
thesis.181920 Kan et al. have reported such a “hybrid” synthetic route for constructing

bifunctional MCM-41. They first prepared a sulfonic acid modified MCM-41 via co-



polymerization approach, then organic amine functional groups were SOsH-MCM-41
surfaces to gain bifunctional MCM-41, as shown in Figure 1.3. This “hybrid” bifunc-
tional MCM-41 exhibited better catalytic activities for one-pot cascade reactions when
comparing with bifunctional MCM-41 synthesized via co-condensation method.

The cooperative effect usually improves catalytic performance due to the presence of un-
tethered free silanol groups, the co-exist of different functional groups as well as
improved accessibility and stability brought from porous support. However, the poor
structuration designation usually causes an absence of shape selectivity and makes those
kinds of catalysts hard to avoid the undesired neutralization(quenching) between immobi-
lized basic groups and close acidic sites, which can limit, sometimes, their application in

practical reactions.

05 (Et0)Si7 " acac

6 TEOS + and —— cach

SH
05 (EtO)Si” " sH 7

SBA'*-acac,SH

Figure 1.2 Preparation of bifunctional material SBA—acac, SH by co-polymerization.?
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Figure 1.3 Bifunctional material synthesized by utilizing both co-polymerization and post-synthesis
methdologies.?



1.3 Heterogeneous Multifunctional catalysts with optimized structure
Another important reason for choosing a heterogeneous platform instead of a homogene-
ous one is to achieve an optimized structure, in other words, spatial separated catalytic
functionalities. This may be required to avoid chemical incompatibilities, and it may also
be desirable to add directionality to the way the reaction mixture is exposed to the indi-
vidual catalytic functionalities in tandem catalysis, which are quite hard for homogeneous
catalysts since molecules will constantly diffuse in solution.

One strategy is to incorporate one functionality into the framework and another will be
immobilized to the surface. During the preparation of Periodic Mesoporous Organosilicas
(PMOs), functionalized disilanes are often added as a silica source for the synthesis of
supports.?t Ozin et al. prepared vinyl-ethylene contained bifunctional periodic mesopo-
rous organosilicas(BPMOSs) by incorporating bridge-bonded ethylene groups into the
frameworks and terminally-bonded vinyl groups on pore channels.?? Corriu et al.?2*
have synthesized several optimized structural bifunctional catalysts with their home-
made disilanes. They successfully prepared a catalyst that immobilizes amino groups in
pore tunnel and sulfonic fragments in its framework. Moreover, materials that compro-
mise chelating groups in frameworks and reactive functional groups in pore channels are
also synthesized. Other works with different supports and functionalities are widely re-
ported, showing multiple potential applications of this approach.>2627

Another methodology to spatial separated catalytic functionalities depends on well-de-
signed structures and optimized synthesis procedures. Yang et al. described the

preparation of bifunctional Yolk—Shell Nanoreactors(Y SNs) with basic sites located on



the core and acidic on its shell and displayed great performance in Deacetalization—Henry
cascade reaction(Figure 1.4).28 Initially, a spherical basic silica core was made and
coated with a silica layer. Then sulfonic groups were grafted on the silica layer and this
layer was finally selectively etched to create a yolk-shell nanostructure. Song et al. also
fabricated an acid-base functionalized core-shell mesoporous silica with acid core and
basic shell.?® Compared with the first approach, structural-design approaches usually
avoid the preparation of costly, sophisticated disilane precursors or other specific organic
linkers but more works need to be taken into account at the synthesis designing

Stage 30,31,32

Coated with ¢

a silica layer

Organosilane-assisted

selective etching

Figure 1.4 General procedure for the synthesis of bifunctional Yolk—Shell Nanoreactors with basic sites in
the core and thiol groups on the shell.?®



1.4 Other multifunctional catalysts

Recently, another synthesis methodology has been reported by employing layered silica
and use interlayer organic “pillars” to covalently connect each monolayer. The intrinsic
lamellar organization enables this class of material for ion-exchange purpose and for ob-
taining exfoliated and pillared material with multiple catalytic applications.33

Corma et al. have successfully synthesized acid-base hybrid materials via one-step hydro-
thermal process as shown in Figure 1.5.3* They formed isolated aluminosilicate sheets
with both amino and sulfonic groups distributed between each individual layers and this
material showed good catalytic performance and recyclability as an acid-base bifunc-
tional catalyst for one-pot cascade Deacetalization-Knoevenagel reaction, showing the

beneficial cohabitation between acid and base sites.

~~NHz
NaAlO,, NaOH, H,0
+ ’=  and/or
R—scove, |- \-SH
+
rSi(OEt)s Rz Me (TEMS)

Figure 1.5 General procedure for the synthesis of bifunctional acid—base monolayered hybrid catalysts.>*



1.5 Mesoporous materials

Mesoporous materials possess the advantages of both microporous and macroporous ma-
terials, showing highly hydrothermal and mechanical stability, offering large pore
volumes (~1 cm®/g) and surface areas (~600 m?/g), and displaying well-defined pore
structures with diameters in the 5-20 nm range. This pore structure property is critical to
the needs of our proposed work because it affords easy access to large molecules, some-
thing that would be much more limited with other crystalline porous materials such as
zeolites or metal-organic frameworks (MOFs).

A good number of well-known mesoporous materials can be used for our applications,
from which we will choose to start with SBA-15% on the account of its simplicity; SBA-
15 displays hexagonal one-dimensional pores with well-defined uniform diameters, on
the order of a few nanometers. A typical transmission electron microscopy (TEM) image
of a SBA-15 solid prepared in our laboratory is shown in Figure 1.6. Another advantage
of choosing SBA-15 is it can be made in house when the overall synthetic strategy re-
quires the use of the templating agents as blocking elements to prevent deposition inside
the pores but also is available commercially. In order to design a universal methodology,
the commercial pristine SBA-15 will be selected as support to immobilize functional spe-

cies in this thesis.

10



Figure 1.6 Transmission electron microscopy (TEM) images of SBA-15. This image highlights the well-
defined nature of the pores in SBA-15. it has a simple hexagonal 1-D structure with parallel pores of about
7 nm in diameter.

11



1.6 Tethering chemistry

In this thesis, the molecular functionalities will be tethered onto our solid support, SBA15
(a channel-shaped mesoporous silica), to produce all-heterogeneous catalytic systems.
The tethering of specific species to surfaces, to oxides in particular, has been greatly fa-
cilitated by the development of so-called “click™ chemistry in which the desired
molecules are attached via the use of an intermediate linking agent. Since silica is used as
our support, it provides a large number of surface silanol sites that are capable for chemi-
cal anchoring through hydrolysis process. Here, we have honed in on an approach for
covalent molecular tethering using well-known alkyltriethoxysilane (R-TEOS) link-
ers.3637:383 This is a powerful and versatile procedure, as the functionalized monosilanes
can be easily synthesized with many terminal groups, affording multiple ways to add the
molecular functionalities of interest to the solid. Our group has also successfully prepared
a cinchonidine tethered silica by lab-made cinchonidine functionalized silane as shown in
Figure 1.7.%0 Moreover, the nature of the catalytic functionality is controllable by chang-
ing the length and properties of the link 384142 For example, Lin et al. have reported that
supported organic groups with longer hydrophobic chains, containing alkyl, ureido, or
mercapto groups, generate hybrid catalysts with better performance in Henry reaction due
to the formation of a surface-bound hydrophobic layer.**** More details of the tethering

approach applied will be described in each chapter.

12



Cinchona Anchoring
IR Absorption Spectra

Jos

Cinchonidine (Cd)

[

Q

8

£ 3-Isocyanatopropyltriethoxysilane

£

2 (ICPTEOS)

e

'—
Cd-TEOSPC
Cd-PC-SiO,

1000 2000 3000

Wavenumber / cm™!

W\

N N Cd-PC-SiO,

/ ICPTEOS 2

Sl
~OEt
E O’ OEt

P4

PRl

V

U

. (0]
(EtO)3Si
3 /\/\H/[ko H

Cd-TEOSPC

Figure 1.7 Schematic representation of the strategy for the tethering of cinchonidine (Cd) on high-surface-
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1.7 Goals for this Thesis

In this thesis, a new approach for constructing acid-base tandem heterogeneous catalyst
will be displayed. Those bifunctional catalysts designed should be capable of promoting
organic conversions requiring multiple selective steps (i.e. a cascade reaction or domino
reaction) in one pot owing to multiple molecular catalytic functionalities anchored. Other
advantages for example an easier recycling use are also expected to see due to its hetero-
geneous character.

What more significant is, this methodology could be further used as a protocol for con-
structing such tandem catalysts on a silanol-contained platform with spatial isolation
since both the Uv/ozonolysis removal process and “click” chemistry accomplished via an
R-TEOS link are quite universal strategies, should not be limited to a small range of func-

tional moiety.
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Chapter 2: Construction of  1st-Generation  Acid-Base
Heterogeneous Tandem Catalysts with Amine and Sulfonic Acid

In this chapter, a synthetic procedure was developed to prepare dual acid—base catalysts
on a single platform. Mesoporous SBA-15 was derivatized using known grafting chemis-
try via the following steps:

(1) addition of Boc-protected 3-aminopropyltriethoxysilane;

(2) controlled use of UV/ozonolysis to selectively remove the exterior groups;

(3) decoration of the exterior sites freed in Step 2 with 3-mercaptopropyltriethoxysilane;
(4) selective oxidation of the mercaptan groups to sulfonic acid;

(5) pyrolytic deprotection of the amine.

The resulting catalysts contain sulfonic acid functionality on the external surfaces and en-
trance of the pores and amino groups deep inside those pores, at coverage ratios that can
be controlled by tuning the exposure time during the UV/ozonolysis step. The samples
were fully characterized by 3C and 2°Si solid-state NMR, infrared absorption spectros-
copy, acid—base titrations, and N2 adsorption isotherms measurements, and they were
successfully tested for the promotion of a cascade Henry reaction. Optimum performance

was seen with the catalyst having an overall 1:2 acid: base molar ratio.
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2.1 Introduction

The design of tandem catalyst applied in a cascade process is attracting people’s interest
since such a combined system could significantly reduce the reactor required, even if that
synthesis requires multiple steps. Such reduced systems also lead to a less the number of
isolation and purification steps required.! In other words, Those reduced steps could lead
to a large save in energy which is mostly due to the elimination of extra heat-based pro-
cessing such as evaporation, distillation, recrystallization, etc. A huge reduction in waste
generation, which mostly comes from the extra solvent used during those separation
steps, will be found this way. Unfortunately, combining catalytic functionalities such as
acids and bases in solution is often limited by chemical incompatibilities between the
functional components.

A couple of strategies can be followed to prevent chemical incompatibility. First of all,
mechanical control is a good way to physically separate incompatible components in each
step.2® With specifically designated equipment, such as specific flow designs and physi-
cally separated catalysts, incompatible components will undergo their specific step
individually( i.e. different time and temperature) and sequentially.?? However, one of the
drawbacks of this approach is the transfer issues for some unstable intermediates from
one step to the next step. Besides, our group has also found amine-derivatized titania na-
noparticles deactivate separate Au/TiO> catalysts if both are mixed in the same solution,
which suggests solid catalysts may still interfere with each other. Second is to design a
cascade reaction process, in which at least two consecutive reactions are performed with-

out the need for isolation.*® In this way, catalysts need to be chosen orthogonal to each

19



step to minimize by-product.™ This is a valuable approach, but it is one that is somewnhat
restrictive and that may not be implementable in some cases, especially if specific selec-
tive and irreplaceable steps are required in complex synthetic schemes.

Third, the Construction of heterogeneous tandem catalysts the creation of heterogeneous
systems seems to be a better approach. It maintains the functionalities of each individual
catalytic motifs by spatial separation. Reported examples of this approach include the se-
lective construction of polymer scaffolds with variable catalytic functionalities,® the
attachment of catalysts to resins® or multi-functional grafting to Cellulose nanocrystals
(CNCs).! There are many recent citations of heterogeneous tandem and cascade catalysis
in the literature that follow this third approach, many involving acid—base combined
chemistry.!1226 Choosing good support with both good stability and high surface area is
important in this case. The other problem is the difficulty in designing heterogeneous tan-
dem catalysts synthetic strategy due to the incompatibility of each moiety. Literature
mentioned above have reported different and interesting synthetic methodologies for the
addition of the several desired functionalities to a porous solid, but they do not yet offer a
universal protocol for doing this. In addition, most of them show a randomly-distributed
functionalities and only a handful of them address the issue of the spatial isolation of the
different added groups, an important consideration when dealing with cascade processes
involving unstable intermediates.?’ ! It is desirable to expand the library of synthetic
routes by which such multifunctional catalysts can be made.

In this chapter, we will introduce a novel methodology that relies on known grafting

chemistry to add molecular structures to solid surfaces and a combined ultraviolet-
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radiation/ozonolysis treatment for the controlled and selective removal of some of the
tethered functionalities in specific regions of the solid. The resulting catalysts were thor-
oughly characterized to corroborate the success of the synthetic approach, and their
catalytic performances were tested for a prototypical Henry conversion. The details of
this work follow.

Only my part of data will be shown in this thesis and the rest of them can be found in the

publishment mentioned in acknowledgment.
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2.2 Experimental Details

OH : H
2" OH  (Et0);Si_~__N

(@)

NH-Boc-Silane (3TBS) @

SBA-15 @ NH-Boc-SBA-15 @ UV/0,-(NH-Boc-SBA-15)
(w)
—0 (@) —0o (m) (EtO)3Si~_~_ SH
~0-Si_~_NH, -0-Si__~__SOsH

(0]

150°€, 6 h 1) 30% H,0,
-
¢ Vacuum S 2)0.01 M HCI ==\

(5) HSO3-(N7l;Iz-SBA-15) (a) HSOs-(UV/03-N;H-Boc-SBA-15) (3) SH-(UV/03-NH-ﬁoc-SBA-15)
Figure 2.1 Synthetic strategy used in this research for the making of dual acid—base catalysts.

Most of the chemicals used, including the SBA-15, were purchased from Sigma-Aldrich
(research purity) and used as supplied.

Both acidic (sulfonic acid) and basic (amine) moieties were tethered to SBA-15 mesopo-
rous support*® according to the procedure. shown in Figure 2.1, relying on well-known
grafting chemistry based on alkyltrialkoxysilane linkers.?373334 The synthetic steps
were the following:

1. Tethering of 3TBS to the surfaces of SBA-15 (Step 1, to make NH-Boc-SBA-15):
SBA-15 (1 g) was calcined under vacuum at 200 <C for 2 h, after which 25 mL of anhy-
drous toluene and 0.5 g of 3-tert-Butyloxycarbonylaminopropyltriethoxysilane (3TBS)
were introduced into the flask. The condensation was conducted under a nitrogen atmos-
phere at 110<C for 48 h, and it was followed by filtering, washing with toluene, and

drying under vacuum overnight.
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2. Selective removal of —NH-Boc groups from the outside and pore-entrance surfaces
(Step 2, to make UV/O3-(NH-Boc-SBA-15)):

The NH-Boc-SBA-15 samples were exposed to a combination of ultraviolet (UV) radia-
tion and ozone for various hours (typically 3 h, unless otherwise indicated), using a
Spectrolinker XL-1500 UV cross-linker instrument equipped with both its original A
(wavelength) = 254 nm lamp and an additional A = 185 nm radiation source (to produce
ozone from molecular oxygen).*>*® The UV power was set to 10 000 pW/cm?,

3. Tethering of —SH groups to the outside and pore entrance surfaces (Step 3, to make
SH-(UV/O3 NHBoc-SBA-15)):

3-Mercaptopropyltriethoxysilane (0.1 g) was mixed with 0.3 g of UV/Os-(NH-Boc-SBA-
15) under a nitrogen atmosphere for 24 h at 80 <C. The resulting solid was collected by
filtering, and washed with toluene, and dried under vacuum overnight. Again, an excess
of 3-mercaptopropyltriethoxysilane was used to ensure the derivatization of all newly
freed silanol groups.

4. Oxidation of —SH groups in SH-(UV/O3-NH-Boc-SBA-15) to —HSO3z (Step 4, to make
HSOs-(UV/Os-NHBoc-SBA-15)):

0.3 g of SH-(UV/Os-NH-Boc-SBA-15) was stirred in 10 mL of a 30 wt % H20- aqueous
solution at room temperature in air for 24 h. The solid was filtered and washed several
times with deionized water, and the resulting solid was added to a 50 mL 0.01 M HCI so-
lution for 12 h. The solid product was collected by filtering, washed with deionized water
until the pH value of the filtrate reached a value close to 7, and dried overnight under

vacuum.
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5. Deprotection of —NH2 groups in HSOs3-(UV/Os-NHBoc-SBA-15) (Step 5, to make the
final HSO3-(NH2-SBA-15)):

The carbamate deprotection was performed by thermal treatment of HSO3-(UV/O3-NH-
Boc-SBA-15) at 150 <C under vacuum for 6 h.

Synthesis of 3-tert-butyloxycarbonylaminopropyltriethoxysilane (3TBS):
3-aminopropyltriethoxysilane (3.1 g, 14.2 mmol) and di-tert-butyl dicarbonate (3.5 g,
15.9 mmol) mixed in 12 mL of ethanol with stirring overnight at room temperature. After
that, the solvent is removed under vacuum, and the residual liquid is distilled to afford
3TBS as a colorless liquid.

The 2°Si and 13C cross-polarization magic-angle spinning (CP/MAS) NMR data were ac-
quired on a Bruker Avance 600 spectrometer equipped with a 4 mm H/X CP-MAS probe
operating at 119.2 MHz. All spectra were recorded employing a spinning speed of 10
kHz. For the 2°Si CP/ MAS NMR spectra, a cross-polarization contact time of 2 ms, a

'H decoupling bandwidth of 80 kHz, and a recycle time of 3s were used. Data were ac-
quired as 12000 coadded 2048 complex data point FIDs with a 100 kHz sweep width.
Post-acquisition processing consisted of exponential multiplication with 200 Hz of line
broadening and zero filling to 4096 data points. Chemical shifts were referenced to an ex-
ternal DSS sample.

Infrared absorption (IR) spectra were acquired in transmission mode using a Bruker Ten-
sor 27 Fourier-transform infrared (FTIR) spectrometer.

The surface concentrations of the sulfonic acid and amine groups were quantified by

acid—base back-titrations. The amine coverages were estimated by neutralizing the
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catalysts (25 mg) with HCI solution (5 mL, 0.0224 M), filtering the solid and quantitative
collecting the solution, and titrating the filtrate with a NaOH solution (0.01 M), using
phenolphthalein as the indicator. The acidic groups were estimated by first reacting the
solid with a known excess of Na2COs (4 mL, 0.01M solution) and treating the filtered so-
lution with a fixed excess of HCI (5 mL, 0.0244 M solution) before titrating with NaOH
(0.01 M), again using phenolphthalein as the indicator.

The surface areas, pore volumes, and pore size distributions were estimated from N ad-
sorption—desorption isotherms obtained using a commercial 2000e Model 25 Nova Win
vacuum volumetric gas sorption system. The data were analyzed by using the Bar-
rett—Joyner—Halenda (BJH) isotherm equations on desorption branches of the data.

The catalytic reactions were carried out as follows: the catalyst (25 mg) was first heated
at 50 <C for 2 h under vacuum to remove any absorbed water. Nitromethane (4 mL) and
benzaldehyde dimethyl acetal (0.25 mmol) were added under a nitrogen atmosphere, and
the mixture was stirred at 90 <C, still under nitrogen. Aliquots (0.1 mL) were taken at dif-
ferent time intervals to monitor the reaction progress; they were analyzed by gas
chromatography, using a HP-50 column, to determine the yields of benzaldehyde and p-

nitrostyrene (2-nitrovinylbenzene).
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2.3 Catalyst Characterization: 3C CP/MAS NMR

The integrity of the tethered organic moieties should be checked with **C CP/MAS NMR
and IR. However, this part of work is mostly accomplished by Dr. Zhihuan Weng. The
only *3C NMR spectra | have is for the final synthesized catalyst in Step 5: HSO3-(NH:-
SBA-15), as shown in Figure 2.2. The peak assignments are straightforward*"323¢ and
the presence of -HSOs and -NH2 moieties are clearly indicated by peaks at 53 ppm(-CHo-
HSOz3) and 42 ppm(-CH2-NH>), respectively. Besides, no signal for the main peaks asso-
ciated with the Boc protecting group, namely, the signal at 158 ppm for the carboxylic
group of the amido link and those for the tert-butyl group at 27 and 79 ppm can be ob-
served in this spectra, complying with the leaving of Boc group during the deprotection
process in Step 5.

However, more detailed information including samples in the other steps and the pure,
untethered NH-Boc-silane precursor, which gives a better proof for overall grafting work,

are included in our previous publishment mentioned in acknowledgment.
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Figure 2.2 1*C CP/MAS NMR spectra for synthesized catalyst: HSO3-(NH,-SBA-15).
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2.4 Catalyst Characterization: IR

Further information on the nature of the tethered species was obtained by using IR spec-
troscopy. Same with 3C NMR, | will only report those data achieved by myself. Another
IR spectroscopy for studying the effect of the UV/ozonolysis treatment is shown in our
previous publishment.

The resulting data for each key synthetic step during the making of the HSO3-(NH2-
SBA-15) are shown in Figure 2.3. In Figure 2.3, several peaks can be seen associated
with the tethered functionalities, among which those associated with the Boc protecting
group are the most prominent. In Figure 2.3, due to the carboxylic group of Boc group(as
circled), we are able to observe a broad peak band at about 1700 cm™, but also evident
are the features at 1371 and 1398 cm™ due to the symmetric deformation vibrations of
the terminal methyl groups. All those signals disappear once the samples are heated in
vacuum to remove the deprotection group as shown in the top green trace, as expected.
Because of the prominence of the Boc peaks in the IR spectra, this technique is ideal to

study the effect of the UV/ozonolysis treatment on our catalysts.
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Figure 2.3 Transmission infrared absorption (IR) spectra from the solid samples obtained after key steps of
the synthesis of our catalysts.
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2.5 Catalyst Characterization: 2°Si CP/MAS NMR and Acid—Base Titrations
Functional moiety tethering and Uv/ozonolysis removal process (Steps 1 and 3) were
checked by using ?°Si CP/MAS NMR. In meanwhile, the preservation of the tethered
groups throughout the rest of the synthetic process and the efficiency of each step can be
also evaluated via this analysis. Pristine SBA-15 support and typical spectra obtained af-
ter each step are reported in Figure 2.4. For the spectra of Pristine SBA-15, only Q peak,
which is relative to the signals from the nonderivatized Si—OH groups can be observed.
Then for 2°Si solid state NMR spectra of all functionalized SBA-15, T peaks, the signal
from the tethered species, can be found at the range of -40 to -70 ppm. Specifically, the
peak pattern can be well-assigned according to what has been reported previously for
similar systems.*~#¢ Six major signals at -92, -102, and -112 ppm, corresponding to Q?,
Q?3, and Q* species, and at -47, -57ppm, and -67ppm, corresponding to T*
(RSi(OSi)(OH)., where R refers to tethered functional groups), T2 (RSi(OSi)2(OH)) sites,
and T3 (RSi(0Si)s), respectively, can be observed in Figure 2.4. The peaks in those data
not only confirmed the existence of the tethered species on the surface of the SBA-15
pores but also provide information about the type of bonding involved.

The resulting T and Q peaks are integrated and the area percentages of T peak for each
key step are shown in Table 2.1. Besides, acidic(—HSO3) or basic(—NH2) moieties con-
tents are determined via acid—base titrations, also as shown in Table 2.1. It can be seen
that a significant fraction of silanol (Si—OH) groups in SBA-15, around 30%, are con-
sumed during the tethering of the Boc-protected amine groups in the first step (%T in this

table indicates the percentage peak area value of T/(T+Q)). Incomplete consumption of
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silanol groups is expected, as it is known that only about half of the terminal silanol
groups are available on the surface for reaction.*’ It is also evident from the 2°Si CP/MAS
NMR data that bonding to the surface can occur via one, two, or three Si—O-Si links, but
that the dominant modality (which is shown as the most major peak) is with two bonds.
This is also common, and has been seen in other cases.?¥ 33444548

Surprisingly, a more interesting trend is found in Table 2.1. : the ?°Si CP/MAS NMR sig-
nals follow and provide a semiquantitative measure for, the addition or elimination of
surface tethered groups after each step of the synthesis. As we discussed in the last para-
graph, the %T suggests a percentage of the surface silanol coverages. The %T from 2°Si
NMR and titration data agreed quite well for the samples with the addition or removal of
acid/base sites. Especially for the trend of moiety addition or removal we assumed from
procedure, the increase or decrease %T complied with each step quite well. For example,
in Step 2, about a third of NBoc groups were removed from titration data, resulting in a
loss %T for also around 30%, indicating functional groups detachment by ozonolysis. An
increase of %T is observed after Step 3, for SH-(UV/O3-NH-Boc-SBA-15) upon the ad-
dition of the thiol units. HSO3-(UV/O3-NH-Boc-SBA-15) in Step 4, after thiol oxidation,
shows a decrease again by about a quarter. This may indicate a slight moieties removal
from SBA-15 surface caused by thiol oxidation/hydrolysis step. One note of caution is
warranted here: because the signal in CP/MAS NMR relies on polarization transfer from
hydrogen atoms to the atoms being probed, which will be highly affected by the mass of
sample being analyzed, the technique is in general not quantitative; the analysis provided

in Table 2.1 should therefore be taken with a grain of salt. Nevertheless, a similar
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analysis has been used in the past successfully for the characterization of different types
of silica and aluminosilicate samples.**#® Also, our analysis relies on relative signal in-
tensities, which minimizes some of the problems associated with CP/MAS NMR data
quantitation.

Finally, titration experiments indicate a 1:2 acid: base ratio in the final sample for this

case. That ratio can be tuned by varying the time of UV/O3z exposure in Step 2.
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Figure 2.4 2°Si cross-polarization magic-angle-spinning (CP/MAS) NMR spectra for our SBA-15-based cat-
alysts after each synthetic step, as indicated in Figure 2.1

Table 2.1 °Si CP/MAS NMR Peak Areas from Figure 2.4 and Surface Coverages of Acidic and Basic Sites,
Measured by Titration Experiments, for Samples Obtained after Each Step of the Catalyst Synthesis, as In-
dicated in Figure 2.1

2 This intermediate product has not been tested for titration experiments.

Sample %T Acid content/ | base content/ | Total sites content
mmol g mmol g mmol g
SBA-15 0 N/A N/A N/A
NH-Boc-SBA-15 29 N/A 0.32 0.32
UV/O3-(NH-Boc-SBA-15)-3h 20 N/A 0.21 0.21
SH-(UV/Os-NH-Boc-SBA-15)* | 31 N/A N/A N/A
HSOs-(UV/Os-NH-Boc-SBA-15) | 24 0.10 N/A N/A
HSO3-(NH.-SBA-15) 28 0.10 0.18 0.28
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2.6 Catalyst Characterization: N> Adsorption Isotherms

Texture properties were further characterized by recording N2 adsorption-desorption iso-
therms. Thanks to the well-defined structure of the pores in mesoporous materials such as
SBA-15, the pore diameter distributions can be used to detect substitutions on the sur-
faces of such pores. Additional data can be extracted in terms of total surface area and
pore volume as well.

Thanks to the good stability of SBA-15, all samples show a Barrett—Joyner—Halenda
(BJH) type 1V isotherm behavior with a H1 hysteresis loop which is typically observed
for SBA-15, as is also characteristic of ordered mesoporous materials.>! It indicates a
well-maintained intrinsic mesoporous structure for SBA-15 support during the overall
synthetic strategy. Pore size distributions obtained from desorption branch are displayed
in Figure 2.5 and detailed results are summarized in Table 2.2.

It can be seen that in Step 1, there are significant losses of area and pore volume upon the
initial tethering of the Boc-protected amine groups, and the average pore diameter is re-
duced by approximately 1 nm, suggesting a successfully grafting work for such buck
groups. Then both surface area and the average pore diameter increase upon UV/O3 treat-
ment (Step 2), as some of the tethered material is removed, decrease again upon the
addition of the acidic functionality (Step 4). Those values finally go up again as the Boc-
protecting groups are removed from the amine moieties (Step 5). However, the changes
are in general not as marked in the pore volume, possibly because of well-preserved inner

pore sites during UV/ozonolysis treatment in Step 2, but a significant volume increase is
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nevertheless seen once those (bulky) Boc groups located inside the pore tunnel, are re-
moved in the deprotection step.

Last, for the pore size distribution in Figure 2.5, it is also worth pointing out that the nar-
row distribution of the pore diameter in SBA-15 is retained for all stages except for our
final product HSO3-(NH2-SBA-15 ) as shown in the blue trace. This relatively wider pore
size range is a “primary” bimodal pore size distribution resulting from HSOs- grafted
pore entrance part, which may lead to smaller pore size and a well-retained NH,- grafted
pore inner pore, larger pore size can be assigned to. Such a bimodal pore size distribution
will be much clearer to observe and further studied in Chapter 3 for the case of 2nd-gen-
eration tandem catalyst, where two functional moieties with more size difference will be

introduced.
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Figure 2.5 Pore size distributions from N adsorption-desorption isotherms for our SBA 15-based catalysts
after each synthetic step, as indicated in Figure 2.1.

Table 2.2 N, Adsorption Isotherms Data Summary
@Vt = total pore volume
b Calculated using the Barrett—Joyner—Halenda (BJH) equation on the desorption branch.

Step Sample Surface area/m?g? | Vi/ cm® g™ | Pore size/nm®
0 SBA-15 787 1.11 6.90

1 NH-Boc-SBA-15 439 0.69 5.92

2 UV/Os-(NH-Boc-SBA-15) 471 0.69 6.03

4 HSO3-(UV/O3-NH-Boc-SBA-15) | 397 0.70 5.92

5 HSOs-(NH2.SBA-15) 475 0.78 6.13&6.38
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2.7 Catalytic Performance

The dual HSOs3-(NH2-SBA-15) acid—base catalysts made by our synthetic procedure
were tested for the two-step conversion of benzaldehyde dimethyl acetal to B-nitrosty-
rene, following an initial acid-catalyzed Deacetalization reaction to produce
benzaldehyde and a subsequent addition of nitromethane via a base-catalyzed Henry re-
action. This process, shown at the top of Table 2.3, has been often used as a prototypical
probe for cascade acid-base catalysis.?®>>7>* Our first task here was to make sure that
both acidic and basic functionalities are necessary. The blank experiments with pure
SBA-15 were performed in the first entry for both Table 2.3 (Deacetalization) and Table
2.4 (Henry reaction). Very poor conversion indicates SBA-15 support itself cannot pro-
mote either step of the reaction.

Then the conversion of benzaldehyde dimethyl acetal + nitromethane mixtures(acid step)
and benzaldehyde + nitromethane mixtures(base step) were both tested with mono-func-
tionalized catalysts: Boc-unprotected (NH2-SBA-15) amine groups, and sulfonic acid
(HSO3-SBA-15) (entries 2 and 3 in Table 2.3 and 2.4, respectively). Clearly, none of
those catalysts promote the complete conversion to B-nitrostyrene: the amine-based cata-
lysts cannot convert the dimethyl acetal reactant at all, and the sulfonic acid catalyst is
quite efficient in promoting the first step, to benzaldehyde, but cannot help with the nitro-
methane addition. Only the catalyst containing both acidic and basic sites is capable of
carrying out the conversion to completion (Table 2.3, entry 4). Third, we did not see any
evidence for the need for close acid—base cooperative activity, as reported for related

coupling systems.> Anyway, such a cooperative activity did be found in our 2nd-
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generation cinchonidine-phosphonic tandem catalyst in Chapter 3 due to different system
constructed and we will discuss it later.

Next, the performance of the catalyst can be optimized in terms of tuning the ratio of
acidic (HSO3—) to basic (NH2—) sites present on the surface. Those part of work was
mostly accomplished by Dr. Zhihuan and won’t be included in this thesis.

Table 2.5 summarized my part of work for performance optimization. Different from
regular catalyst made via a 3-hour Uv/Oz treatment, catalyst in entry 2 and entry 4 took 2
hours and one day(24 hours) instead, respectively. Similar to catalysts in entry 5, 3 times
of NH-Boc precursor were added during the initial tethering step in Step 1, which result
in a larger initial NH>- contents. As shown in Table 2.5, shorter exposures (entry 2) or a
larger initial NH2- contents (entry 5) result in catalysts with an insufficient concentration
of acidic sites, making the conversion of the first step slow: the catalyst made with 2 h
UV/O3 exposure only convert 31% of reactant in 1h. And the one with larger initial NH.-
contents performed worse, with a conversion of 15% for the same time. Long exposures
(entry 4), by contrast, remove most of the basic sites, so the resulting catalysts have
enough acidic sites to rapidly convert all the initial benzaldehyde dimethyl acetal to ben-
zaldehyde, but not to the final product; virtually no B-nitrostyrene was detected in the
case with as long as 24 hours treatment. Due to the lack of benzaldehyde produced in
Deacetalization, which serves as reactant for henry reaction, entry 2 shows less than a
half B-nitrostyrene yield compared with catalyst with 3 h UV/O3 exposure in entry 3.
Thanks to high catalysis activity for henry step, entry 5 did indicate a similar yield with

entry 3. However, three times NH-Boc precursors were used for this entry which
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generates more waste than the original approach. So even if with a similar yield, the regu-
lar HSOs3-(NH2-SBA-15) with 3h Uv/Ozonolysis is still our best choice.

A comparison of the performance of the optimized bifunctional catalyst against a physi-
cal mixture of two catalysts with acid-only (HSO3-SBA-15) and base-only (NH2-SBA-
15) sites, respectively, is displayed in entry 3 and entry 6 in Table 2.5. It can be seen that
the physical mixture is more active in terms of overall conversion (almost twice) but sig-
nificantly less selective toward the final product than the bifunctional catalyst, which
finally results in a less B-nitrostyrene yield, in spite of the fact that the total number of
both acid and base sites were matched by adjusting the masses of the two catalysts used
in the former case. In this particular case, the performance of the bifunctional catalyst is
preferred because of its significantly better selectivity, which may due to our spatial sepa-
rated and well-ordered acidic and basic sites.

In the part of work done by Dr. Zhihuan, he calculated reaction rate constants of k; =1
H-mmol ™ min~t and k2 = 30 NHz-mmol™* min™?, respectively. He further highlighted the
fact that although the second step is intrinsically much faster than the first, more basic
than acidic sites are needed because the steady-state concentration of the intermediate
(benzaldehyde) is always low.

The recyclability of the catalysts was tested by Dr. Zhihuan. A loss of approximately 5%
in total activity is seen by the third run, without any noticeable loss in selectivity. The
silane-based bonds used for tethering are quite robust and the propyl amino and sulfonic
acid groups are also fairly stable, but other factors may play a role in this subtle loss in

activity.
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Table 2.3 Deacetalization reaction. Starting from benzaldehyde dimethyl acetal and solvent. Used To Test
Our Acid—Base Dual Catalysts and Performance versus Reference Monofunctional Acidic or Basic Cata-

lysts.
OMe o
Acid Base X~ _NO,
OMe ——» H —>»
H,0 CH3NO, ©/\/
1 2 3
entry catalyst Time/h Conversion% | Yield of 2% | Yield of 3%
1 SBA-15 12 7 7 0
2 NH,-SBA-15 16 0 - -
3 HSO3-SBA-15 2 99.1 99.1 0
4 HSO3-(NH2-SBA-15) 13 98.7 0.3 98.4

Table 2.4 Henry Reaction. Starting from benzaldehyde and nitromethane. Used To Test Our
Acid—Base Dual Catalysts and Performance versus Reference Monofunctional Acidic or Basic Cata-

lysts.
Entry catalyst Time/h Yield of 3%
1 SBA-15 12 0
2 NH>-SBA-15 1 96.4
3 HSO3-SBA-15 12 0
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Table 2.5 Optimization Tests for Our Dual Acid—Base Catalysts in the Deacetylation Plus Henry Cascade

Reaction Sequence. The results in 1h are shown in the figure below the table for comparison.

entry catalyst Time/h Conversion% | Yield of 2% | Yield of 3%
1 HSOs-(3h UV/O3-NH>-SBA-15) 13 98.7 0.3 98.4
2 HSOs-(2h UV/O3-NH2-SBA-15) 1 31.6 26.6 5.0
3 HSOs-(3h UV/O3-NH2-SBA-15) 1 40.2 28.1 12.1
4 HSO3-(24h UV/O3-NH2-SBA-15) | 1 72 72 -
5 HSO3-(3h UV/O3-3NH2-SBA-15) | 1 15.6 3.4 12.2
6 HSO3-SBA-15 +NH,-SBA-15 1 61.5 50.0 115
% Il Conversion of 1
70 4 - Yield of 3
S 60
3
2 50
z
2 40
S
@
q>) 304
s
O 20 A

Catalytic activity testing in 1h
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2.8 Conclusion

A new promising synthetic strategy is reported for the construction of solid catalysts with
dual molecular functionality, specifically in this chapter, with sulfonic acid and amine
groups, to act as acidic and basic sites, respectively. Our approach relies on: (1) the use of
well-known grafting chemistry to tether molecular moieties to oxide surfaces via alkyltri-
alkoxysilane (R-TEOS) linkers; (2) the implementation of combined ultraviolet light plus
ozonolysis treatments for the controlled partial removal of tethered fragments from the
surface; and (3) the use of protecting groups to avoid reactions between incompatible
functionalities, in this case, the acidic and basic groups. Solid-state NMR and infrared ab-
sorption spectroscopies were combined with acid—base titrations and N> adsorption
isotherm measurements to fully characterize and corroborate the success of each of the
steps associated with this synthesis. The components were assembled together in a five-
step protocol to prepare specific tandem sulfonic acid-amine derivatized SBA-15 meso-
porous materials, but the procedure is fairly general and could be adapted for the
synthesis of other dual catalysts.

By tuning UV/ ozonolysis exposure length, the overall ratio of the coverages of the two
functionalities on the surface can be optimized for reaction. Even if most works in this
optimization are done by Dr. Zhihuan, HSOs-(3h UV/O3-NH2-SBA-15) can still be found
to have the best performance among all catalysts prepared. Another key advantage of our
approach is that the UV/ ozonolysis treatment provides the means for the spatial separation
of the acidic and basic sites, with the former placed on the outside surfaces and the front

of the pores and the latter located deeper inside those pores. This spatial isolation might be
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one reason for the better catalytic activity than its physical mixture. Finally, thanks to tests
performed by Dr. Zhihuan, the optimized catalyst could be recycled, although a slow de-
terioration of its performance, namely, a drop of ~5% in total activity, was seen after three

cycles.
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Chapter 3. Construction of 2nd-Generation Acid-Base
Heterogeneous Tandem Catalysts with Cinchonidine and
Phosphonic Acid

In this chapter, a new dual acid—base system was constructed by combining our protocol
in Chapter 2 and "click™ chemistry. Mesoporous SBA-15 was functionalized with Cin-
chonidine, which introduces chiral sites, and phosphonic acid was first time prepared via
the following steps:

(1)addition of Ethoxy-protected phosphonic-linked triethoxysilanes ((2-diethylphospha-
toethyl) triethoxysilane);

(2)controlled use of UV/ozonolysis to selectively remove the exterior groups;
(3)decoration of the exterior sites freed in Step 2 with cinchonidinyl (3-triethoxysilylpro-
pyl) carbamate;

(4)Ethoxy deprotection of the 2-diethylphosphatoethyl groups to phosphonic acid by aci-
dolysis;

This newly synthesized material is functionalized with cinchonidine groups on the exter-
nal surfaces and entrance of the pores and phosphonic acid inside those tunnels, at
coverage ratios that can also be tuned by controlling the UV/ozonolysis length. The sam-
ples were fully characterized by *!P, 2°Si and *3C solid-state NMR, acid—base titrations,
CNS elemental analysis, and N, adsorption isotherms measurements. And the recovery
process of silanols via UV/Os treatment was investigated. Those catalysts were success-
fully tested for the promotion of a couple of reactions including Deacetalization-Henry

cascade reaction, Cyano-Ethoxycarbonylation reaction and 1,4-addition of thiols to cylic

49



enones (Sulfa-Michael addition). The promoting effect for silanol groups was further

studied for Deacetalization-Henry cascade reaction.
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3.1 Introduction

One added advantage of creating acidic and basic sites on solids via the tethering of mo-
lecular functionalities is that those all display uniform chemistry and the same acid/base
strength (in contrast, most acidic solids display a distribution of sites with different acid
strengths). However, although the initial 1st-Generation HSOs-(NH2- SBA-15) catalyst
exhibits fully functional for simple Deacetalization-Henry reaction, it only provides its
acidic and basic functionality; more challenging processes may require tunability, more
functionalities, and a greater range of acidity/basicity in the sequestered groups.

In the 1st-Generation catalyst, synthetic variation of the acid and base groups is highly
limited due to the H>O> oxidation step that converts the thiol group to a sulfonic acid: the
primary amine group must be protected, in our case by Boc- groups, to prevent oxidative
degradation, limiting the scope of groups that can be attached. Figure 3.1(b) shows a
range of systems that would allow systematic variation of basicity in the attached func-
tional groups. The primary amine (NH2-) currently employed has a pKa of 10.59, but the
number of reactions accessible using such base is limited by the innate nucleophilicity of
that group. A far wider scope of reactivity may be possible via the introduction of pyridyl
(pKa = 6.5), imidazole (pKa = 7.75), or the quinuclidine unit from quinine (QN, pKa =
7.73). Incorporation of these motifs to our pool of molecular catalytic units to be tethered
to the mesoporous scaffold will confer four orders of magnitude variation in basicity on
the resulting system. Each of these groups can be introduced to the oxide support by syn-
thesizing the corresponding triethoxysilane derivative, made via Pt-mediated

hydrosilylation of the commercially available olefin precursors.!
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In this thesis, a cinchona alkaloid, cinchonidine, will be introduced to SBA-15 surface as
new basic groups. Cinchona alkaloids were initially obtained from extracting the bark of
Cinchona species. The curative properties were known even earlier than its chemical
properties: local residences usually took the powder of cinchona ledgeriana bark to pre-
vent malaria in the late 1500s. But its scientific identification was made much later. The
major species, quinine and cinchonine, were successfully extracted by P.Pelletier in 1820
and other key alkaloids were later identified. Those cinchona alkaloids have been proven
quite useful in many fields. Medically, they were used to treat malaria®® and cardiac ar-
rhythmias®. In common life, they have been used as food additives® for their special
flavor, like the bitter flavor in tonic water. Besides, for their chemical applications, cin-
chona alkaloids have been used as chiral resolving agents in chromatography &’ and also
found particular use in catalysis, for both homogeneous reactions 1 and, as modifiers, in
heterogeneous systems.!?

However, although cinchonidine has been quite commonly used as a homogeneous cata-
lyst, it is still worth of heterogenizing this cinchona alkaloid by tethering it onto a solid
support, which will solve the most typical limitation for homogeneous catalyst: separate
and recycle. Scientists have reported several “heterogenizing” works with organometallic
catalysts,*** and have extended those application to enhance the catalytic activity of typ-
ical supports such as alumina or silica.>’

Our group has previously reported a successful construction work of anchoring cinchoni-
dine onto a high surface-area silica.'®® With this new “click” chemistry, we will be able

to introduce cinchonidine into our bifunctional system. The introduction of cinchona
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alkaloid derivatives to the surface offers two advantages: the quinuclidine group is very
strongly basic, and the group is homochiral, introducing the possibility of chiral induction
and asymmetric catalysis.

Besides, neither cinchonidine nor none of the basic groups shown in Figure 3.1(b) are
compatible with the thiol-to-sulfonic acid oxidation step previously used to add the acidic
groups to the oxide for 1st-generation catalyst, so a different attachment procedure and
species for the acid will be required to make the 2nd-generation acid-base catalysts as
well. Some options here include carboxylic-acid and phosphonic-acid. The first one can
be obtained by carboxylic-acid tert-butyl ester-linked triethoxysilanes, which can be eas-
ily converted to carboxylic-acid species via pyrolysis.?’ And our choice, phosphonic acid
can be obtained via an ethoxy protected phosphonic-acid-linked triethoxysilanes,?* which
are commercially available.

In this chapter, we will continue using our developed methodology to Construct 2nd-
Generation acid-base heterogeneous tandem catalysts with Cinchonidine and phosphonic
acid. The resulting catalysts were thoroughly characterized to corroborate the success of
the synthetic approach.

The details of this work follow.
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3.2 Experimental Details

Most of the chemicals used, including the SBA-15, were purchased from Sigma-Aldrich
(research purity) and used as supplied.

A new approach was applied in grafting both acidic (phosphonic acid) and basic (cin-
chonidine) moieties to an SBA-15 mesoporous support*®1°22 according to methodology
in Chapter 2, as shown in Figure 3.1. The synthetic steps were the following:

1. Tethering of DEP- to the surfaces of SBA-15 (Step 1, to make DEP-SBA-15):
SBA-15 (1 g) was calcined under vacuum at 200 <C for 2 h, then was dispersed in 20 mL
of anhydrous toluene. After that, 1.5 ml of (2-diethylphosphatoethyl) triethoxysilane
(DEP) was introduced into the flask under a nitrogen atmosphere at room temperature.
The condensation was conducted at 110 <C for 24 h, and it was followed by filtering,
washing with toluene, and drying under vacuum overnight.

2. Selective removal of DEP- groups from the outside and pore-entrance surfaces (Step 2,
to make UV-(DEP-SBA-15)-3h):

The DEP-SBA-15 samples were exposed to a combination of ultraviolet (UV) radiation
and ozone for various hours ( i.e. 3 hours), using a Spectrolinker XL-1500 UV cross-
linker instrument equipped with both its original A (wavelength) = 254 nm lamp and an
additional A = 185 nm radiation source (to produce ozone from molecular oxygen).2324
The UV power was set to 10 000 puW/cm?. The resulting samples were named as UV-
(DEP-SBA-15)-xh, where x indicates the ozonolysis time.

3. Tethering of Cd- groups to the outside and pore entrance surfaces (Step 3, to make Cd-

Uv(DEP-SBA15)-3h):
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The Cd—TEOSPC (0.0042 mol) was dissolved in ethanol (20 mL) and added to the Uv-
DEP-SBA15 (0.5 g), and that mixture was refluxed at 83 <C for 48 hours. The final prod-
uct, Cd-Uv(DEP-SBA15)-3h, was let to cool down, filtered, then washed with ethanol
(150 mL), toluene and/or diethyl ether (50 mL), and dried in vacuum before use.

4. Deprotection of DEP groups in Cd-Uv(DEP-SBA15)-3h to —H2POs (Step 4, to make
Cd-Uv-H203P-SBA15-3h):

0.5 g of Cd-Uv(DEP-SBA15)-3h was stirred in 10 mL of saturated HCI at room temper-
ature under N. atmosphere for 24 h. The solid was filtered and washed with deionized
water until the pH value of the filtrate reached a value close to 7, and dried overnight un-
der vacuum.

Synthesis of cinchonidinyl(3-triethoxysilylpropyl)carbamate (Cd-TEOSPC):

The carbamate-linked catalysts were made by first dissolving the cinchonidine (0.015
mol) in THF (70 mL), adding the ICPTEOS (0.018 mol) together with a small amount of
dibutyltindilaurate (0.0015 mol). Then refluxing at 70 °C for 3h. Let the solution cooled
down and rested for a day. Then the solvent(THF) was evaporated and pentane (100 mL)
was added to precipitate the new compound (cinchonidinyl(3-triethoxysilylpropyl) car-
bamate) (Cd— TEOSPC). After filtering and washed with more pentane. The resulting
material was dried under nitrogen.

The 3P, 2°Si and *3C cross-polarization magic-angle spinning (CP/MAS) NMR data were
acquired on a Bruker Avance 600 spectrometer equipped with a 4 mm H/X CP-MAS
probe operating at 119.2 MHz. All spectra were recorded employing a spinning speed of

10 kHz. For the 2°Si CP/ MAS NMR spectra, a cross-polarization contact time of 2 ms, a
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'H decoupling bandwidth of 80 kHz, and a recycle time of 3s were used. Data were ac-
quired as 12000 coadded 2048 complex data point FIDs with a 100 kHz sweep width.
Post-acquisition processing consisted of exponential multiplication with 200 Hz of line
broadening and zero filling to 4096 data points. Chemical shifts were referenced to an ex-
ternal DSS sample.

The surface concentrations of the phosphonic acid and cinchonidine groups were quanti-
fied by acid—base back-titrations and CNS flash elemental analysis(EA). The
cinchonidine coverages were estimated by neutralizing the catalysts (25 mg) with HCI so-
lution (5 mL, 0.0224 M), filtering the solid and quantitative collecting the solution, and
titrating the filtrate with a NaOH solution (0.01 M), using phenolphthalein as the indica-
tor. The acidic groups were estimated by first reacting the solid with a known excess of
Na2COs (4 mL, 0.01M solution) and treating the filtered solution with a fixed excess of
HCI (5 mL, 0.0244 M solution) before titrating with NaOH (0.01 M), again using phenol-
phthalein as the indicator. The cinchonidine contents were also analyzed with flash EA.
CNS elemental analysis was carried out by Flash EA1112 instrument. Cinchonidine con-
tents from acid-base titration and EA were quite similar.

The surface areas, pore volumes, and pore size distributions were estimated from N ad-
sorption—desorption isotherms obtained using a commercial 2000e Model 25 Nova Win
vacuum volumetric gas sorption system. The data were analyzed by using the Bar-
rett—Joyner—Halenda (BJH) isotherm equations on desorption branches of the data.

The Deacetalization-Henry cascade reactions were carried out as follows: the catalyst (50

mg or as indicated in the table) was first heated at 50 <C for 2 h under vacuum to remove
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any absorbed water. Nitromethane (4 mL) and benzaldehyde dimethyl acetal (0.5 mmol)
were added under a nitrogen atmosphere, and the mixture was stirred at 90 <C, still under
nitrogen. Aliquots (0.1 mL) were taken at different time intervals to monitor the reaction
progress; they were analyzed by gas chromatography, using a HP-50 column, to deter-
mine the yields of benzaldehyde and B-nitrostyrene (2-nitrovinylbenzene).
Cyano-Ethoxycarbonylation reactions were carried out as follows: toluene (2.5ml), ethyl
cyanoformate (0.5mmol), and benzaldehyde (0.25 mmol) were mixed in a vial. 8 mol%
amount(based on benzaldehyde ) of catalyst was added into resulting solution(0.020mmol
cinchonidine). The mixture was vigorously stirred at room temperature under a nitrogen
atmosphere for 30h. 0.1 mL solution were taken after reaction and analyzed by GC-MS.
ee% values are obtained from gas chromatography equipped with chiral column.
1,4-addition of thiols to cylic enones reactions were carried out as follows: benzene
(3ml), p-tertbutylbenzenethiol (1.81mmol), and 2-cyclohexene-1-one (1.56 mmol) were
mixed in a vial. Then 1 mol% amount(based on ketone) of catalyst was added
(0.015mmol cinchonidine) in resulting solution. The mixture was vigorously stirred at
room temperature under a nitrogen atmosphere for 24h. 0.1 mL solution were taken after
reaction and analyzed by GC. The crude product was obtained by flash column chroma-
tography on silica gel and its optical activity was measured in a chloroform solution using

a MC 241 polarimeter with a Na lamp (2 =589 nm).

58



3.3 Catalyst Characterization: *C and 3'P CP/MAS NMR

The integrity of the tethered organic moieties was checked with 3C CP/MAS NMR first.
The data from a typical **C CP/MAS NMR characterization sequence is shown in Figure
3.2. The peak assignments are summarized in Table 3.1.22% The 3C NMR spectra data
for cinchonidine and phosphonic precursor are shown in Supporting data at the end of
this chapter. As illustrated, for the case of the DEP-SBA-15 (second from the top) inter-
mediate (Step 1), all the peaks match the peak assignment for DEP- groups well. Besides,
similar DEP-SBA-15 *C CP/MAS NMR peaks are observed in the trace after 3 hours
UV/O3(third from the top) except for the peak at 15.7 and 16.8 ppm combined to a
“shoulder peak™ shape, which may cause by the easier accessibility for ozonolysis of the
outer part(C4 and C6. The addition of cinchonidine moieties (Step 3, fourth trace from
top) leads to a quite changed spectrum due to the large peak range of cinchonidine. De-
spite those overlaps, the unique peak for DEP- at 4.2ppm still remains in all the materials,
which can be treated as an evidence of the appearance of phosphonic moieties. Also, after
grafting cinchonidine, the treated material shows a quite same pattern with Cd-
SBA15(top trace), in which SBA-15 was functionalized with only cinchonidine, and with
Cd- precursor (data not shown). Especially, the peaks from 140 to 150 ppm assigned to
quinoline rings in Cd-Uv(DEP-SBA15)-3h well confirmed the successfully tethering of
cinchonidine onto SBA-15. The spectrum for the final Cd-Uv-H203P-SBA15-3h) sample
can be well-assigned with all cinchonidine peaks in the table which indicates well-pre-
served cinchonidine function at phosphonic deprotect after Step 4 (bottom trace).

However, it does show some significant differences including the following: (1) the
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increase of peaks at 9.9 ppm, which is actually due to the decreases for peaks 16.8
ppm(C6 for DEP-) since during the deprotection process, the ethoxy part will be detached
from surface. (2) the conjunction of two peaks at ~26 ppm (C4, C5 for quinuclidine ring)
and increase and slightly shift of peak at 157 ppm may be associated with remaining ab-
sorption water during the deprotection process. More studies need to be done in the future
to figure it out.

Despite well-defined peaks for cinchonidine moieties in 3C CP/MAS NMR, these spec-
tra did not give us solid evidence for the status for DEP- grafting work. Thus, 3P solid
state NMR which is specially designed for those phosphorous containing chemicals were
performed for all resulting material from Step 1 to Step 4. Those results are shown in
Figure 3.3. All traces in this figure represents a same peak pattern with a major peak at
34.3 ppm and a couple of minor peaks symmetrically distributed from major peak. Those
minor peaks may come from insufficient spinning during 3P NMR measurement.?? The
major peak at 34.3 ppm is attributed to both DEP- and deprotected phosphonic acid since
they share a quite same chemical shift in 3'P CP/MAS NMR spectra.???® This unchanged
peak position not only indicates a successfully DEP- grafting work in Step 1, but also
suggests those phosphonic moieties are preserved well upon following Uv/O3 treatment
(Step 2), cinchonidine tethering (Step 3), and deprotection.

13C and 3P CP/MAS NMR spectra here indicate that a dual cinchonidine-phosphonic
acid bifunctional catalyst has successfully been prepared via our synthetic strategy shown

in Figure 3.1.
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1. Cd-SBA1S

2. DEP-SBA15

3. Uv-(DEP-SBA-15)-3h |V / \
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4. Cd-Uv(DEP-SBA15)-3h)

5. Cd-Uv-H:03P-SBA15-3h
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Figure 3.2 1*C CP/MAS NMR spectra from our SBA-15-based catalysts after each synthetic step, as indi-
cated in Figure 3.1. The peak assignment is provided in Table 3.1.
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Table 3.1 Peak assignment for 3C CP/MAS NMR spectra in Figure 3.2. Figure below demonstrates peak
assignments for DEP- part.

o]

Neoe
0—si o
&/ N
Shift d/ppm Assignment
Cd peaks: 1. Quinuclidine and alcohol carbon
22.1 c7
26.7 C5
26.9 C4
39.7 C3 (carbon next to vinyl)
43.5 Cé
56.6 c2
599 C8 (Corner C next to COH)
74.0 C9 (carbon in C-0)
Cd Peaks: 2. Quinoline ring and vinyl
114.5 C11 (vinyl, CH2 carbon)
118.9 C5’ (benzene ring)
123.6 C3’ (pyridine ring)
125.4 C9’ (benzene-pyridine bridge)
126.7 C6’ (benzene ring)
129.1 C7’ (benzene ring)
130.6 C8’ (benzene ring)
141.8 C10 (vinyl, CH carbon)
148.8 C10’ (benzene-pyridine bridge)
150.1 C2’ & C4’ (pyridine ring)
ICPTEOS peaks
99 First carbon bond in propyl moiety,
carbon in C-Si
17.5 Methyl carbon in ethoxy moiety
234 Second carbon in propyl moiety
42.2 Third carbon in propyl moiety, next to carbamate
58.9 Methylene carbon in ethoxy moiety Carbamate peaks
156.6 C=0 in link Cd-TEOSPC (-0-CO-NH-)
DEP- and Hz03P- peaks
4.2 C1, carbon connected with silica
15.7 C2, ethyl carbon next to P
15.7 C4, terminate carbon in ethyl group
16.8 C6, terminate carbon in protection DEP group
57.9 C3, first carbon in Si-O-ethyl part
62.1 C5, carbon next to phosphonic acid
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—— DEP-SBA

—— UV-DEP-SBA-3h

— Cd-Uv(DEP-SBA15)-3h
Cd-Uv-H,0,P-SBA15-3h
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Chemical Shift/ ppm

Figure 3.33'P Solid-state NMR data for different stages of functionalized SBA15. All minor peaks are
from insufficient spinning
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3.4 Catalyst Characterization: N2> Adsorption Isotherms and function moiety
content

Texture properties of catalysts were carried out by N> adsorption isotherms. Due to the
well-defined, stable tunnel structure of SBA-15, that our samples all show Barrett-
Joyner-Halenda (BJH) type IV isotherm behavior (data not shown), as is characteristic of
well-maintained ordered mesoporous materials.?”?® Additional data can be extracted in
terms of total surface area and pore volume as well. Pore size distributions(from desorp-
tion branch) obtained from our studies are displayed in Figure 3.4 and Figure 3.5. And
all results are summarized in Table 3.2.

Figure 3.4 indicates results for DEP-SBA15 treated with different UV/O3 treatment
length (Step 2) and the exact value shown in entry 1 to entry 5 in Table 3.2. There are
significant losses of surface area and total pore volume upon the initial grafting of Eth-
oxy-protected phosphonic groups (Step 1), and the average pore diameter is reduced by
approximately 0.9 nm. By employing Uv/ozonolysis treatment, samples treated with 3
hours and 5 hours represent a bimodal distribution for pore size, which may indicate a
slow removal process for the outer part and a well-maintain inner pore. DEP-SBA-15
treated with only 10 minutes Uv/Os doesn’t appear that a distribution shape, due to a too
short ozonolysis time. Anyway, all samples appear a slight increase in surface area and
pore volume, upon UV/O3z treatment. And by prolonging Uv/Oz time, those values will
further increase, which suggests we are able to remove surface DEP- groups via UV/O3
treatment slowly.

Figure 3.5 and Entry 1,2,4,6,7 illustrates the overall construction procedures. After sig-

nificant losses and slight increases of surface area and pore volume as we discussed
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above. They dramatically decrease again in Step 3, upon the addition of large basic func-
tionality cinchonidine groups. And finally, those values go up again as the Ethoxy-
protecting groups are removed from the phosphonic moieties (Step 4). The changes are in
general corresponding with our procedures.

A further study of grafting process was done by Multi-peak Gaussian fitting in Figure
3.6 and fitting results are shown in Table 3.3. Three fitted pore sizes are worth pointing
out here: 5.02nm, 5.41nm, 5.84nm, which can be assigned to cinchonidine grafted part,
DEP- grafted part and Uv/ozonolyzed DEP- grafted part, respectively. As shown in Entry
2,4,5 in Table 3.3, by employing UV/Os treatment, the percentage of the peak at 5.41nm
decrease along with an increase of peak at 5.84nm. This trend implies the successful re-
moval process by Uv/ozonolysis process. However, the sample treated with 20min Uv/O3
does comply with this trend. That may cause by the error introduced by this quite short
treatment compared with other entries, which has only very few effects on the increase of
pore size. Besides, a completely disappear of peak at 5.84, which represents Uv/ozo-
nolyzed DEP- grafted part, along with the appearance of a new peak at 5.02nm also
comply with the introduction of cinchonidine moieties in Step 3. It can further confirm
our successful construction of acid-base bifunctional catalyst.

Some semiquantitative estimate can be assumed by combing Gaussian fitted pore size
and moieties contents. Moieties contents for both acid and base were obtained from acid-
base titration method. Besides, the base (cinchonidine) content was further calculated

from CNS elemental analysis, which shows a similar result with titration.
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From what we can observe in Table 3.6, acid content obtained by titration are quite linear
with “acid” peak volumes. It might suggest semiquantitative estimate for acid content by
Gaussian fitted pore size and volume. However, extra errors might be introduced during
Gaussian fitting serval samples together and incompleted deprotection may often happen.

This semiquantitative estimate should therefore be taken with a grain of salt.
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Figure 3.4 Pore size distribution for UV/Os treated DEP-SBAL5, treatment length are 10min, 3h and 5h.
Pore sizes are from desorption branch.
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Figure 3.5 Pore size distribution for different stages of UV/O3 functionalized SBA15. Pore sizes are from
desorption branch.
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Table 3.2 BET analysis for DEP-SBA15 and samples with different UV/Os treatment length
2Vt = total pore volume
® Calculated using the Barrett—Joyner—Halenda (BJH) equation on the desorption branch.

¢ Calculated pore sizes come from double peak Gaussian fitting. The average pore size for pore 1 is
5.4140.04nm, pore 2 is 5.8440.01nm and pore 3 is 5.0240.04nm.
4 Cd-Uv(H,03P -SBA15)-3h fitted in tri-peak Gaussian fitting.

Entry | Sample BET /m?g! | V* /ec g | Pore size® /nm | Calculated Pore
size ¢ /nm

1 Pristine-SBA15 677.70 0.914 6.23 N/A

2 DEP-SBA15 438.23 0.635 5.39 5.41&5.83

3 Uv-DEP-SBA15-10min 462.16 0.653 5.39 5.37&5.83

4 Uv-DEP-SBA15-3h 488.82 0.658 539 &5.74 5.44&5.85

5 Uv-DEP-SBA15-5h 489.81 0.664 5.39& 5.74 5.43&5.84

6 Cd-Uv(DEP-SBA15)-3h 361.80 0.564 5.04 4.98&5.40

7 Cd-Uv(H,O0;P -SBA15)-3h¢ | 505.72 0.716 5.29 5.07&5.37&5.70

69




Table 3.3 Gaussian fitted results for DEP-SBA15 and samples at different stages.
4Vt = total pore volume

>Volume of peak 1=

Area of peak 1

Area of peak 1 +Area of peak 2

*total pore volume

Entry | Sample Vi | Relative | Relative | Volume | Volume | Volume
/cc g! | area ratio | area ratio | of peak | of peak at | of peak at
of peak | of peak | at 5.84nm 5.02nm
1° 20 54lnm | /cc g! Jcc gt
fec gt
1 Pristine-SBA15 0914 | N/A N/A N/A N/A N/A
2 DEP-SBA15 0.635 | 0.67 0.33 0.426 0.210 N/A
3 Uv-DEP-SBA1S5- 0.653 | 0.73 0.27 0.476 0.176 N/A
10min
4 Uv-DEP-SBA15- 0.658 | 0.40 0.60 0.263 0.395 N/A
3h
5 Uv-DEP-SBA15- 0.664 | 0.27 0.73 0.179 0.485 N/A
5h
6 Cd-Uv(DEP- 0.564 | 0.94 0.06 0.034 N/A 0.530
SBA15)-3h
7 Cd-Uv(H,O3P - 0.716 | N/A N/A N/A N/A N/A
SBA15)-3h
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Table 3.5. Moieties contents for functionalized SBA15
2 Cinchonidine groups contents are calculated from CNS Flash EA analysis
b Acid group contents are calculated from acid titration method.

Sample Cd- content/mmol*g-1? Acid content/mmol*g-1°
Cd-SBA15 0.704 N/A

H,PO;-SBA15 N/A 0.608
Uv-(H,PO3-SBA15)-3h N/A 0.352
Cd-Uv-H;03P-SBA15-3h | 0.229 0.166
Cd-Uv-H,03P-SBA15-5h | 0.441 0.067

Table 3.6 Titration data versus volume of peak at 5.41nm. Diagram below demonstrates a linear dot distri-
bution.

Sample Acid content/mmol*g-1 Volume of phosphonic peak/cc g*
H,PO3-SBA15 0.608 0.426
Uv-(H,PO3-SBA15)-3h 0.352 0.263
Cd-Uv-H,03P-SBA15-3h | 0.166 0.150

Acid content v.s. peak volume

-1
e
&

o o
[TUIENS
®

©
o =

Volume of acid peak/cc g
o
o

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

Acid content/mmol*g-1
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3.5 Catalyst Characterization: 2°Si CP/MAS NMR

The overall tethering and Uv/O3 removal process was further evaluated via 2°Si CP/MAS
NMR as supplement evidence. The results and T peak area percentage (a ratio to Q
peaks, the signals from the nonderivatized Si—OH groups )are summarized in Figure 3.7.
Upon DEP- grafting work in Step 1, the values for the T peak areas, which can be treated
as the signal from the tethered species, dramatically increased to around 30%. Then
DEP-SBA-15 was treated with Uv/O3 and causes a slight decrease in this area due to
ozonolysis removal and silanols recovery. This total tethered groups content was increase
again, in Step 3 by the addition of cinchonidine groups and finally decrease for a second
time after deprotection. This decreases in derivatized Si may come from some detached
functional moieties during deprotection and imply the existent of unlinked -Si-OC2Hs
“tail” in DEP- silane precursor (C3&C4 of DEP- in Table 3.1), which is inevitable during
the grafting of DEP- groups.?!??

Further, the recovery of silanols via Uv/ozonolysis was studied by employing a much
longer Uv/Og3 treatment time. The DEP-SBA15 in this case was treated for 5 days(120 h).
Figure 3.8 represents this 2°Si solid state NMR spectra. As we observed in the bottom
trace in Figure 3.8, almost no T peak (which represents derivatized Si-) can be observed
in this Uv-DEP-SBA15-120h sample and the peak pattern is quite similar with unmodi-
fied SBA-15 shown in the top trace. Besides, by estimating percentage recovery of
silanols,?® 92% silanols have been recovered after 120-hour Uv/Ozonolysis, comparing
with pristine SBA-15. This suggests that Uv/ozonolysis process is capable of removing

grafted parts and recovering surface silanols. Besides, if we re-graft this 120h Uv/O3
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treated DEP-SBA-15 with DEP- once more, the acid content will reach 0.625 mmol/g,
which is slightly higher than 0.608 mmol/g for DEP-SBA-15. This insignificant increase
may cause by extra Silicon sites introduced by the “click” chemistry. In Step 1, free -Si-
OH groups are tethered with a functionalized silane, R’O-Si’-R(DEP- in our case), by
forming a “Si-O-Si’-R” link. Uv/O3 treatment can completely remove the -R parts in that
link but it won’t cut all of “Si-O-Si’”” bond off. As a result, those new grafted Si’ might
introduce some fresh sites for re-derivation after a long-time removal process. That may

slightly increase acid content.
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Figure 3.7 2°Si cross-polarization magic-angle-spinning (CP/MAS) NMR spectra for pure SBA-15 and our
SBA-15-based catalysts after each synthetic step, as indicated in Figure 3.1. T peak area percentages were
shown at the right of the figure.
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Figure 3.8 2°Si cross-polarization magic-angle-spinning (CP/MAS) NMR spectra for DEP-SBA-15 treated
with 120 hours Uv/Os
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3.6 Various Catalytic Performance

3.6.1 Deacetalization-Henry cascade reaction

2nd-Generation Dual Acid—Base Catalysts acid—base catalysts made by our synthetic
procedure were first tested with Deacetalization-Henry cascade reaction which is usually
treated as a probe for acid—base bifunctional catalysis.>*? Individual acid and base cata-
lyzed steps were first examined. Table 3.7 shows the results for the individual acid
reaction. It suggested that neither a blank system nor plain SBA15 can promote the reac-
tion from dimethyl acetal to benzaldehyde. In entry 3, basic functionalities show no effect
on this acid step either. Besides, no yield of B-nitrostyrene for all entries despite good
conversions can be found in acid catalysts entries(Entry 4 and 5) may indicate phos-
phonic acid contained catalyst is quite efficient in promoting the first step, from dimethyl
acetal to benzaldehyde, but cannot help with the promotion of nitromethane addition. Ta-
ble 3.8 shows base-catalyzed henry reaction. The first three entries in Table 3.8 indicate
that blank system, plain SBA15 and phosphonic acid groups have no effect on this step.
Cd-SBA-15 and our bifunctional catalyst in Entry 4 and 5 are capable of carrying out this
henry reaction. And Entry 6 in this table, starting with solvent, acid catalyst part and final
product: B-nitrostyrene, suggests acid-catalyst cannot drive the reaction backward either.
As a result, those data indicate that we need both phosphonic acid and cinchonidine to
promote this Deacetalization-Henry cascade reaction.

By the addition of both acid and base functional groups as catalysts, Deacetalization-
Henry cascade reactions were performed. As shown in Table 3.9, bifunctional heteroge-

neous catalyst designed exhibited successfully promoted this cascade reaction, giving a
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100% conversion of reactant and a yield of 54% for B-nitrostyrene. Besides, if we applied
a longer Uv/O3 exposure in Table 3.9, entry 2, due to the lack of efficient phosphonic
acid groups to carry out deacetalization step, both the conversion and yield of final prod-
uct observed appear a dramatic decrease.

In Entry 3 to Entry 6 of Table 3.9, Physical mixture A represents a mixture of Cd-
SBA15 and H203P-SBA15 with same amount of acid and base group with 50mg Cd-Uv-
H203P-SBA15-3h while Physical mixture B is the same with 50mg Cd-Uv-H203P-
SBA15-5h. However, compared with bifunctional catalysts, physical mixtures exhibited a
better performance in deacetalization-Henry cascade reaction.

The reason for the difference between bifunctional catalyst and physical mixture of two
mono-functional catalysts (or the loss of activity) might be the loss of surface silanol
groups. Brunelli et al. have reported a similar decreased activity in aldol condensation
when they cooperated amine groups with carboxylic acid on silica.>® They proposed that
silanol will better cooperatively catalyzing the aldol condensation than acid. To investi-
gate our case, some more reactions were performed in Table 3.10 , as we silylated silanol
groups on SBA-15 surface with hexamethyldisilazane (HMDS). First, Entry 6 indicates
that HMDS capped plain SBA-15 has no increased catalytic activity on nitromethane ad-
dition. Then the remaining silanol groups on Cd-SBA15 were silylated with HMDS
(HMDS-Cd-SBAI15). As shown in Entry 1 to Entry 5 in Table 3.10, Cd-SBA15 with si-
lylation shows a similar catalytic performance with bifunctional catalyst (Cd-Uv-H203P-
SBA15-3h) and the same lower activity when compared with unsilylated Cd-SBA15. It

suggests that loss of silanol will also cause a significant loss of activity for cinchonidine
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functionalized catalyst in this henry reaction. That would be the key reason that our bi-
functional catalyst has lower performance than physical mixture.

The turnover frequency for each step was then calculated in Table 3.11 with the phos-
phonic and cinchonidine contents from Table 3.5. A lower TOF for basic moiety can be
observed in this case. The steric hindrance caused by this relatively larger cinchonidine
group may be one of the reasons. More studies need to be conducted to optimize this tan-
dem reaction rate since basic sites, the concentration of the intermediate (benzaldehyde)3*
produced by acidic sites, and surface silanols are all related to the final reaction rate.
Last, the recyclability of our acid-base bifunctional catalyst Cd-Uv-H203P-SBA15-3h
was tested. After each run, the catalyst was filtered and washed with toluene, dried in
vacuum overnight, and reused. The results shown in Figure 3.9 illustrates the Cd-Uv-
H203P-SBA15-3h remains about 80% efficiency after five consecutive catalytic uses for

Deacetalization-Henry reaction.
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Table 3.7. Catalytic activity testing for Deacetalization reaction(acid-catalyzed step).

Catalytic reaction: catalyst(different weight), nitromethane 4 ml and benzaldehyde dimethyl acetal 0.5
mmol. React at 90 °C under nitrogen atmosphere for different time. Yield of 3= conversion of 1 * selectiv-
ity of 3

2 As for a blank test, no catalyst was added to system.

®Same base content with Cd-Uv-H,O3P-SBA15-3h

¢ Same acid content with Cd-Uv-H,03P-SBA15-3h

dUse for TOF calculation

OMe o
Acid Base X~ _NO,
OMe ——>» H —m»
H,0 CH;3NO, ©/V
1 2 3
Entry Sample Time /h Conversion of 1 | Yield of 3/%
/%

1 Blank test? 12 5 0
2 13.6mg pristine-SBA15 12 7 0
3 16.3 mg Cd-SBA15° 12 0 0
4 13.6mg H,O3P-SBA15°¢ 1.5 100 0
5 5mg H>O3P -SBA15 ¢ 0.5 46 0

Table 3.8 Catalytic activity testing for Henry Reaction between Benzaldehyde and Nitromethane(base-cat-
alyzed step). Catalytic reaction: catalyst(different weight), nitromethane 4 ml and benzaldehyde 0.5
mmol. React at 90 °C under nitrogen atmosphere for different time

2 As for a blank test, no catalyst was added to system.

®Same acid content with Cd-Uv-H,03P-SBA15-3h.

¢ Same base content with Cd-Uv-H,03P-SBA15-3h. Use for TOF calculation.

d Starting from nitromethane 4 ml and 0.5mmol final product(B-nitrostyrene, 3 in scheme 3 ), which means
the initial conversion and selectivity are 100%. Then 13.6mg H,O3P-SBA15 was added as catalyst. And
after 6h, there is no conversion from nitroalkene back to benzaldehyde, suggests acid-catalyst cannot drive
the reaction backward.

Entry Sample Time /h Conversion of 2 | Yield of 3/%
1%

1 Blank test? 6 0 0

2 16.5mg SBAI1S5 6 0 0

3 H>O3P-SBA15° 12 0 0

4 Cd-SBA15°¢ 3 17 ~100

5 Cd-Uv-H,03P-SBA15-3h 24 85 ~100

6 H,O3P-SBA15¢ 6 100 100
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Table 3.9. Catalytic activity testing for Deacetalization-Henry cascade reaction. Monitored by GC. Cata-
lytic reaction: Catalyst, nitromethane 4 ml and benzaldehyde dimethyl acetal 0.5 mmol. React at 90 °C
under nitrogen atmosphere for different times. The results in 24h are shown in the figure(below the table)
for comparison.

Catalysts: 50 mg Cd-Uv-H,03P-SBA15-3h for entry 1. Physical mixture A: a mixture of 16.3mg Cd-
SBA15 and 13.6mg H,PO3-SBAL15. Physical mixture B: a mixture of 35.0mg Cd-SBA15 and 5.0mg
H2PO3-SBA15.

Entry Sample Time | Conversion | Selectivity | Selectivity | Absolute conver-
/h of 1/% of 2/% of 3/% sion of 3 /%
1 Cd-Uv-H,0sP- | 24 100 46 54 54
SBA15-3h
2 Cd-Uv-H205P- | 24 36 44 56 20
SBA15-5h
3 Physical mix- 3 44 66 34 15
ture A
4 Physical mix- 24 100 2 98 98
ture A
5 Physical mix- 3 14 50 50 7
ture B
6 Physical mix- 24 34 9 91 32
ture B

Il Conversion of 1
100 [ vield of 3

80

60

40 -

Yield or conversion/ %

20

Cd-Uv-H203P-SBA15-3n  Cd-Uv-H203P-SBA15-5h Physical mixture A Physical mixture B

Catalytic activity testing in 24h
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Table 3.10 Catalytic activity testing for Henry reaction. Monitored by GC. Catalytic reaction: Catalysts
with same amount of cinchonidine content with 50mg Cd-Uv-H,03P-SBA15-3h, nitromethane 4 ml and
benzaldehyde 0.5 mmol. React at 90 °C under nitrogen atmosphere for different times. The results in both
6h and 24h are shown in the figure below for comparison.

Entry | Sample Time/h Yield of 3/%
1 Cd-Uv-H,03P-SBA15-3h | 6 15
2 HMDS-Cd-SBA15 6 20
3 Cd-Uv-H,03P-SBA15-3h | 24 42
4 HMDS-Cd-SBA15 24 47
5 Cd-SBA15 6 39
6 HMDS-SBA15 6 0
% B vield in 6h
€0 [ ] Yield in 24h
554
50
45 4
X 404
§ 35
(=}
© 304
< 254
204
15
10
54
6 hours 24 hours

Table 3.11 Kinetic constant(TOF) calculation. Catalytic reaction: catalyst, nitromethane 4 ml and different
starting reactant. React at 90 °C under nitrogen atmosphere for different times.

25mg H,O3P-SBAL5 was added as catalyst, starting from benzaldehyde dimethyl acetal 0.5 mmol
®16.5mg Cd-SBA15 was added as catalyst, starting from benzaldehyde 0.5 mmol.

¢ TOF=moles of reactant*conversion/(moles of active sites*time). Mole of reactant is 0.5mmol to both en-
try 1and 2

Entry Sample Time/h Conversion/% | TOF /s!¢
1 H,Os;P-SBAI1S5* 0.5 46 4.20%107
2 Cd-SBA15°" 3 17 6.86*10*
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Figure 3.9 Recyclability test for Deacetalization-Henry cascade reaction.
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3.6.2 Cyano-Ethoxycarbonylation reaction

One reason for developing our 2nd-generation acid-base catalyst is to add more function-
alities and enlarge the range capable reaction for catalysts so the performance of our 2nd-
generation acid-base catalyst of Cyano-Ethoxycarbonylation reaction was examined. The
results are summarized in Table 3.12.

One reason for choosing Cyano-Ethoxycarbonylation reaction is this reaction can be pro-
moted by high nucleophilicity Lewis base catalyst (e.g. DABCO, DMAP....).3%" An
acid-base cooperative function has also been recently reported to have an enhanced per-
formance on it.33% But the primary amine (NH.-) in our 1st-generation catalyst has no
effect on this reaction, as shown in Entry 3 in Table 3.12 since a tertiary amine (NR3) is
favored for carrying out this catalysis.

Entry 1 to Entry 3 in Table 3.12 indicate that blank test, SBA-15 (silica support) and our
1st-generation acid-base catalyst have no effect on promoting this Cyano-Ethoxycar-
bonylation reaction at all. In contrast, the 2nd-generation acid-base catalyst, Cd-Uv-
H203P-SBA15-3h in Entry 4 exhibits a 40% yield of cyano carbonate in 30h. Further,
different from Deacetalization-Henry cascade reaction, Cd-Uv-H203P-SBA15-5h repre-
sents a better performance on this reaction, with a yield of 61%. Both the inherent
difference between cascade reaction and dual activate reaction, and more post-grafted
cinchonidine content due to longer Uv/ozonolysis treatment, which plays a key role in cy-
ano-ethoxycarbonylation, may attribute to this higher product yield.

Entry 6 and 7 are the physical mixture of Cd-SBA15 and H203P-SBA15 with same cin-

chonidine and phosphonic acid amount with Cd-Uv-H203P-SBA15-3h and Cd-Uv-
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H203P-SBA15-5h, respectively. Different with a much higher yield than their bifunction-
alized material in Deacetalization-Henry discussed in the last part, physical mixtures only
show a quite similar yield of cyano carbonate in this case. As we discussed above, sur-
face silanols on support may also have a promotive effect together with functional (basic)
sites in some reactions. And this similar results shown in this table indicate surface si-
lanols of SBA-15, pure silica, have few effects on promoting Cyano-Ethoxycarbonylation
reaction. This may mostly result from the acidity of pure silica silanols is insufficient to
serve as a good reactant activator. However, by increasing Lewis acidity of surface si-
lanols, for example, cooperating metal oxide (Al2Oz....) into framework, base-
functionalized “acidic” silica did exhibit a good activity in Cyano-Ethoxycarbonylation
reaction for a synergistic acid silanol-base catalysis.*

The recyclability test of Cd-Uv-H203P-SBA15-5h, which represents a higher catalytic
activity, was also performed. After each run, the catalyst was filtered and washed with
toluene, dried in vacuum overnight, and reused. Results are shown in Figure 3.10. De-
spite a slight loss of activity, Cd-Uv-H203P-SBA15-5h also remains ~80% performance
after five consecutive runs (Activity drop from 61% to about 50%). Those data confirm
our bifunctional catalysts are recyclable.

As the scheme in Table 3.12, this reaction will create a chiral center at the cyano added
carbon. Unfortunately, all entries we mentioned above only generate racemic products.
Those racemic products probably indicate that in our cinchonidine-phosphonic acid coop-
erative function, enantioselective addition comes from acidic sites. A similar situation

and a proposed mechanism have been reported by Yamagiwa et al.** On the other hand, it
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also proves that in our construction, acidic and basic site are well spatially isolated. Those
grafted functionalities maintained their original characters well but the chirality of cin-
chonidine (basic sites) won’t be introduced to phosphonic acid located at the inner
position, which might also be a drawback of our spatially isolated methodology in dual-
activation chiral reaction application.

For entry 8 in Table 3.12, we only applied Cinchonidine mono-functionalized catalyst for
this reaction. Lacking acid sites working cooperatively, Cd-SBA-15 only appears a low
yield of 22% in 30h with same amount of basic sites participating as other entries. How-
ever, it provides a ~15% enantiomeric excess value due to the reaction only activate or

catalyzed on chiral cinchonidine groups.
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Table 3.12 Cyano-Ethoxycarbonylation reaction catalyzed by acid-base bifunctional catalyst.

Reaction condition: toluene 2.5ml, ethyl cyanoformate (0.5mmol), and benzaldehyde (0.25 mmol), 8 mol%
amount(based on benzaldehyde ) of catalyst was added (0.020mmol cinchonidine). The mixture was vigor-
ously stirred at room temperature under N2 for 30h and analyzed by GC-MS. ee% values are obtained from
GC with chiral column.

2No catalyst was added for a blank test

® 8 mol% amount(based on benzaldehyde ) of catalyst was added: 90mg Cd-Uv(H,PO3-SBA15)-3h or 46.7
Cd-Uv(H2PO3-SBA15)-5h.

¢Yield of product was based on benzaldehyde.

dPhysical mixture has an equal amount of cinchonidine and phosphorous acid with 90mg Cd-Uv(H2POs-
SBA15)-3h(29.3mg Cd-SBA15 and 24.5mg H,PO3-SBA15)

¢Cd-SBA15 has a 15% ee. ee% values are obtained from GC with chiral column.

o]

O)koa
o]
\O )J\ Catalyst
+ - " * TCN
CN OEt toluene, r.t.
4 5 6
Entry Sample Time/h | yield of 6° /%
1 Blank Test*® 30 ~0
2 Pristine-SBA15 30 ~0
3 HSOs-(NH,-SBA-15) 30 ~0
4 Cd-Uv(H,PO3-SBA15)-3h ® 30 40
5 Cd-Uv(H2PO3-SBA15)-5h ° 30 61
6 Physical mixture for 3h¢ 30 35
7 Physical mixture for 5h¢ 30 72
8 Cd-SBA15 30 22¢
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Figure 3.10 Recyclability test for Cyano-Ethoxycarbonylation reaction.
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3.6.3 1,4-addition of thiols to cylic enones

1,4-addition of thiols to cylic enones, which is sometimes called Sulfa-Michael addition,
has a significant impact on the development of asymmetric catalysis by cinchona alka-
loids.*? It can be promoting with help of bases and similar with some other Michael
addition, the performance of it can be further improved with the participation of acid. Our
2nd-Generation Dual Acid—Base Catalysts acid—base catalysts were tested with this reac-
tion and the results of all materials are shown in Table 3.13. All reactions were
performed with 1% mol catalyst at room temperature for 24 hours.

Blank test and Pristine SBA-15 shows a poor effect on sulfa-Michael addition and at the
same time, acid catalyst alone (H203P-SBA15 in entry 7) also only shows a very low
yield for 10% and produced some by-product. It may indicate the necessity of basic moi-
eties addition for carrying out promotion this reaction.

By adding cinchonidine functionalities as a catalyst into reaction system, the reaction can
be successfully promoted as entry 3 to entry 6 shown. In entry 3, cinchonidine solid was
directly introduced into benzene solution, providing almost 100% conversion and the
highest ee% for 40% in 24h. Chiral-base modified SBA15, Cd-SBA-15 and the physical
mixture of Cd-Uv(H2PO3-SBA15)-3h both show a good conversion for 69% and 83%,
respectively. And the better yield of physical mixture indicates that the cooperative work
of acid and base function did improve catalytic activity. However, there is a loss of enan-
tioselectivity in both materials compared with free cinchonidine in solution. It may relate

with the removal of the OH group in the cinchonidine upon derivatization since it has
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been reported that this C9-OH group allows a simultaneous activation which attributes to
a high enantioselectivity.*>43

Performances of bifunctional catalyst, Cd-Uv(H2PO3-SBA15)-3h, were shown in entry
7. The conversion was similar to Cd-SBA15. Like Deacetalization-Henry cascade reac-
tion we discussed above, silanols might have some effect on its rate.!® The improved
activity by introducing acid sites was somewhat canceled by the loss of silanols, which
may be the main reason for this similar yield. However, until now, the mechanism of cin-
chonidine catalyzed sulfa-Michael addition has not been fully discovered yet.

Besides, It can be observed that a slightly lower ee% of Cd-Uv(H2PO3-SBA15)-3h and
physical mixture appear when compared with Cd-SBA15. That may most probably due to
the non-chiral phosphonic acid groups, which cooperatively promoted the reaction but
without any enantioselectivity. Besides, phosphonic can catalyzed this reaction itself as

Table 3.13 shown. That may further dilute the overall e.e. observed.
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Table 3.13 1,4-addition of thiols to cylic enones reaction catalyzed by acid-base bifunctional catalyst.
Reaction condition: benzene 3ml, p-tertbutylbenzenethiol (1.81mmol), and 2-cyclohexene-1-one (1.56
mmol), 1 mol% amount(based on ketone) of catalyst was added (0.015mmol cinchonidine). The mixture
was vigorously stirred at room temperature under N, for 24h and analyzed by GC. ee% values are obtained
from MC 241 polarimeter.

2No catalyst was added for a blank test

® 1 mol% cinchonidine was directly added into solution as catalyst.

¢Yield of product was based on ketone.

O
Benzene 4&
s
i : @ rt. catalyst i >

Entry Sample Time/h | yield of product® ec%
/%

1 Blank Test® 24 ~0 N/A
2 Pristine-SBA15 24 6 trace
3 Cinchonidine® 24 ~100 40

4 Cd-SBA15 24 69 10

5 Physical mixture for 3h 24 83 4

6 Cd-Uv(H,PO3-SBA15)-3h 24 70 6

7 H,O;P-SBA15 24 10 trace
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3.6.4 Reaction Limitations

By utilizing our phosphorous-Cinchonidine bifunctional catalyst, we have successfully
promoted Deacetalization-Henry cascade reaction, Cyano-Ethoxycarbonylation reaction
and 1,4-addition of thiols to cylic enones. However, since grafted functional groups are
simply phosphorous acid and cinchonidine, natural cinchona alkaloids, both are very
“primary” and “undecorated”, its applications were limited. Our bifunctional catalysts
prepared show very little activity on Michael addition reactions of unmodified aldehydes
or ketones.** This base-catalyzed nucleophilic addition to an a,B-unsaturated carbonyl
compound is widely used in asymmetric synthesis (for example, Figure3.11). Besides,
like the reaction scheme shown in Figure3.12, the chiral base-catalyzed Morita-Baylis-
Hillman coupling is also related to Michael addition since MBH coupling involves a se-
quence of Michael addition, aldol reaction, and B-elimination.*® Unfortunately,
cinchonidine is not a good catalyst for this kind of Michael addition. A secondary amine,
not quaternary amines in cinchonidine, will be preferred in this case by enabling an
enamine or iminium activation step.*¢*® As a result, neither our catalysts nor a cinchoni-
dine grafted SBA15 showed any effect on the reactions shown in Figure3.11 and 3.12. In
future studies, some modification might be required for those natural cinchona alkaloids

moieties to further enhance their catalytic performance on those reactions.
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TN + R'/\/NOZ __ L, cHO NO,

R CHO

Figure3.11 Scheme for Michael addition of unmodified aldehydes to nitro olefins.
OH O

z Qﬁgk@

Chiral Base-

Acid-Catalyzed Catalyzed
Rearrangement Addition
e.g. Gen 2
H,03P-
(QN-SBA-15)

Figure3.12 Scheme for Meyer-Schuster rearrangement followed by a subsequent chiral Morita-Baylis-Hill-
man coupling
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3.7 Conclusion

A 2nd-generation dual acid—base system was constructed by combining our UV/ozonoly-
sis removal protocol and “click™ chemistry, with phosphonic acid and cinchonidine serves
as acidic and basic sites, respectively. Our new approaches are based on: (1) the use of
“click” chemistry to immobilize molecular moieties to oxide surfaces via intermediate al-
kyltrialkoxysilane (R-TEOS) linkers; (2)controlled use of UV/ozonolysis for partial
removal of tethered fragments from the external surface; (3) the use of ethoxy protecting
groups to avoid quenching between incompatible acidic and basic functionalities. *C,
29Si and 3!P solid-state NMR were combined with CNS elemental analysis, acid—base ti-
trations and N adsorption isotherm measurements to fully characterize those resulting
materials. The successful construction work for 2nd-generation acid-base catalyst further
confirmed that this synthetic protocol is fairly general and could be applied for designing
other bifunctional catalysts. Besides, the recovery process of silanols via UV/Os treat-
ment was investigated.

The dual functionalities were tested with Deacetalization-Henry cascade reaction, Cyano-
Ethoxycarbonylation reaction and 1,4-addition of thiols to cylic enones (Sulfa-Michael
addition). A decrease in catalytic activity for bifunctional catalysts, compared with physi-
cal mixture, have been observed in Deacetalization-Henry cascade reaction, due to the
loss of cooperatively catalyzing surface silanol groups for henry reaction. In the mean-
while, similar performance for bifunctional catalysts and their physical mixture can be
observed for the insufficient acidity of pure silica surface silanols. Bifunctional catalysts

could be recycled for those reactions, with a ~80% total activity remaining after five
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cycles. In 1,4-addition of thiols to cylic enones, a slightly increased activity could be
found in physical mixture caused by extra silanol, again, for its weak acidity. There is a
loss of enantioselectivity in both Cyano-Ethoxycarbonylation reaction and 1,4-addition of
thiols to cylic enones, which may be caused by weak cooperative working due to spa-

tially isolated structure and non-chirality acidic moieties grafted, respectively.
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Chapter 4: A Summary for Constructing Acid-Base Heterogeneous
Tandem Catalysts

Overall, the construction of two generations of acid-base heterogeneous tandem catalysts
are successfully performed as Chapter 2 and 3 shown. A series of characterization tech-
nique including: *C, 2°Si and 3P solid-state NMR, infrared spectroscopy(IR), acid-base
titration, CNS elemental analysis, and N2 adsorption-desorption isotherm measurement
were employed. Those analytic results corroborate not only the existence of functionali-
ties on SBA-15 support but also the success of each individual step associated with this
synthesis.

Besides, two different semi-quantitative measurements were discussed in the 2°Si NMR
part of Chapter 2 and N2 adsorption-desorption isotherm part in Chapter 3, respectively.
For the 2°Si NMR spectra of sulfonic acid-amine tandem catalyst, we observed the trend
of absolute functionalities content obtained from titrations well matched that of T peak
area percentage, which represents how many Si on support were tethered. For N> adsorp-
tion-desorption isotherm part, bimodal shapes in pore size distribution were found in both
systems and more clearly in cinchonidine-phosphonic acid tandem catalyst due to a larger
difference in moiety size. After multi-peak Gaussian fitting for pore size distribution, it
was observed that the relative change for pore at 5.41nm agreed with the changing trend
of absolute acid content. Anyway, without systemic studies, those semi-quantitative anal-

ysis should be taken with a grain of salt.
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In the study of 1st-generation acid—base tandem catalyst derivatized with amine(-NH>)
and sulfonic acid(-HSOs3), we found that the overall ratio of the coverages of the two
functionalities on the surface can be controlled by tuning UV/ ozonolysis exposure
length, which more detailed works are produced by Dr. Zhihuan. It can be applied to opti-
mize the performance for Deacetalization-Henry cascade reaction. Thanks to spatially
separated moieties and proper acid/base ratio, catalysts with 3-hour Uv/Ozonolysis expo-
sure (HSOs-(NH2-SBA-15)) displays the best performance among all catalysts prepared,
where a 98% vyield of B-nitrostyrene was achieved in 13 hours.

In the study of catalytic performance for 2nd-generation cinchonidine-phosphonic acid sys-
tem, a decrease in catalytic activity for bifunctional catalysts, compared with physical
mixture, have been observed in Deacetalization-Henry cascade reaction, which has not
been observed in 1st-generation acid—base tandem catalyst. The difference should come
from the different catalytic systems for two bifunctional catalysts. And similar to previ-
ously reported, such a decreased activity was most probably due to the loss of cooperatively
catalyzing surface silanol groups for henry reaction after our complementary tests. Thanks
to extra functionalities introduced by cinchonidine moieties, 2nd-generation bifunctional
catalysts successfully promoted Cyano-Ethoxycarbonylation reaction and Sulfa-Michael
reaction which 1st-generation couldn’t. However, there is a loss of enantioselectivity in
both Cyano-Ethoxycarbonylation reaction and 1,4-addition of thiols to cylic enones.
Weaker cooperative working due to spatially isolated structure and the non-chirality of

acidic moieties may both attribute to it.
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Last, Recyclability was examined from both tandem catalysts prepared and they remained
good catalytic activity after a couple of consecutive runs ( For HSO3-NH2-SBA-15, a drop
of ~5% in total activity, was seen after three cycles by Dr.Zhihuan’s work and for Cd-
Uv(H2PO3-SBA15)-3h, ~80% of catalytic activity still remained after five cycles.)

A more important idea we want to deliver from this thesis is the synthetic strategy protocol.
Both partial removal process from Uv/Os treatment and tethering route via a R-TEOS link
could be applied for constructing a similar tandem system without many limitations.
Anyway, there are still issues that need to be resolved for this acid-base tandem catalyst in
the future. One issue is for Uv/Oz ozonolysis removal process. In our study, we found this
removal process cannot clean functional moieties with phenyl groups. Probably due to the
deep tunnel shape for SBA-15 comparing with a silicon film, which is difficult for ozone
to access and high carbon content for phenyl groups, those moieties will “coke” on silica
support instead of being removed. That is also one reason why in our 2nd-generation cata-
lyst, DEP- functionality is grafted first, then Cd- group tethered. Another thing is both
acidic and basic moieties we grafted need to be re-considered. For example, cinchonidine
is a good chiral basic moiety but it was blocked for Michael addition after our test. The
tertiary amines it owns do not allow cinchonidine to follow an enamine activation route.
Such a low catalytic activity on Michael addition limited its application on asymmetric
reactions. So for future studies, decorated cinchona alkaloids or other secondary amine
contained basic functionalities may be a better choice. The same thing for acid moieties,
carboxylic acid which can be grafted by carboxylic-acid tert-butyl ester-linked triethox-

ysilanes seems to be a better choice compared with the other two acid mentioned in thesis.
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N2 flow heating deprotection process of this carboxylic acid moiety will make it compatible
for more types of bases even if those bases are not protected. More experiments need to be

conducted next and we hope to solve these issues in near future.
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