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Abstract

Metal organic framework is an inorganic-organic hybrid porous material. These materials
have attracted many research groups’ attentions in the world due to its potential application in
gas storage, catalysts and environmental control.

The catalysis group at University of Oslo has discovered a new thermal stable zirconium (1V)
MOF UiO-66 (UiO=University of Oslo) since 2008. This MOF was designed based on using
the inorganic brick ZrgO4 (OH) 4 and the organic linker 1, 4-benzene-dicarboxylate (BDC).
Since then, other UiO series MOFs (UiO-67, UiO-68) have been discovered by using
different organic linkers (4, 4'-biphenyldicarboxylate (BPDC) linker for UiO-67 and 4, 4', 4"-
triphenyldicarboxylate (TPDC) linker for UiO-68). To find a good MOF material in catalyst
and gas adsorption, new organic linkers are demanded.

In this study, the 1,1'-binaphthyl-4,4'-dicarboxylic acid (BNDC) linker has been synthesized
by six-step synthesis route in five gram level. Meanwhile, a four-step synthesis route was also
explored in a milligram scale.

Then a new Zr-MOF with the BNDC linker was prepared by the conventional method. The
synthesis of this MOF single crystal was also tested.This new Zr-MOF was characterized by a
various methods including powder X-ray diffraction (PXRD), thermogravimetric analysis
(TGA), N adsorption, CO, and methane adsorption, optical microscope and nuclear magnetic
resonance (NMR) spectroscopy, water stability test, pH stability test, and scanning electron
microscope (SEM).

This MOF was found to have a well crystallinity, and PXRD study revealed it has a similar
structure features as UiO-67. Hence, in this study this MOF will be named as UiO-67-BNDC.
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Abbreviations

UiO= University of Oslo

MOF= Porous metal-organic framework
BNDC=1,1'-binaphthyl-4,4'-dicarboxylic acid
PXRD =Powder X-ray Diffraction
TGA=Thermogravimetric Analysis

SEM= Scanning Electron Microscope

NMR= Nuclear Magnetic Resonance
HMBC= Heteronuclear Multiple-bond Correlation
HSQC=Heteronuclear Single-quantum Correlation
COSY=Correlated Spectroscopy
DMF=N,N-dimethylformamide

DMSO =dimethyl sulfoxide

dppf =1,3-bis(diphenylphosphino)ferrocene
NBS= N-bromosuccinimide

BPO= benzoyl peroxide

AIBN= azobisisobutyronitrile

TLC= Thin Layer Chromatography

Et=ethyl

eq.=equivalents

h= hour(s)

min=miutes

ppm= parts per million

s=singlet

t= triplet

T= temperature
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THF= tetrahydrofuran
Hz=Hertz
J =coupling constant

MS=Mass Spectrometry
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Chapter 1

Introduction

In this chapter, important aspects of Metal organic frameworks (MOFs) are reviewed. A brief
introduction of MOFs will be followed by definitions and classifications. Then, the UiO
MOFs will be mentioned in particulars. General methods of MOFs synthesis and modification
of MOFs are discussed. The emphasis will be on synthesis methods of UiO-67. Common
characterization methods of MOF materials are briefly reviewed. The potential applications of
various MOF materials will be presented and main focus will be on gas storage. Finally, the
aim and outline of the thesis will be presented.

Uio-67 UiO-67-BNDC



1.1 Introduction of Metal Organic Frameworks (MOFs)

1.1.1 Discovery of MOF-5

In modern chemistry, the discovery of MOFs shows the power of combining organic and
inorganic chemistry.! One of the most important discoveries in the MOF research history is
the discovery of MOF-5.Yaghi a scientist from University of Michigan and his coworkers
established the first stable Metal organic framework (MOF-5 also called IRMOF-1, Figurel.l)
with large porosity and this finding proves the MOF structure can still be stable after removal
of the guest molecule (solvent). Before that time some scientists thought the MOF structure
will collapse after removal of the guest molecule.? MOF-5 consists of tetrahedral Zn,O units
as connector and 1, 4-benzenedicarboxylate (BDC) as the organic linker. It has a remarkable
surface area (up to 2900 m?/g), stability and porosity at all exceptionally high in 1999. The
structure is stable when the solvent is completely removed and temperature up to 300 °C.
Since then these fascinating materials (MOFs) have been investigated by researchers
worldwide.™?

Figure 1.1 View of the structure of MOF-5 (Zn, blue; O, green; C, grey). The yellow sphere indicates a large
cavity formed by eight Zn,(O)04,Cs clusters, and is in contact with the 72 carbon atoms of 12 benzene rings.*

1.1.2 Definition of MOF

So what is MOF? According to the IUPAC (International Union of Pure and Applied
Chemistry), the definition of MOF is “a Metal-Organic Framework, abbreviated to MOF, is a
Coordination Polymer (or alternatively coordination network) with an open framework
containing potential voids.” Coordination networks are a subset of coordination polymers,
and MOFs a further subset of coordination networks.’

A coordination compound continuously extending in 1, 2, or 3 dimensions through
coordination bonds is called a coordination polymer. One classical example of alD
coordination polymer is the (4,4’-bypyridine-N,N)-bridged cobalt(1) compound (Figure
1.2).4
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Figure 1.2 An example of a single-chain coordination polymer. Mauve: Co; blue: N; red: O; grey: C; white: H.*

A coordination network is “a coordination compound extending, through coordination

bonds, in 1 dimension, but with cross-links between two or more individual chains, loops or
spiro-links, or a coordination compound extending through coordination bonds in 2 or 3
dimensions.” One example of a 3D-coordination polymer is the Cd(CN),.pyz (pyz = pyrazine)
polymer (Figure 1.3) from Robson’s group.”

Figure 1.3 The structure of Cd(CN),.pyz (pyz = pyrazine) polymer. Mauve: Cd; blue: N; grey: C.**

A MOF is a porous, crystalline material which contains an organic component and an
inorganic component. The porosity is one of the important criteria that a material needs to
fulfill to be called as a MOF. The organic component is organic molecules which act as
linkers in the structure and the inorganic component is metal ions or clusters of metal ions
which act as connecters. The structure of the MOF is formed through the formation of
coordination bonds between organic linker and metal ions.*

There are three generations of MOFs: The first generation MOFs are only stable with the
present of the guest molecules in the structures. In other words, they collapse irreversibly
when the guest molecules are removed. The second generation MOFs (such as MOF-5) can
be stable without guest molecule and they show permanent porosity in the absence of guest
molecule. The third generation MOFs that are flexible, dynamic frameworks which respond to



external stimuli (pressure, light, guests, electric field etc.) and change their pores or channels
size reversibly.°

1.1.3 UiO MOFs

Recently (in 2008), the catalysis group at University of Oslo discovered a new thermal stable
zirconium (IV) MOF Ui0O-66 (UiO=University of Oslo). This MOF was designed based on
using the inorganic brick ZrsO4 (OH) 4 and the organic linker 1, 4-benzene-dicarboxylate
(BDC). Later, two analogues (UiO-67 and UiO-68) of UiO-66 were prepared by changing the
length of the organic linker. The UiO-67 was prepared from the 4, 4'-biphenyldicarboxylate
(BPDC) linker and UiO-68 from, the 4, 4', 4"-triphenyldicarboxylate (TPDC) linker (Figure
1.4). The surface area increases as the length of linkers extends. While the thermal stability of
the MOFs do not reduce.’
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Figure 1.4 Structures of UiO-66 (b), UiO-67 (c) and UiO-68 (d). Zirconium, oxygen, carbon, and hydrogen
atoms are red, blue, gray, and white, respectively.’

The inorganic brick of UiO MOFs exists two reversibly forms namely, hydrate and dehydrate
(Figure 1.5). It has been reported that the dehydration of the cluster happens when the
temperature arises to 250 °C and the full conversion of the hydrated form is obtained at 300
°C. Two of the four hydroxyl groups leave together with the hydrogen from the remaining
hydroxyl groups to give the ZrsOg inner cluster which is 7-coordinated zirconium.’

Figure 1.5 Structures of Zr cluster. (a) Hydrated with showing carboxylates, ZrsO4(OH)4(COO0),,. (b) Hydrated
inner core Zrg- cluster alone, ZrgO4(OH),. (c) Dehydrated with showing carboxylates, ZrgOs(COO);,. (d)
Dehydrated inner core Zrg- cluster alone, ZrgOg. Zirconium, oxygen, carbon and hydrogen atoms are blue, red,
gray, and white, respectively.

UiO-66 was found to have high thermal and chemical stability. This high thermal stability of
the UiO-66 MOF is due to its inorganic brick. Compared with the previous other MOFs, the
UiO MOFs are the highest coordinated MOFs which are 12 coordinated. In the UiO-66



strucsture, there are two types of pores namely, octahedral cage and tetrahedral cage (Figure
1.6).

Figure 1.6 Three dimension cubic framework structure of UiO-66 octahedral and tetrahedral cages in the UiO 66
structure (a, b). The octahedral (orange, c) and the tetrahedral (yellow, d) cages. Zr, blue; C, gray; O, red.®

1.2 Strategies of MOF synthesis

1.2.1 Building blocks of MOFs

Usually, the inorganic component, also called the secondary building unit (SBU), in the MOF
synthesis is using well-soluble salts e.g. metal sulfates, nitrate or acetates. To date, there are
diverse metal clusters used in the MOF synthesis. Among the most studied MOFs, the
inorganic components used are including Zn, Zr, Al, Fe and Cu clusters. The organic linkers
commonly are di-, tri-, and tetra- carboxylic acid and azoles (Figure 1.7).The reaction usually
is performed in a polar organic solvent such as amine (triethylamine) or amide
(dimethylformamide, diethylformamide).’

(0] O
HO I OH
HO___O O (0] g
HO OH
HN—)\ D O
K/N 0% OH O~ "OH HO OH
(0] (e}
benzene-1,3,5- tetrakis(4-carboxyphenyl)
imidazole Terephthalic acid tricarboxylic acid porphyrin
COOH
O Os_OH

2 P
HO
NOH O
(0] Loon COOH HO™ ~O
L qn "_hinvridi { hthalene-2,6-
" S [1,1":4'1"-terphenyl]- [2,2"-bipyridine]-5,5 nap ne-z,!
butanedioic acid 4,4"-dicarboxylic acid -dicarboxylic acid dicarboxylic acid

Figure 1.7 Examples of organic linkers used in MOFs synthesis.



1.2.2 Parameters related to the MOFs formation

The construction of MOF is a self-assembly of its building blocks (metal ion and organic
linkers). In the early stage of MOF synthesis the methods known to grow high-quality crystal
of simple inorganic salts were used. Methods such as slow evaporation of solvents, slow
diffusion of one component into the solution of another can reduce the crystal nucleation rate
and increase the possibility to get ordered networks.*

There are many parameters relate to the MOFs formation such as process parameters
(temperature, pressure and reaction time) and compositional parameters (pH, solvents, the
ratios of reactants etc.). By adjusting these parameters, the shape and size of MOFs can be
manipulated.™

1.2.3 Conventional synthesis of MOFs

The reaction carried out by using conventional electric heating is called conventional
synthesis (Figure1.8)."? When considering the temperature for MOF synthesis, there are two
temperature ranges: solvothermal and nonsolvothermal. The solvothermal reaction is a
reaction carried out in a closed vessel under pressure that is above the boiling point of the
solvent and the nonsolvothermal reaction is a reaction carried out under normal pressure at or
below boiling point of the solvent.'! After the MOF material was formed, the solvents which
were trapped in the pores were removed through exchanging with a low boiling point solvent
and heat/vacuum treatment."?

There are several advantages of solvothermal method. It is easy to perform and no high
requirements on the equipment. Moreover, it is a good method to solve the different solubility
issue of inorganic and organic components.

Water or
DMF/DEF

Solvent exchange

Self-assembly & washing Iﬁltlyltlal
Heating Heat/vacuum gy & 4=+ 5N
treatment I/AIVAIV
As-synthesized MOF structures
@ Metal salt == Organic ligand

Figure 1.8 Conventional solvothermal synthesis of MOF.*?
1.2.4 Other methods of MOF synthesis

Except the conventional synthesis, there are many other different synthesis methods for the
MOF synthesis such as electrochemical synthesis, microwave-assisted synthesis,
mechanochemical synthesis and sonochemical synthesis. By using the different synthesis
methods many MOFs with different particle sizes and size distributions were obtained.**



1.2.5 UiO-67 synthesis

The UiO series MOFs are usually synthesized by solvothermal synthesis methods.*® The
solvothermal conditions facilitate formation of ordered structure through control the
equilibration of bonds formation between inorganic connectors and organic linkers. This is
enabled by the weaker coordinative bonds that detach from incoherently assembled build
block and reattach the ligands to metal centers to form the thermodynamically more favorable
structures.™

In order to control the rate of MOF crystal growth, a competing ligand (single-coordinated
ligand) also called modulator* can be introduced in the synthesis. One early reported work
was done by using acetic acid as a modulator in the synthesis of [Cuz(ndc),(dabco)] MOF
(ndc® =1,4-naphthalene dicarboxylyate, dabco =1,4-diazabicyclo[2.2.2]octane). They obtained
needle-shaped crystals which were able to be used in the single crystal X-ray diffraction.
While the synthesis without modulator gives cubic crystals.**

Schaate et al. have reported the first single crystal synthesis of UiO-67 using benzoic acid as a
modulator in 2011.They investigated the effect of various amount (from 0 equiv to 30 equiv
respect to ZrCl,) of benzoic acid as a modulator in the UiO-67 synthesis. The results indicated
with the increasing benzoic acid the crystallinity of MOF gradually improved. They obtained
individual microcrystals with edge lengths around 2 pm when 30 equivalents benzoic acid
were used in the synthesis. In their study, they also found the addition of modulator could
give a high reproducibility of UiO-67.%

The proposed mechanism of UiO-66 synthesis has been studied by Nilsen et al., the results
revealed the MOF formation experiences three steps (Figure 1.9).™° It starts with the
coordination between ZrCl, and DMF during solvation, follows by exchange of chlorides
with carboxylate groups from the linker/ modulator and the hydroxides from water to form the
intermediate complexes. Three of these intermediate complexes aggregate to give a triangular
intermediate. These triangular intermediates then convert to the connectors,
Zrs04(0OH)4(CO0);,. 1310

ZrCl, + 4 DMF [ZrCl4(DMF )4]

[ZrCl,(DMF)4] + H,0 + H,bdc

[Zr(OH)Cl,(Hbdc)(DMF),4] + HCI

3[Zr(OH)Cly(Hbdc)(DMF),]

[(ZrCI(OH))3(bdc)s(DMF)4,] + 3HCI

Figure 1.9 Proposed mechanism of UiO-66 synthesis.**®

1.3 Characterization of MOF materials

There are many methods (such as powder X-ray diffraction (PXRD), thermogravimetric
analysis (TGA), N, adsorption, scanning electron microscope (SEM) and nuclear magnetic
resonance (NMR) etc.) can be used in MOF characterization.'* The general properties of
MOF have been studied in this work. The powder X-ray diffraction gives the crystallinity
information of MOF material. This method can be applied in qualitative evaluating the



stability of the MOF after different stability tests (such as acid and base stability tests and
water stability test).

The porosity, one of the most important properties of MOF, can be checked by sorption
measurement through computationally and experimentally. Generally, N, adsorption is a
typical measurement can be used to obtain the surface area information. Other properties of
MOF such as thermal stability and morphology can also be investigated by TGA and SEM
respectively. In addition, the ratio between the inorganic clusters and the organic linkers can
be achieved by combining the information from TGA and NMR measurements. The theory of
each method used in this work will be discussed in the second part of the thesis.

1.4 Potential applications of various MOF materials

The potential application of MOFs is one of the main driving forces for MOF research.
Though there are still many challenges in commercialization, great efforts have been devoted
to the discovery of potential applications.'’

Due to the three main properties of MOFs: surface areas, thermal stability and chemical
tunability, these materials have a quite broad range applications in gas storage, separation,
chemical sensor, catalysis and drug deliver."**?** Some MOFs shows good thermal stability
such as UiO-66 (up to 450 °C) and MIL-53 (MIL= Materials of Institut Lavoisier, up to
500°C)."* The chemical tunability is reflected in the extraordinary degree variability of both
the inorganic building blocks and the organic linkers of their structures.*

1.4.1 Gas storage and separation

Up until now, the global warming is still a big problem in the world. Due to the daily global
consumption of fossil fuels for transportation, a huge amount of greenhouse gas (carbon
dioxide) was release into the atmosphere. Many new technologies have been developed to
replace the fossil fuels based energy system. Hydrogen is an attractive clean energy carrier
because it is carbon free and abundantly available from water. Moreover, its exceptional mass
energy density makes it a good candidate for the new energy system.?

However, there is still a challenge to use this gas because of its volatile property under
ambient condition. For on-board use, the hydrogen must be compressed which requires very
high pressures or store cryogenically. Both of them cost energy and increase the vehicles
weights which limit the practical usage of hydrogen as a fuel for vehicles. Therefore, to
design low-cost, light-weight materials which can reversibly and rapidly store hydrogen near
ambient conditions at a densitg/ equal to or even better than liquid Hydrogen will bring some
light for practical application.®

The remarkable high surface area and chemical tunability of MOFs make them to be some of
the most promising candidate materials in the hydrogen storage. The surface area of MOFs
around 1500-3000 m? g™ is common and that value even higher than 5000 m? g™ has also
been reported.?*° For instance, Yaghi and his coworker reported the MOF-177, which is
constructed from a [Zn.Og]®* cluster and the organic linker 1,3,5-benzenetribenzoate (BTB),
has surface area is close to 6000 m®g™. It gives H, adsorption capacity of 7.5 wt % at 77 K
and 70 bar. % Recently year, UiO-66 and UiO-67 have been reported for the hydrogen storage



at high pressure and at liquid nitrogen temperature. The H, uptake value at 38 bar and 77 K
for UiO-66 is 2.4 mass % and for UiO-67 the value is almost doubled (4.6 mass %) under the
same condition. This value is a bit lower than the DOE (Department of Energy USA) target (6
mass %).23%

Not only MOF can be used in hydrogen storage but also can be used in other gases such as
CO;, and methane adsorption. It can be used in removing CO, from natural gas and many
studies have been reported,? such as amine-functionalized MIL-53 (Al) shows high
adsorption of CO, with respect to CH,? There are four strategies have been proposed for
nature gas adsorption (methane) namely, Liquefied Natural Gas (LNG), Compressed Nature
Gas (CNG), Adsorbed Natural Gas (ANG) and Natural Gas Hydrate (NGH). Lower pressures
requirement, possibly be operated at room temperature and accessibility to practical
application make the ANG technique a more promising method than the other three methods.
MOFs materials which have high surface area and structural tunability are ideal potential
methane storage media. Kitagawa and coworkers first time reported methane adsorption on
Co, (4,4’-bipyridine)3(NO3)4) MOF under pressure in 1997. Later, Yaghi also studied the
methane storage capacities of series of isoreticular MOFs. After this early study, various
MOF materials were investigated on methane adsorption by various groups.*

1.4.2 MOF as catalysts

As mentioned above (1.1.2), MOF can also be used in catalysis. Recently years, great efforts
have been devoted to artificial photosynthesis. Inspired by the natural photosynthesis,
scientists have developed mimic photosynthesis systems and devices to perform the
photochemical reactions. MOFs have become potential photocatalysts since late 1990’s and
early 2000’s. The structure of MOFs can promote the diffusion of substrates and products
through MOF channels and it makes MOFs an ideal platform to perform artificial
photosynthesis.*! Simple MOFs such as MOF-5,%> MIL-100 (Fe)*? or MIL-53 (Fe)* have also
been studied on photocatalytic oxidative degradation of organic molecules.*

The applications of MOF on heterogeneous catalysis in our group have also been studied.
@ien et al. reported Pt-functionalized UiO-67 materials (UiO-67-Pt (I1), UiO-67-Pt (1V))
which were synthesized through three different methods and tested their reactivity with small-
(H2), medium-(Br,) and large-size (Toluene-3, 4-dithiol) molecules. They found that these
functionalized MOFs have highly accessibility and reactivity to the three above-mentioned
molecules.®*

1.4.3 Other applications

Except the potential applications mentioned above, MOFs materials have other diverse
potential applications. Many literatures have been reported the potential usage in luminescent
material,*® biomedicine,*® heat pump,®” environmental control, etc..*®



1.5 The objective and outline of the thesis

There are two main tasks in this project: one is synthesis the organic linker with a sufficient
amount (several grams) for the MOF synthesis. The other is synthesis a new Zr-MOF with
this new linker and characterized this material with various methods.

In Chapter 2, the principle of various characterization methods will be explained in details.
The methods include powder X-ray diffraction (PXRD), thermogravimetric analysis (TGA),
N, adsorption, CO, and methane adsorption, scanning electron microscope (SEM), optical
microscope and nuclear magnetic resonance (NMR).

In Chapter 3, the motivation of the organic linkers synthesis and the synthetic strategies of
organic linkers will be discussed. The limitations as well as the safety aspect of preparing
organic linker for MOF study will also be mentioned (the numbering of each compound will
not be shown in this chapter, and only compounds related to the experiments in this work will
be numbered in the further chapters).

In Chapter 4, the synthesis routes of organic linkers will be discussed and the main focus is
put on the BNDC linker synthesis. Three synthetic routes of BNDC will be presented and
compared. Some reaction mechanisms will also be discussed.

In Chapter 5, the synthesis, structure and thermal stability, N, adsorption, CO, and methane
adsorption of this UiO-67-BNDC MOF will be presented. The impacts of modulator in the
synthesis of this MOF single crystal will be discussed.

In Chapter 6, the conclusions and outlook of this work will be presented.

In Chapter 7, the experimental details of organic linker synthesis and MOF synthesis together
with all the experimental data will be presented.
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Chapter 2

Theory of MOF characterization methods

In the preceding chapter, methods include PXRD, TGA, Gas adsorption, SEM, Optical
microscope, NMR etc. have been mentioned in the characterization of MOF materials. This
chapter will continue to elucidate the principles of these different methods. The main focus
will be put on elucidating the first four methods. It will end up with a summary of

applications of these methods in this work.
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2.1 Powder X-ray diffraction (PXRD)

2.1.1 Diffraction of X-ray

Powder X-ray diffraction is a technique using X-ray diffraction on specimen to give structures
information of materials. Powder X-ray diffraction can be used in two main areas:
determination of the structure and fingerprint characterization of crystalline materials.

There are two different methods to generate X-rays. One is X-ray tube, which is a
conventional X-ray source in a laboratory of any size. The second is a much more expensive
and advanced X- ray source-the synchrotron. The former usually has a low efficiency, and
their brightness. The latter is extremely bright nearly ten times than that of conventional X-
ray source. The brightness can be measure as a photon flux which expressed as a number of
photons per second per unit area. The intensity of beam means the total number of photons
leaving the target. Usually, the diffraction phenomena are no principal difference by using
either of two sources, except for the highly intense peaks in the conventionally X-ray
spectrum are absent in synchrotron X-ray spectrum. Because of the photon energy in
synchrotron X-ray distributes continuously.*°

The information in the powder X-ray diffraction can be achieved via the well-known Bragg’
law: nA = 2dsin® (Figure 2.1). Where A is the wave length of the X-ray, dis the interplanar
spacing of parallel lattice planes (also called Miller planes and the d is noted as dy k 1). The
angle between incident beam and lattice plane is 6, and the angle 26 which is called the
diffraction angle is the angle between incident and scattered X-ray beams. In order to have
diffraction, the Bragg’ law must be fulfilled. PN+NQ=n A is the condition to satisfy the
Bragg’s Law.* The n is called the order of reflection, which is an integer number. It means
the Bragg condition with the same d-spacing and 26 angle can be satisfied by integer times of
X-ray wavelengths (energy).**

Figure 2.1 Geometrical description of Bragg’ law.*
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In a X-ray diffraction there are three main parameters (Figure 2.2) namely intensity I, the
width of a diffraction peak which is measured by its full width at half maximum (FWHM),
and Bragg angle 6 where the peak is observed. For perfect crystals with prefect
instrumentation gives a peak as the dark straight vertical line in Figure 2.2. Usually, a
diffraction peak is a broadened peak as shown in Figure 2.2. The broadening can be caused
by many effects, including imperfect crystal conditions (strain, finite size etc.); instrumental
conditions, such as X-ray beam size, detector resolution etc.; and ambient conditions such as
atomic thermal vibration. The highest point of the peak gives the maximum intensity of the
peak Inax. The total diffraction energy of a diffracted beam for a peak is the area under the
curve of the peak.*!

FWHM

Imax

g ——
Figure 2.2 The diffraction peak at the 0 angle.*!

2.1.2 Interpretation of PXRD pattern

Each crystalline phase has a unique powder diffraction pattern which can act as a fingerprint
for the phase. It can be used to distinguish the same compound with different structure (such
as TiOy) and different compounds with the same structure (such as NaCl and KCI). Hence,
phase identification is a quite useful application of PXRD in the sample qualitative analysis.*

The Powder X-ray diffraction is a common methods used in MOF to check if the desire phase
was present. The X-ray diffraction can provide about the atomic arrangement information in
materials with long-range order, short-range order, or no order at all, such as gases, liquids
and amorphous materials. The crystalline material gives a set of discrete intensity peaks
(called Bragg reflections) each of which has a specific intensity and location in the spectrum
( Figure 2.3) corresponding to various lattice planes based on the Bragg law: ni = 2dsin®.
While the amorphous materials (such as glass) and liquid materials do not have long range-
order as crystal does, but has a narrow distribution of atomic distance due to the tightly
packing of the atoms. Each of them usually gives a broad background peak in the spectrum. A
monatomic gas has no order at all. Its PXRD pattern is a curve with the intensity drops
continuously with the increase of the 2 0 angle.**

As the PXRD patterns shown in Figure 2.3, the amorphous solid with crystallinity gives a
PXRD pattern with sharp peaks from crystalline phase and a broad background from the
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amorphous phase. Similarly, the crystal with air scattering sample gives sharp peaks together
with an air-scattering background.*

Crystal

20

Liquid or amorphous solid

26

Monatomic gas

20

Amorphous solid with crystallinity

20

Crystal with air scattering

20

Figure 2.3 Powder X-Ray diffractions of crystalline material, amorphous solid, monatomic gas and their
mixtures.*

The powder X-ray diffraction obtained from powder sample which is crystalline is an
analogous to its single crystal pattern with the incident beam coming from every possible
angle. The single crystal X-ray diffraction can be used for analysis the structure by mapping
electron density of the structure. But for PXRD it is hard to quantitatively evaluate the
samples.®

In a PXRD pattern, the number of counts per second, full widths at half maximum (FWHM)
and signal-to-noise ratio values can be used to qualitatively evaluate the samples. The Figure
2.4 gives a PXRD pattern of pure UiO-67. From Bragg equation, this pattern has discernible
peaks from all allowed reflection. The peaks are corresponding to Miller planes (see 2.1.1)
where h, k, | are all odd or even. While diffraction from other lattice planes are cancelled out
due to the destructive interference. The peaks at high 2 6 angles are related to the lattice
planes of small d (see 2.1.1) and vice versa at low 2 0 angle.
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Figure 2.4 A Powder X-ray diffraction spectrum of UiO-67.1

2.2 Thermogravimetric analysis (TGA)

2.2.1 Definition and Instrumentation

Thermogravimetric analysis (TGA) or thermogravimetry (TG) is a thermal analysis technique
in which studies the mass change (gain or loss) of materials as a function of increasing of
temperature (heating rate is constant) in scanning mode, or as a function of time (mass loss is
constant and/or temperature is constant) in isothermal mode.*?

Normally, the thermogravimetric analysis instruments are consisted of a precision balance and
a furnace which is programmed for a linear rise of temperature with time. It can provide
information about both physical (crystalline transition, absorption, adsorption, desorption, etc.)
and chemical (chemisorption, decomposition, oxidative degradation, solid-gas reactions etc.)
phenomena of the samples during the measurements.** TGA can be coupled with other
analysis instruments such as mass spectrometers (TG-MS), Fourier transform infrared
spectrometers (TG-FTIR) and gas chromatographs (TG-GC). When TGA combines
Differential Scanning Calorimetry (DSC) — Heat Flow in the sample measurement, it can give
information about the process (endothermic or exothermic).*?

2.2.2 Interpretation of TGA curve

TGA curves are recorded using a thermobalance (which typically includes an electronic
microbalance, a furnace, a temperature programmer and an instrument for simultaneously
recording the outputs from these devices) and they are usually plotted as the mass change
against temperature (T) or time (t). A TGA curve of a one-stage reaction process in the
scanning mode is shown in Figure 2.5.* There are two temperature T; (procedural
decomposition temperature) and T¢ (final temperature) in this curve. T; is the lowest
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temperature at which the onset of mass change can be detected under given experimental
conditions. Ty is the lowest temperature by which there is no weight change of the sample can
be detected. The reaction interval is the temperature difference between Trand T;. A plateau is
the region of the TG curve where the weight is constant. This gives the thermal stability
information of the sample under given conditions. Thermal stability means when the
temperature arises to a certain degree, the property of the sample will have no change which
means no decomposition happens.

T:

Mass Change /%
|

T

|
Reacion intervlal

-100 |-

Temperature /K
Figure 2.5 Schematic of one-stage reaction process TG curve. **

There are 7 different types of TG curves according to their shapes (Figure 2.6).** Type A
curve shows no mass change over the entire range of temperature. This means the
decomposition temperature for the sample is greater than the maximum temperature of the
instrument under the experimental conditions. Type B curve shows a large initial mass loss
followed by mass plateau. It means the sample is volatile and evaporation happens under the
given condition. Type C is a single-stage decomposition reaction curves. Type D is a multi-
stage decomposition process curve in which the reaction steps are clearly resolved. Type E is
a multi-stage decomposition process curve in which the reaction steps are not well resolved.
Type F curve shows the mass increase may due to the materials interact with atmosphere
(such as surface oxidation). Type G is a curve shows multiple reactions one after another. For
example, surface oxidation followed by decomposition of the reaction products.*?
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Figure 2.6 Classification of TG curves.®

In addition, many parameters (i.e. heating rate, sample weight, geometry of the crucible,
atmosphere, etc.) may affect the shape of a correct thermogravimetric curve for a sample.*?

TGA is a very useful tool in characterizing MOF materials. It can be used to characterize the
decomposition and thermal stability of MOFs under a various conditions and to study the
thermodynamic processes occurring in the MOFs.

The weight/mass loss in TG can be used to help determine the composition of sample. In the
MOF characterization, the weight/ mass loss gives the information of the linker occupancy in
the MOF structure by comparing the experimental data and theoretical value. It can also give
the information about the amount of solvent in the MOF. For example, the TGA plots of UiO-
66 (Figure 2.7) shows by using different modulator in the synthesis can have different the
missing linker in the structure. In the perfect UiO-66 MOF structure the Zr: BDC linker is 1:1.
Weights were normalized with respect to the ZrO- residue left after the heating treatment.*!
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Figure 2.7 TGA of UiO-66yc (1 equiv HCI), UiO-66-104¢ (1 equiv HCI and 10 equiv TFA) UiO-66 UiO-66-
10 (10 equiv TFA), indicating the weight loss corresponding to different amounts of linkers.*

2.3 Gas adsorption

2.3.1 Adsorption Isotherms

Adsorption is the enrichment of atoms, ions or molecules in the vicinity of an interface (i.e.
the interfacial layer or the adsorption space). There are two types of adsorptions: physical
adsorptions and chemical adsorption. The former also called physisorption involves weak
interaction (eg.Van der Waals- interaction) between the adsorate and adsorbent, the latter
called chemisorption is an adsorption that the adsorate forms one or more chemical bond (s)
with adsorbent. The absorbent is the substance on which has an adsorption phenomenon.
Adsorate is the substance in the adsorbed state and adsorptive is adsorbable substance in the
fluid phase. *

Adsorption is usually described through isotherms, which is the relationship between the
amount adsorbed and the equilibrium pressure, or concentration. The isotherm is usually
plotted as absorbed volume of adsorate (gas) per mass of absorbent (solid) against relative
pressure (p/po) at given temperature of measurement. The pressure of the gas is p and the
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saturation vapor pressure of adsorptive at the given temperature of measurement. When an
absorbent is exposed to gas with some definite pressure in a closed space, it begins to adsorb
the gas. During this process the pressure of the gas decreases and the weight of the absorbent
increase. After a time, the pressure becomes a constant and correspondingly, the weight of
absorbent stops increasing. Thus, the amount of gas in the absorbent can be calculated.*® For
example, the N adsorption and desorption isotherm of UiO-67 were shown in Figure 2.8. In
this isotherm the adsorbed volume of standard state nitrogen (0 °C, 1.0 atm) per mass of
sample (Va (cm*(STP)g™)) is plotted against relative pressure (p/po). This isotherm can be
used to estimate the internal volume and surface area of UiO-67."
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Figure 2.8 N, adsorption and desorption isotherm of UiO-67.%

The majority of physical adsorption isotherms recorded in the literature may be divided into
nine groups (Figure 2.9). ° They have various characteristic shapes which can give useful
preliminary information about the pore structure of the absorbent before precise data have
been calculated.

The absorbent has narrow micropores (micropore is a pore size < 2 nm) exhibits the type I (a)
shape and the absorbent has wider micropores shows type | (b) shape. Type Il is corresponds
to a non-porous or a macroporous (macroporous is a pore size > 50 nm) adsorbent. Type Il (a)
is a complete reversible desorption-adsorption isotherm (i.e. no adsorption hysteresis which
happens when adsorption and desorption deviate from one another). It indicates monolayer-
multilayer adsorption on an open and stable surface. Type Il (b) shows a narrow hysteresis
loop due to the inter-particle capillary condensation. Type Il is the shape of a non-pours or
macroporous adsorbent on which is a weak adsorbent-absorbate interactions. Type 1V is
related to mesoporous (pore size between 2 nm and 50 nm) adsorbents. Type 1V (a) which has
a hysteresis loops, the lower branch is adsorption and the upper branch is desorption. Type IV
(b) is completely reversible which is related to a few ordered mesoporous structures. Type V
Is associated with a microporous or mesoporous adsorbent on which is a weak adsorbent-
absorbate interactions. Type VI is indicative of layer-by-layer adsorption on a highly uniform
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surface. Except the adsorption isotherm mentioned above, other shapes (called composite) are
sometimes found as a combination of these shapes. *°
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Figure 2.9 Classification of physisorption isotherms.*

However, chemical adsorption only gives one simple type of adsorption isotherm, which is
similar to type | (a). The plateau is formed due to the completion of a chemically bound
monolayer.

2.3.2 Langmuir equation

One of the most widely used isotherms for adsorption is the Langmuir isotherm, which is the
type | isotherm mentioned above. The Langmuir mode is one of the initial models used for
describing the adsorption of adsorate molecule on bare surfaces.*”*® In order to use the
Langmuir equation some assumptions need to be fulfilled: molecules are adsorbed at
equivalent adsorption sites without dissociation, only mono-layer adsorption occurs, no
interaction between adsorate on adjacent site.*°

Because the pore in UiO-MOF is not flat the Langmuir isotherm may give incorrect estimate
of the surface area for the material.

2.3.3 Brunauer Emmett Teller (BET) Theory

Another most widely used isotherm in the MOF research is BET isotherm, which is
corresponds to the Type Il (a) isotherm. It is a model extended from Langmuir equation. It

deals with a multilayer adsorption on the absorbent. The BET equation is

y (PFELP) = ch 57-2% , where p? is saturation vapour pressure (kPa), v, is the amount
a
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adsorbed at pressure p (cm*(STP) g%, vin is the amount monolayer of adsorbent. The

Eads ,1*EI
RT

parameter c is equal to € , Eags 1 1S the heat of adsorption of the first layer and E, is the
heat of adsorption of liquefaction. There is a linear ship between (Po and & inthe BET

equation, the slope is ¢ and intercept is ;- (Figure 2.10). 13 Surface area can be calculated

from A=v_o,N,,, where oq is the cross-sectlonal area of nitrogen at liquid densny (16.2 A),
Nav is Avogadro’s number. The pressure range for BET analysis is 0.05 < £ < 0.3, in which
the formation of monolayer is assumed to occur.
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Figure 2.10 A linear ship between d P° in the BET isotherm of Ui0-67.
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There are two major criteria were used to aid find the pressure rang for the BET analysis. One
is the values of v ?" - p) increase with £ values in the range (Figure 2. 11)*, and the other is
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Figure 2.11 The relationship between va(PU -p) and % values in UiO-67 adsorption isotherm.*®
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The MOFs materials have surfaces which are far from flat and in some MOFs adsorption
occurs through a pore-filling mechanisms rather than layer formation. Thus, there is a
suspicion of the truly meaningful of the reported MOFs BET surface areas.™

Walton and his coworkers reported the simulated BET surface areas of several MOF materials
from N, adsorption at 77k by the Grand canonical Monte Carlo (GCMC) simulation. The
simulations were carried out from crystal structures and the simulated results highly agree
with experimental results.”® These results demonstrate that the surface areas of MOFs can be
obtained by the BET theory with a good accuracy.

2.4 Scanning electron microscope (SEM)

Scanning Electron Microscopy (SEM) is the most versatile technique for material science.
Because it is a high resolution imaging technique that can be used to study topography and
morphology, chemistry composition, orientation of grains in crystallography and some in-situ
experiments. Furthermore, it has good depth of focus and the sample preparation is easy,
various specimens (large or small, conductors or insulators) can be analyzed.

Scanning Electron Microscope (SEM) is a high-resolution technique to imaging of surface.
Compare with optical microscopy which use visible light as signal, SEM uses electrons as
imaging signal. When the electron beam hits the specimen a variety of electron emissions are
generated. Among these electron emissions, the secondary electrons (SE), backscattered
electrons (BSE), X-rays are analyzed in the SEM through different detectors. By using energy
dispersive X-ray spectrometer (EDS) the X-rays signal can be converted to the qualitative and
quantitative elemental analysis information of sample. >

Energy dispersive spectroscopy (EDS) can provide a quantitative estimate the ratios of the
elements in a specimen (Atomic %). EDS detector is a detector is a semiconductor diode,
which can absorb the energy of incoming x-ray by ionization. When the electron beam hits
the atoms of specimen, characteristic X-rays are formed by excitation of inner shell electrons.
The inner shell electron is ejected and an outer shell electron replaces it while energy
difference is released as an X-ray. If beam energy If beam energy E > Ex then a K-electron
may be excited. Another sequence of events is also possible when the ionization of the
specimen atom happens. The hole in the K shell is filled by an electron from the outer shell.
The superfluous energy is transferred to another electron which is subsequently ejected as
auger electron. And the Auger electron can be used to analyze the true surface. >

Within normal accelerating voltage range (15-20 kev) used for EDS analysis, the light
elements will emit x-rays of the K series, intermediate elements will emit X-rays of the L or K
series, heavy elements will emit X-rays of the M or L series and M series. The intensity of an
x-ray line is determined by the transition probability of electrons from the outer to inner shell.
These values are fixed for the lines of one series.

The energy of characteristic peaks is defined by element. And the higher the atomic number Z

the higher the peak energy (according to Moseley’s Law). Ideally, each peak in the EDS
spectrum represents an element present within a known region of the specimen.
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The SEM is used to analyze the morphology and size of MOF material which is hard to be
obtained by optical microscopy. The EDS is used to determine the presence of metal and
other heavy elements. In this work, the EDS was used to detect the Zirconium element.

2.5 Optical microscope

The optical microscope is one of the useful tools in the MOF research. It employs visible light
to detect small objects such as single crystal of MOF materials. It is convenient to use optical
microscope to check the crystal growth due to its reasonable resolution, easy sample
preparation and simple measurement.

2.6 Nuclear magnetic resonance (NMR)

NMR is a powerful tool for characterization of organic compounds as well as identification of
their purity. In this work, *H-NMR together with TGA was used to analyze the ratio between
Zr and organic linker in the MOF. NMR digest experiment of MOF material was performed
by dipping the sample in 1M NaOH (D,0) overnight. This sample then measured by *H-NMR
can give information about the presence of solvents and modulator and organic linker of MOF
material. Through the comparison of theoretical Zr and linker ratio the linker occupancy of
MOF material then can be determined by TGA.

2.7 Summary

This chapter gives information about the principle of PXRD, TGA, Gas adsorption, SEM,
Optical microscope, NMR, etc. Different applications of these methods in this work are
summarized in Table 2.1.

Table 2.1 Different applications of characterization method in this work.

Characterization method Application

PXRD Phase identification

TGA Thermal stability, linker occupancy analysis
Gas adsorption BET surface area

SEM and EDS Morphology and elements analysis

Optical microscope Check single crystal

NMR linker occupancy and purity analysis
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Chapter 3

Linker design and synthesis

This chapter is dedicated to the motivation of organic linker synthesis and the strategies of
organic linker synthesis. It begins with an overview of organic linkers used for Zr-MOFs in
our group. Here, gives information about what kinds of linker are mainly interests for Zr-
MOF research in our group. Next, the basic requirements of organic linkers used for MOF
synthesis are mentioned. After that, the motivation and synthesis strategies of target organic
linker will be introduced. The chapter ends up with a discussion of limitations and safety
aspects of preparation of organic linker and a summary of this chapter.
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3.1 Organic linkers used in Zr-MOFs

After the discovery of UiO-66 MOF, the catalysis group at University of Oslo continued to
investigate other organic linkers in order to find out the most promising Zr-MOF materials for
gas (especially CO, and methane) adsorption and catalysis applications. Several organic di-
carboxylic acids, which are listed in Figure 3.1**2°3 have been mostly studied before this
project started.

COCH COOH

COOH O fj COOH
COOH N | o
| _N
O Cl—pPt—Cl
| 7N
N |
COOH - | A
COOH ‘ %J COOH

COOH COOH
NH; NO, Br
COOH COOH COOH

Figure 3.1 Organic dicarboxylic acids used for Zr-MOF at the catalysis group at University of Oslo. 13275359
These UiO series of MOFs have a constant structural feature which is the inorganic building
unite ZrsO4(OH),. Just by changing the linker molecules used in the MOF synthesis affords
different materials. The final properties of material can be tuning by changing the structural
properties of the linker using in the MOF synthesis. This strategy is called reticular
synthesis.”® The UiO-66 and UiO-67 were found to have adsorption towards CO; and
methane. ®-%*The UiO-67 has a higher internal surface area than UiO-66 and it has similar
thermal stability as UiO-66.%

Hence, if the new MOF has similar size as UiO-67 but with improved adsorption ability and
water stability, it could have a potential useful application in gas adsorption.

3.2 Requirements of the organic linkers for MOF synthesis

Because certain amount (more than 5 grams) of organic linker is needed for the MOF
synthesis and characterization, the reactions for linker synthesis should be scalable,
inexpensive and efficient. The scalable here means the reaction can be scale up to synthesis
five grams final target compounds should not have serious problems. The inexpensive means
the reagent used in the reaction should be as low cost as possible. The efficient means the
synthesis route should be as short as possible and the workup for the synthesis should be as
simple as possible to get enough pure compounds.

Furthermore, the Zr-MOF synthesis will be synthesized under strong acid condition, the linker
should not decompose during synthesis.
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3.3 Motivation and synthesis strategies of target organic

linker

1,1'-binaphthyl-2,2'-diol (BINOL) is one of the most popular ligands for both stoichiometric
and catalytic asymmetric reactions. The BINOL ligand can coordinate with different metals
(such as Ti, Al, lanthanide etc.) as catalysts. For example, the chiral BINOL (Figure 3.2) has
been extensively studied in enantioselective epoxidation (Ln-BINOL complexes) and
asymmetric C-C bond forming (AI-BINOL complexes).®®

OO ’ CO

R)-(+)BINOL -)BINOL

Figure 3.2 The enantiomers of BINOL.%

Based on a preliminary survey of the organic linkers have been used for Zr-MOF in the
international MOF environment, there is only one papers published by Wenbin Li et al is
related to the BINOL system (Figure 3.3).%* In their studies, they used these BINOL linkers
to form Zr-phosphonate coordination polymers and then combined catalytically active metal
ions to generate asymmetric catalytic sites.

HO_ OH

P
HO, OH HO, OH ‘ S0
soalNsonalNsOn
HO HO

HO HO HO
U T, T
7\
P

s\
HO oH
Figure 3.3 BINOL linkers used in chiral Zr-phosphonate coordination polymers.®*

Therefore, to synthesis BINOL linker which is close to the UiO-67 linker (4, 4'-
biphenyldicarboxylate) but without any other substitutions (Figure 3.4) becomes an
interesting target compound for this project.
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Figure 3.4 One potential target for synthesis Zr-MOF.

For the Zr- MOF synthesis, only a small number of such potential linkers that is commercially
available with relative low price and close to the structure of 4,4'-biphenyl-dicarboxylate
(BPDC) linker. There are still great needs for new organic linkers for the Zr-MOF research in
the group. Furthermore, there is no chiral linker has been investigated yet in our group. Thus,
it is interesting to synthesis Zr-MOF with this chiral linker and to investigate its potential
applications in gas adsorption and catalysis.

However, due to the limitation of the cost and time to synthesize this linker (more discussion
about attempting to synthesize this linker will be presented at the beginning of chapter 4)
another target organic linker: 1,1'-binaphthyl-4,4'-dicarboxylic acid (BNCD) linker (Figure
3.5) which also has not been studied in the Zr-MOF research was chosen. Also, this molecule
is not commercial available. Compare with the BPDC linker for UiO-67, this organic linker
has similar length but with bigger size. It can be as a preliminary study to know whether the
binaphthyl system could be well incorporated to the Zr-MOF structure formation. In addition,
the UiO-66 analogue with dimethyl-functionalized linker has better adsorptions towards CO,
and methane than that of the parent MOF UiO-66°% and this suggests that using BNDC linker
(which is much more hydrophobic than BPDC linker) to synthesize the UiO-67 analogue
MOF may have better adsorptions towards CO, and methane than as UiO-67 did.

COCH

COOH

Figure 3.5 Organic linker 1,1'-binaphthyl-4,4'-dicarboxylic acid (BNDC) for the new Zr-MOF synthesis.

To synthesis the BNDC linker there are three main synthetic strategies have been investigated
and the synthesis of some intermediated compounds have been tested in various synthetic
pathways. Here gives two synthetic strategies, others will be discussed in chapter 4 in details.
The first retrosynthetic route of the BNDC linker is shown in Figure 3.6 (Strategy I, the
numbering of each compound will not be shown in this chapter, since the short retro synthesis
route can be easily followed without numbering and only compounds related to the
experiments in this work will be numbered in the further chapters).
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The BNDC linker can be obtained by functional group interconversion (FIG) process from di-
esters precursor which was disassembled by a retro homocoupling. The retro esterification of
the mono ester precursor gives the mono carboxylic acid intermediate. The retro oxidation
leads to a mono aldehyde intermediate which can be obtained from the primary bromide
precursor by oxidation. Finally, the disconnection of C-Br bond leads to a commercially
available cheap building block.

COOH COOEt

0 . CC
FGI

OO hydrolysis OO coupling esterifiaction l —l oxidation OO
Br

COOH COOEt
CH,Br
— ) == [
oxidation bromination
Br Br

Figure 3.6 Retrosynthetic route of BNDC linker. Strategy I.

Alternatively, the second retrosynthetic route as shown in Figure 3.7 (Strategy Il) is a four
steps synthesis. The BNDC linker can be obtained by a FIG process from the di-carbonitrile
building block which can be converted from dibromo intermediate through cyanation. The
disconnection of C-Br bonds affords 1,1'-binaphthalene intermediate which was disassembled
by a retro coupling from a commercially available cheap starting material.

COOH
X ——
hyroly5|s cyanatlon brom|nat|on coupling
Br
COOH

Figure 3.7 Retrosynthetic analysis of BNDC linker. Strategy II.

The most important step is to build the binaphthyl skeleton of the target compound. However,
the coupling reaction which severs to give the carbon skeleton of the BNDC linker is the most
expensive step which involves using expensive catalysis. Thus, the coupling reaction was
studied under various reaction conditions. The relationship between catalyst loading and the
yield of the product was studied in order to get reasonable yield with less catalyst loading.
More details about the synthesis will be discussed in chapter four.
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3.4 Limitations and safety aspects

There are several challenges for synthesis organic molecule on multi gram scale (more than 5
gram). Not only the choice of reagents for the reactions is challenging but also purification of
intermediate is difficult when chromatographic separation is needed to achieve product with
acceptable purity.

The potentially hazardous reagents such as CUCN and Br, used in this work should be
carefully handled. The cyanide is poison because it can inhibit numerous enzyme systems can
cause the oxygen consumption decrease in the body which finally leads to death.®® The Br is
a strong oxidizer and also is highly corrosive and toxic. Thus, the information of proper
handling of these hazardous reagents is important when perform such reactions involves these
hazardous reagents.

There is another safety aspect need to be considered is control the gas pressure when using
equipment involve using gas such as chromatography and building up pressure such as
autoclave. For example, when perform the purification of the organic compounds by large
chromatographic separation the pressure input should be proper, and the most important
aspect is the connector should be not very tight, otherwise may cause explosion. When use the
autoclave the pressure inside of the reactor should be calculated beforehand and it should be
under safety level mentioned in the lab standard operation procedures.

3.5 Summary

This chapter gives a briefly overview of organic linkers used in our group and the motivation
of organic linker synthesis in this project. The requirements and strategies of linker synthesis
were discussed and the limitations and safety aspects of preparation of organic linker were
specially mentioned in the end.
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Chapter 4

Synthesis of organic linker

In this chapter, the synthetic routes of organic linker will be discussed in details. As
mentioned in the chapter 3, the 2,2' -dihydroxy-1,1'-binaphthalene-4,4'-dicarboxylic acid
linker (1) was considered at the initial stage of this project. This chapter will begin with a
short discussion about attempting to the synthesis of the 2,2' -dihydroxy-1,1'-binaphthalene-
4,4'-dicarboxylic acid linker (1). Next, synthesis of 1,1'-binaphthyl-4,4'-dicarboxylic acid
(BNDC) linker will be discussed. In this part, some proposed reaction mechanisms and three
main synthetic strategies of BNDC will be discussed. This chapter ends with a summary on
the established synthetic routes of BNDC.
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4.1 Synthesis routes of the 2,2' -dihydroxy-1,1'-
binaphthalene-4,4'-dicarboxylic acid

Based on the reported synthetic methods, the first possible synthetic route (Figure 4.1) to
synthesis the BINOL linker starts from the 4-bromo-2-napththol compound. The oxidative
coupling catalyzed by CuCI(OH)-TMEDA affords the di-bromo intermediate® which can be
converted to the dicyano intermediate and racemic form of the BINOL linker can be obtained
by one more step hydrolysis. The optical pure of the BINOL linker can be separated by using
the resolution agent such as cinchonidine. ¢’

Br CN COOH

Br
CuCI(OH)-TMEDA OO oH  CuCN OO OH 1) NaOH OO oH Tesolution
—_— _— —_— —_—
OHCHZCI2' air ] ! OH  DMF l l OH 2)HcCl g g OH

Br CN COOH

COOH COOH

l I OH ::OH

+

" Qg

COOH COOH

1
R S

Figure 4.1 The first proposed synthesis route of BINOL linker.

However, the price of the starting material 4-bromo-2-napththol compound is very expensive
and the possible building block for synthesis of 4-bromo-2-napththol in a short pathway is
also expensive (Table 4.1). Hence, based on the cost, this synthetic route was not preferred
for the BINOL linker preparation.

Table 4.1 Price of 4-bromo-2-napththol and possible building block for synthesis of 4-bromo-2-napththol
(updated 19/04/2015)

Reagents Price from commercial source

4-bromo-2-napththol compound | 1800 kr/g, (calculated from 10 g)
FCH Group Reagents for Synthesis

4-bromo-2-naphthalenamine 1800 kr/g, (calculated from 10 g)
FCH Group Reagents for Synthesis

1-bromo-3-nitronaphthalene 1100 kr/g (calculated from 5 g),
Synlnnova Laboratories Product List
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In order to reduce the cost for the synthesis of BINOL linker, another synthetic route was
proposed.®”"° It starts from the oxidation with the 1-bromo-2-methylnapthalene followed by
other seven steps (homocoupling, esterification, bromination, cyanation, reduction, Baeyer-
Villiger oxidation’® followed by saponification, hydrolysis and resolution) shown in the
Figure 4.2.

OO oxidation O homocouplmg COOH esterﬂcahon COOMe
_—
COOH COOH COOMe
Br Br
3

CN CN
bromlnantlon COOMe cyanation OO COOMe  reduction : : CHO
_— _—
COOMe i ! COOMe OO CHO
CN CN
COOH
Baeyer—ViIIiger
oxidation
followed by
saponification OH hydronS|s
_——
resolution
COOH
RorS

Figure 4.2 The second proposed synthesis route of BINOL linker.

In this work, only synthesis of compound 3 was tried (more discussion see next section 4.1.1
to 4.14) and the results were not very promising. Due to the limitation of time and budget for
the project, the synthetic route was not further investigated.

4.1.1 Synthesis of 1-bromo-2-napthoic acid (3)

1-bromo-2-naphthoic acid (3) is commercial available but expensive (1 g/1380 kr, Acros
Organics, 19-04/2015). There are some published methods’ "2 for the synthesis of compound
3 from the 1-Bromo-2-methylnaphthalene and the cheapest and shortest procedure is using
KMnOj, as the oxidative reagent. The published method®® of oxidation was tested (Figure 4.3).

H,O
OO KMnOy (5.5 eq) OO
pyridine, reflux, 12 h COOH
Br Br
3

Figure 4.3 One step synthesis of 3 from 1-bromo-2-methylnapthalene.
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According to the published method, the starting material was not completely converted and
only 14 % isolated compound 3 was obtained (Table 4.2 entry 3). A further attempted was
made to test whether increase the ratio of KMnO, and reaction time will improve the yield
(Table 4.2).

Table 4.2 The oxidative conditions for the synthesis of compound 3.

Entry | Scale Reaction condition Results
mmol

1 2.7 | 12 eq KMnOQOy, pyridine, H,0, reflux 92 h | decomposition of the product

2 5.4 | 7.3 eq KMnOy, pyridine, H,0, reflux 47 h | decomposition of the product

3 2.7 | 5.5 eq KMnOy,, pyridine, H,0, reflux 12 h 14 % % yield

%isolated yield.

However, the more amounts of KMnQO, and longer reaction time (entry 1 and entry 2 in
Table 4.2) leads to decomposition of the product and no desire compound was isolated. To
improve the yield of compound 3, another three steps synthetic route was explored (Figure
4.4).

NBS

OO BPOOrABN OO AgNOg, H,0 OO
> Br
CCly, reflux EtOH reflux :
Br Br Br Br O

4 5

ryeend OO
H,0, acetone, COOH
reflux Br

3

Figure 4.4 Three steps synthesis of 3 from 1-bromo-2-methylnapthalene.

In the first step, bromination of 1-bromo-2-methylnapthalene with N-bromosuccinimide (NBS)
catalyzed by either benzoyl peroxide (BPO) or azobisisobutyronitrile (AIBN) under reflux
condition to give intermediated 4. After double radical bromination of the methyl group, the
second step is the hydrolysis of the intermediate 4 in EtOH and H,O in presence of silver
nitrate to furnish an aldehyde 5. The third step is the oxidation of the aldehyde via KMnO, in
H,O and acetone under reflux condition to give compound 3.

4.1.2 Synthesis of 1-bromo-2-(dibromomethyl)naphthalene (4)

The synthesis of compound 4 was tested by using a mild bromination agent N-
bromosuccinimide (NBS) catalyzed by BPO"™ or AIBN. The NBS was recrystallized from
water and dried under vacuum overnight. The different conditions for bromination were
compared in Table 4.3.
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Table 4.3 Bromination conditions for synthesis compound 4.

Entry | Scale | Reaction condition Results
mmol

1 2.7 | 2.3eq NBS, 17 mol% BPO, 34 % vyield
CCl, reflux for 24 h

2 2.7 | 3.5eq NBS, 18 mol% BPO, contains mono brominated (at benzylic
CCly reflux for 46 h position) compound

3 2.7 | 4.0eq NBS, 1.8 mol% AIBN, | contains mono brominated at benzylic
CCly, reflux for 32 h position) compound (use for next reaction)

4 10.8 | 4.0 eq, NBS, 2.6 mol% 77 % yield
AIBN, CCly,reflux 29 h

The reaction using benzoyl peroxide (BPO) as the radical initiating reagent gives only 34 %
yield. This low yield is due to no full conversion of mono brominated (at benzylic position)
intermediate to intermediate 4 and the difficulty of completely separate this mono brominated
compound from the product 4 by silica gel chromatography using CH,Cl,: hexane =1:200 as
eluent. In order to reduce the amount of the mono brominated intermediate, more equivalent
NBS was added and the reaction time was prolonged. However, the mono brominated
compound was still present in the reaction entry 2.

Another radical initiating reagent was also tested. As shown in the Table 4.3, the reaction
catalysed by AIBN (entry 3) also gives mono brominated (at benzylic position) intermediate
together with the compound 4. Crude from entry 3 was used directly for next step reaction to
check if the purification step could be skipped and the compound 5 could be achieved in a
good yield (more discussion see 4.1.3). However, the mono brominated intermediate was
completely converted to compound 4 in the entry 4 after 29 h (Figure 4.5). The mono
brominated intermediate was formed between 3 and 9 h as the peak (around 4.85 ppm) which
belongs to mono brominated intermediate was detected.

‘ After purification
29 h
AL | G
. ‘_ - 12h
L Ml o | 9h
_J;JMULJ‘M e J\ .

st

Figure 4.5 Monitoring of bromination reaction (entry 4 in table 4.3) by Stacked *H NMR (CDCl;, 200 MHz).

The bottom spectra is the starting material, the top one is the compound 4. The mixture taken from different
reaction time were shown in the between.
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The peak (around 2.65 ppm) which belongs to the starting material disappeared after 22 h.
The entry 4 was purified by silica gel chromatography using CH,Cl,: hexane =1:200 as
eluent afford the compound 4 with good yield (77 %).

4.1.3 Synthesis of 1-bromo-2-naphthaldehyde (5)

The synthesis of compound 5 according to the published procedure’ and good yield was
obtained (Figure 4.6). The crude of starting material from entry 3 in Table 4.3 was tried and
the mixture was purified by silica gel chromatography using CH,Cl,: hexane =1:3 as eluent to
give 74 % vyield. For comparison, the reaction using pure compound 4 as starting material (8.2
mmol) was tested and it gave 78 % yield.

H,0

OO AgNO; (2.0 eq) OO
Br H
EtOH, reflux, 2 h
Br Br Br O
4 5

Figure 4.6 Synthesis of compound 5.

This solvolysis reaction may follow the Sy; pathway. The reaction presumably starts with the
ionization of the dibromo and followed by the nucleophilic attacked by water. Subsequent
loss of a proton from the intermediate b and then the loss of bromide and another proton leads
to the aldehyde 5 (Figure 4.7).”

H‘o""
Br Br g OO ( Br + AgBr(s)
® ®
Br o B ©
S o O

Br Br 3 rNO,
:Br-
4 2 X AgNo;
H’ -Br
« — (==, 0
® o}
BrH/O\H Br O\ Br OH
® H Br H
b c d 5

Figure 4.7 Possible reaction mechanism of solvolysis of compound 4.

The ethanol combines water makes the solvent system polar and also capable dissolving the
compound 4. This solvent system favors the Sy; reaction because water is polar and protic
solvent which can stabilize the ionic intermediates. The AgNO3 was added to provide the Ag”
which can form a precipitate with the bromide ion.” The precipitation indicates the balance of
the initial ionization moves forward.
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4.1.4 Synthesis of 1-bromo-2-naphthalenecarboxylic acid (3) from
compound 5

In the literature® the synthesis of compound 3 from aldehyde compound 5 via oxidation using
KMnQO, as the oxidant (Figure 4.8). The compound 5 reacted with 1.7 eqg KMnQ, in the
present of acetone and water under reflux condition. After the acetone solution of compound
5 starts to reflux, the KMnQO,4 water solution was added slowly. Because this reaction is
exothermic and the temperature rises quickly when added KMnQ,_ Properly stirring and
slowly adding can reduce the side reactions and avoid potential risk of violently boiling of the
reaction mixture. The reaction was done in a short time but the yield of this reaction was poor.
Only 38 % compound 3 was obtained.

OO KMnO, (1.7 eq) OO
H H,0, acetone, COOH
Br O reflux, 1 h Br
5 3

Figure 4.8 Synthesis of compound 3 by oxidation of compound 5 with KMnQO,.

In summary, the compound 3 synthesized by directly oxidization of 1-Bromo-2-
methylnaphthalene with KMnQ, gives poor yield and the three steps synthesis does not give
promising results.

4.2 Synthetic route 1 of 1,1'-binaphthyl-4,4'-dicarboxylic
acid (2)

As mentioned in chapter 3, three main synthetic routes for 1,1'-binaphthyl-4,4'-dicarboxylic
acid (BNDC) were investigated in this work. The synthetic route 1 was studied at the initial
stage of this project. And the synthetic route 2 was modified based on some similar reactions
in synthetic routel. The synthetic route 3 was based on the strategies Il which were mentioned
in the chapter 3 (3.3). In this part, the synthetic route 1 will be discussed.

The synthetic route 1 is a four steps synthesis, which starts from the 1-bromo-4-
methylnaphathelen (Figure 4.9). The first two steps reaction for synthesis the aldehyde
intermediate 7 use similar reaction conditions as that for the three steps synthesis of 1-bromo-
2-naphthoic acid which was mentioned in the previous section. The third step is the coupling
reaction of the aldehyde intermediate 7 catalyzed by PdCl,(dppf) to afford compound 8. The
compound 8 was then oxidized with silver (1) in the fourth step.
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Figure 4.9 Synthetic routel of BNDC.
4.2.1 Synthesis of 1-bromo-4-(bromomethyl)naphthalene (6)

According to the previous reaction condition for synthesis compound 4 (Table 4.3, entry 4),
2.5 mol % AIBN and 4.0 eq NBS were used in the first attempt synthesis (Table 4.4 entry 1).
However, this condition only gives 28 % yield. The reaction was followed by TLC (CHCl.:
hexane= 1:3) and *H NMR (CDCls, 200 MHz). After 31 h small amount of tri-brominated by
product (brominated at benzylic position) and trace amount of mono brominated intermediate
(brominated at benzylic position) were observed in the reaction mixture (see appendix 1).

In order to improve the yield of this reaction, another reported method’’ was attempted.
Instead of using AIBN, the BPO was used as the radical initiating reagent (Table 4.4).

Table 4.4 Synthesis conditions for compound 6.

entry Scale Reaction condition result
mmol

1 2.7 4.0 eqg NBS, 2.5 mol% AIBN, CCly reflux for 31 h 28 % vyield

2 2.7 2.5eq NBS, 4.9 mol% BPO, CCl, reflux for 13.5 h 50 % yield

3 135 2.5eq NBS, 4.9 mol% BPO, CCl, reflux for 14.5h 49 % yield

4 27.0 2.5 eq NBS, 4.9 mol% BPO, CCl, reflux for 20 h 47 % yield

5 27.0 2.5 eq NBS, 4.9 mol% BPO, CCl, reflux for 20 h crude used
for next step

6 27.0 2.1eq NBS, 4.9 mol% BPO, CCl, reflux for 20 h 48 % yield

As shown in the Table 4.4 for the reaction entry using BPO as radical initial reagent, as the
scale of the reaction increases from 2.7 mmol to 27 mmol the yield of the reaction are close.

However, there is a challenge to purify this compound when the reaction scale increases. For
entry 4 and entry 6, only by recrystallization of the crude from hexane could not give pure
compound. Meanwhile, purified by the silica gel chromatography using hexane as eluent were
also difficult to be performed. Not only because the separation of mono brominated
compound from the product was difficult but also the product 6 can be hydrolyzed to
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aldehyde which was developed together with the product and other a small amount of by
product from the chromatography.

The crude of entry 4 in the Table 4.4 was purified by silica gel chromatography using hexane
as eluent and tri-brominated by-product (0.57 mmol, 2 % yield) was isolated. The compound

6 was obtained after the column and then recrystallized from hexane to give 4.8 g (yield 47 %)
compound 7.

To prove the hydrolysis of compound 6 during the purification by the silica gel
chromatography, a small testing experiment was performed. The pure compound 6 was
loaded on the silica gel chromatography and developed by hexane several times. While
washed the column with CH,Cl,. This resulting mixture was checked by comparing the NMR
spectra with the pure compound 7 which was prepared later (Figure 4.10). The NMR study
indicates there is a small amount of dibromide product 6 was hydrolyzed when it ran through
the chromatography.

after washed
I from column
N 1

$7
L Ly | o)< 7
SUIUUN ST RS o (1| N EO S US| U O
T T | T T T ] T T T | T T T | T T T | T T T I T

10 8 g 4 2 0 [ppm]

Figure 4.10 Stacked ‘H NMR (CDCl;, 200 MHz) of hydrolysis of compound 6 on the silica gel chromatography.

Stirring the silica gel and pure compound 6 in CH,Cl, and H,O at room temperature for 1 h
was also tested. But only small amount of compound 6 was hydrolyzed to the aldehyde.

In order to check if the purification step could be skipped and the compound 7 could be

achieved in a good yield, the entry 5 was prepared and used directly for next step reaction
(more discussion see 4.2.2).

4.2.2 Synthesis of 4-bromo-1-naphthaldyhe (7) from compound 6

The first attempt to synthesis of compound 7 by using the published method’” was
successfully. The pure compound 6 reacted with AQNO3 and H,O in THF and EtOH mixed

38



solvents (Figure 4.11). This reaction was performed in 2 h under reflux condition and the
crude was purified by silica gel chromatography (5% ethyl acetate in hexane). The compound
7 as a pale yellow solid was obtained with 72% yield.

Br Br H 0
AgNO3,H,O
OO THF OO
B reflux, 2-3 h Br
6 7

Figure 4.11 Synthesis of compound 7 from compound 6 by solvolysis.

The reaction was scaled up to (2.2 g, 5.9 mmol) using the same method as the first attempted
experiment. After purification the pure compound was obtained with 77 % yield. However,
the ethanol use in the solvent can react with the product to form the acetal which was detected
by 'H NMR (CDCls, 200 MHz) (see appendix 2). Hence, the reaction without using EtOH
was tried. The pure compound 6 (8.8 mmol) reacted with AgNO3 and H,O in THF under
reflux condition for 2 h. After purification, the compound 7 was obtained with 82 % yield.
The purification by the chromatography did not give pure compound 7 and a further
recrystallization from 1% ethyl acetate in hexane was needed. Due to the difficulty of the
purification this reaction was not able to be scaled up under the same reaction condition as 8.8
mmol scale.

The crude 6 from the Table 4.4 (entry 5) was tested in this reaction, without using EtOH as
the part of solvent system. The crude compound 7 was obtained after 3 h stirring the crude
compound 6 with the AgNO3 (2.99 eq) solution in THF. However, compound 7 was not easily
purified and only obtained in 25 % yield.

4.2.3 Synthesis of (1,1'-binaphthalene)-4,4'-dicarbaldehyde (8) from
compound 7

The reaction for synthesized compound 8 from the compound 7 is a one-pot coupling reaction
(Figure 4.12). The proposed mechanism of this type reaction was suggested by Nising etal. ®
The bis(pinacolato)diboron (B (pin),) servers as a reagent for transformation of the aryl halide
to arylboronic ester and then the reaction continues with a Suzuki coupling step to yield the
biaryl.

CHO
H O  B(pin), (0.5 eq)
PdCly(dppf) (1.0 mol %)
OO K,COj3 (3.0 eq)
DMSO0,90 °C, 89 h
Br

7 8 CHO

Figure 4.12 One-pot coupling reaction of compound 7.

As mentioned in the chapter 3, the most important reaction step is to build the binaphthyl core
of the target compound. Traditionally, the Ullmann reaction is used for synthesis of biaryls.
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But it usually needs harsh condition (high temperature is required)” The Palladium catalyst
generally allows the reaction at lower temperature and more efficient for large scale
reaction.®® Thus, the Palladium catalyst was chosen as the catalyst for the coupling reaction
which severs to give the binaphthyl skeleton. Due to the high price of the Palladium catalyst,
the coupling reaction was studied under various reaction conditions. The relationship between
catalyst loading and the yield of the product was studied in order to get reasonable yield with
less catalyst loading.

The first experiment (Table 4.5, entry1) was performed according to the published protocol
for synthesis of symmetrical biaryls. By loading 4.0 mol% catalyst the reaction time is the
shortest and the yield is excellent. There is no starting material left in this entry.

Table 4.5 Synthesis conditions for compound 8.

Entry | PdCI,(dppf) | Solvent | Reaction time | Temperature | Yield
mol% h °C %
1 4 DMSO 14 80 92
2 1 DMSO 41 80 51
3 1 DMSO 89 80 70
4 1 DMF 62 80-90 54
5 0.5% DMF 108 90 45

% The ratio is refer to the starting material. Entry 5 also added 0.5 % mol Pd (OAc),.
® All the Entries use 1.0 mmol starting material and the amount of solvent is 6 mL.
The K,COs5 is 3.0 eq and the B (pin), is 0.5 eq for all these entries.

However, when reduced the amount of the catalyst the yields decreased and the starting
material was not completely converted in these cases. In addition, the reaction time is much
longer than entry 1. Compare with the entry 4, the entry 5 using 0.5 % mol PdCl,(dppf) and
0.9% mol Pd (OAc), as catalyst did not improve the yield. The crude of all these entry were
purified by chromatography using CH,Cl,: hexane = 1:1 as eluent. The compound 8 was
obtained as pale yellow solid. This compound was found to have bad solubility in DMSO.

4.2.4 Attempted synthesis of 1,1'-binaphthyl-4,4'-dicarboxylic acid
(2) from compound 8

The synthesis of the compound 2 from compound 8 was test once time according to the
published method (Figure 4.13).8" In this reaction the Ag,O as the oxidant which was
formed by mixing the AgNO3 solution and NaOH solution. However, there was no product
detected by the NMR. The reason could be the bad solubility of compound 8 and the silver
oxide is not strong enough to oxidize the compound 8 to compound 2.
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COOH

CHO
O AgNO3
NaOH
1 ,4-dioxane
O ethanol
75°C,18 h
CHO

COCH

Figure 4.13 Synthesis of compound 2 from compound 8.

In summary, the synthetic route 1 has difficulty with the purification in the first two steps.
The condition for the one-coupling reaction was investigated and the optimal condition is 1
mol% catalyst loading in DMSO with 3.0 eq K,CO3and 0.5 eq B (pin),. This synthesis route
ends up with a bad solubility of intermediated 8.Hence, alternative need be investigated.

4.3 Synthesis route 2 of BNDC (2)

The synthetic route 2 is based on the modification of the synthetic route 1. (Figure 4.14)

COOH
NBS DMSO
BPO NaHCOS KMnO4 (aq)
CCly, reflux 95 oC acetone, 95 °C
COOEt COOH

OxOFEt  By(pin),
EtOH Pd(dppf)Cl, OO OO
H,SO, K,CO3 KOH (aq)
—_— P —_—
reflux DMSO0.80 °C EtOH, reflux
L 99 99

11 12 COOEt 2  COOH

Figure 4.14 Synthetic route 2 of BNDC.

This route starts with the same starting material as the synthetic route 1. Starting from the
mono bromination of the starting material gives intermediate 9 followed by Kornblum
oxidation.® The aldehyde intermediated 7 then is oxidized by KMnQ, in acetone under reflux
condition to the carboxylic acid intermediate 10. Ester group is introduced by Fischer
esterification to give compound 11.The one-pot coupling reaction used in the synthetic route 1
is also applied to achieve the di-ester precursor 12 which then can be hydrolyzed to the target
compound 2 under alkaline condition.

4.3.1 Synthesis of 1-bromo-4-(bromomethyl)-naphthalene (9)

The preliminary experiment of mono bromination reaction was performed according to the
published method ® by using 1.08 eq NBS and 3.5 mol% BPO in CCl, under reflux condition
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for 18 h. However, there still have starting material left. After tuning the amount of NBS to
1.2 eq and the BPO to 6.6 mol%, the reaction can be finished in 3 h and relative pure crude
was obtained (Table 4.6 entry 1). Furthermore, the work up is much simpler than the
reported method.®® Simple recrystallization of the crude from hexane affords pure product.

Based on this condition, different scales of this reaction were performed. As shown in the
Table 4.6, the scale of this reaction ranges from 2.7 mmol to 90.0 mmol. After
recrystallization from hexane, the pure compound 9 was isolated. Among these entries only
the 27 mmol scale gives excellent yield. As the scale increases the by-product of the reaction
also increases which was detected by the TLC (CH,Cl,: hexane =1:3).

Table 4.6 Different scales of compound 9 synthesis.

Entry | Scale Reaction condition Yield
mmol %
1 2.7 | 1.2eqNBS, 6.6 mol% BPO,9 mL CCl, reflux for 3 h 63
2 27.0 | 1.2 eq NBS, 6.6 mol% BPO, 90 mL CCl, reflux for 3 h 92
3 54.0 | 1.2 eq NBS, 6.6 mol% BPO, 180 mL CCl, reflux for 3h | 60
4 90.0 | 1.1 eg NBS, 6.6 mol% BPO, 300 mL CCl, reflux for3h | 68

The crude of each entry was also checked by *HNMR (CDCls, 200 MHz) as shown in the
Figure 4.15.
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Figure 4.15 Stacked ‘"H NMR (CDCls, 200 MHz) of the crude samples from different entries in Table 4.6.
The spectrum of the top one is the pure di-brominated compound, the second one on the top is the pure
compound 9.
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The entry 1 has no di-brominated by product formed while for entry 2 and entry 3 they are
quite similar. Both of them contain little amount of di-brominated compound. For the entry 4,
a significant amount of di-brominated by product formed though the NBS of this entry is less
than other entries. These results above show that the optimal scale under the chose reaction
condition for this reaction is 27 mmol.

Because the solvent CCl4 used in this reaction is toxic®, alternative less toxic solvent such as
hexane was chosen in a test experiment. The reason for chose the hexane as alternative
solvent is both of these solvent is no polar solvent and the boiling point of hexane is 68.5 °C
which is close to that of CCl, (76.7 °C). The reaction using hexane as solvent was performed
on 7.2 mmol scale. As expected, the reaction time is much longer than using CCl,. Even the
amount of NBS (1.5 eq) and BPO (8.0 mol %) increase, there was still have small amount of
starting material left after 25 h refluxing. However, there was no di-brominated by product
(brominated at benzylic position) formed. After purification by recrystallization from hexane,
the pure compound was obtained with 31 % yield which is much lower than using CCl, as
solvent. Due to the time constrain, no further investigations on this reaction condition were
performed.

4.3.2 Synthesis of 4-bromonaphthaldehyde (7) from compound 9

With compound 9 on hand, the compound 7 was synthesized by the Kornblum oxidation®
(Figure 4.16). The Kornblum oxidation is a mild oxidation leading to a carbonyl compound
using DMSO. The reaction can efficiently oxidize activated primary benzyl bromide and a-
bromo aromatic ketones to corresponding aldehydes and phenylglyoxals just by simply
dissolving the substrates in DMSO. The DMSO in this reaction works as the oxidant and
either organic or in organic base such as triethyl amine and sodium bicarbonate are usually
used to remove the proton of the reaction intermediate.®

Br
CHO
DMSO
OO NaHCO; (2.0 eq) OO
95°C, 3-4h
Br
9 7 Br

Figure 4.16 Synthesis of 4-Bromonaphthaldehyde 7 by Kornblum oxidation.

In the synthesis of compound 7, the sodium bicarbonate was used the base and the reaction
was performed at 95 °C according to the published method.2Generally, this reaction works
well for active alkyl halide, because its proposed mechanism involves the nucleophilic
substitution (Sng) of a halide into alkyoxysulphonium ion which transforms into an aldehyde
after deprotonation by the base (Figure 4.17).%°
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Figure 4.17 Proposed mechanism of Kornblum oxidation.®®

However, for compound 7 in this study, this reaction did not proceed well as the reported
method.®® The yield is much lower than the reported 91% vield.

In this reaction, the base plays as a proton acceptor which has a dual role: it neutralizes the
hydrogen bromide to avoid the oxidation of HBr by DMSO (Br; can cause side reactions),
and it also works in the deprotonation of the alkyoxysulphonium intermediate.®

Different scales of this reaction were tested, from 1.4 mmol to 60.9 mmol (Table 4.7). The
reaction conditions for all these entries are similar, (NaHCO3 1.99 eq and the mixture was
heated at 95 °C) and the only different is the reaction time. For each of these bathes, the
reaction was monitored by TLC (3% ethyl acetate in hexane) and *HNMR (CDCls, 200 MHz).
The main by-product was detected which has a higher Rf value than that of the product and it
shows a different UV activity (the main by-product was observed as a deep blue spot) from
the product. The small scale (entry 1 and entry 2) was purified by chromatography using 3%
ethyl acetate in hexane as eluent. While the large scale (entry 3 and entry 4) was filtered
with silica gel (3% ethyl acetate in hexane) by suction filtration and most by-products were
removed. The crude product of entry 3 was used directly for next step and the crude product
of entry 4 was purified by chromatography using 3% ethyl acetate in hexane as eluent (more
details see experimental part).

Table 4.7 Different scales of compound 7 synthesis.

Entry Scale DMSO NaHCO3 Reaction time Yield
mmol mL mmol h %
1 1.4 4.2 2.9 4 42
2 5.9 16.8 59 2 77
3 37.0 104.0 73.3 3 Use for next
step reaction
4 60.1 170.0 120.7 3 52

The purification of the reaction is challenging because the by-products always run together
with the product in the silica gel chromatography. Recrystallizations of this crude from
different solvents (such as hexane, toluene) were tried but none were succeed. In order to
reduce the heavy purification process of this step, one option is to use the crude after suction
filtration through silica gel directly for next step reaction such as the entry 3 in Table 4.7
(more discussion see 4.3.3).
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Other methods for transformation of the compound 9 to compound 7 were also tried. Such as
using H,0, in EtOH under reflux for 12 h condition® only gives small amount of product and
the starting material was not completely converted. The method reported by Raju et al.*’ using
nitrate as an oxidant with 10% sodium hydroxide in water and 1,4-dioxane at 120 °C was also
tried. After 6 h heating of the mixture, the starting material was converted to the desire
product but at the same time it gives many by-products.

Hence, the Kornblum oxidation is the mainly studied method used for the synthesis of
compound 7 from compound 9.

4.3.3 Synthesis of 4-bromo-1-naphthoic acid (10)

The method® for the synthesis compound 10 directly from the 1-bromo-4-methylnapthelen by
using KMnOy as oxidant have been reported in the literature but the yield is only 7 %.

To synthesis the compound 10, our strategy is oxidization of the aldehyde intermediated 7
which is much easier to be oxidized than the methyl group (Figure 4.18). The first attempt
experiment (Table 4.8 entry1) was performed based on the reported protocol.® When the
scale of the reaction increase the addition time of the KMnQ, also increase (except the entry
3 in Table 4.8). The key for this reaction is the addition of the KMnQ, solution to the mixture
should be slowly. Because the reaction is exothermic, the side reactions may happen if the
heat was generated quickly. Also, there is potential danger that the mixture can boil violently
if the addition KMnQO,4 was fast.

CHO COOH
OO KMnOQOy4 (aq) (1.7 eq)
acetone, 95°C, OO
Br 2h
7 10 Br

Figure 4.18 Synthesis of compound 10 by oxidation of the aldehyde intermediate 7.

Thus, the scale (31.9 mmol) of this reaction was performed by adding the KMnO, for 1.5 h
through the dropping funnel. Afterwards, continually stirring for another half an hour until the
reaction was finished. The purification for the step is much easier than last step because no
chromatography is needed.

45



Table 4.8 Different scales of compound 10 synthesis.

Entry | Scale | KMnO, | Acetone | H,O | Reactiontime | Yield
mmol eq mL mL

1 1.0 |14 21 | 1.2 [ 15min°+ 10 min® | 40 %

2 25 |17 3.2 | 3.6 [15min°+ 10 min® | 57 %

3 10.1 | 1.7 21.8 [427] 1h°+50min°® | 78%

4 225% | 1.7 485 [951] 1h° +50min°® |42 %

5 319 |17 69 135 [ 1.5h°+ 30 min® | 76 %

% The crude from table 4.7 entry 3 and the yield was calculated based on two steps.
® The time of adding KMnQ, water solution to acetone solution under reflux condition.
°The time of continuing reflux after finish the addition of KMnO,.

As shown in the Table 4.8, same yield was obtained for entry 5 and entry 3. The entry 4
using the crude starting material from last step reaction (Table 4.7, entry 3) gives 42 % based
on the two steps. These shows the reaction can be done on 31 mmol scale from the pure
starting material with good yield. And two steps reaction without using chromatography for
purification is possible to get the pure compound 10 with acceptable yield.

Other method for preparing the compound 10 from the primary bromide intermediate 9 was
also tried (Figure 4.19).% This reaction was performed on 4 mmol scale, and monitored by
both TLC (C,H.Cls: hexane =4:1 with one drop acetic acid) and *H NMR (DMSO-ds, 200
MHz).

Br
NaNO, (4.0 eq) COOH
OO CH4COOH (10.0 eq) OO
DMSO, 35 to 60 °C
Br 47 h Br
9 10

Figure 4.19 Synthesis of compound 10 from primary bromide 9.

This reaction proceeded slowly, after 47 h there was no starting material left and the product
was obtained with 26 % yield. In the crude sample a strong peak around 8.0 ppm (marked as *
in the Figure 4.20) was observed in the *H NMR (DMSO-ds, 200 MHz) after 2 h. But it has
no significant change after 26 h. Meanwhile, no significant changes between the TLC of the
26 h and 47 h were observed. After work up (see experimental part), the pure compound 10
was obtained.

46



. H JL After work up
A

' .
B O in CDCl,

47 hiin CDCl,

2h

—
° tppm]

12 10

Figure 4.20 Stacked *H NMR (DMSO-dg, 200 MHz) of transformation primary bromide 9 to compound 10
under the acidic condition with sodium nitrite in DMSO. Except the mixture of 47 h and starting material were
run in CDCI; others were run in DMSO-d.

In summary, the synthesis of compound 10 was preformed mainly by the oxidization of the
aldehyde intermediated 7. The reaction scale can be scaled up to 31.9 mmol.

4.3.4 Synthesis of ethyl 4-bromo-1-naphthoate (11)

Compare with the reactions mentioned before this reaction is much easier to be performed.
Three different scales (1.4 mmol, 27.3 mmol, 36.6 mmol) have been attempted (Figure 4.21).

COOH o OEt
EtOH, H,SO, .
reflux, 22 h OO
Br
10 q o

Figure 4.21 Synthesis of compound 11 by Fisher esterification.

Furthermore, a simple work up gives pure compound with excellent yields 92 % to 95 %. The
concentrated H,SO,4 used in this reaction has a dual role: as a catalyst, the more amount of the
H.SO, added, the less reaction time was needed; as a water scavenger, the concentrated
H,SO, can absorb the water which was generated during the reaction.

4.3.5 Synthesis of diethyl 1,1'-binaphthyl-4,4'-dicarboxylate (12)

The directly coupling from the mono carboxylate acid 10, have been reported in a Japan
patent® with 54 % vield. This reaction was performed by heating the mixture of 4-bromo-1-

47



naphthoic acid, KOH (aq), Pd-C and glycol at 160 °C under 5 kg/cm? pressures. This method
may have problem with the separation of unreacted starting material from product.

Thus, the synthetic route 2 was considered. Though it has two more extract steps,
esterification and hydrolysis of the ester, they are easy to be performed and the yields of these
two steps are good. These two steps were designed with two purposes: one is increase the
solubility of the intermediate by esterification, the other is to improve the purification of
compound 12 in an efficient way. Because the hydrolysis can give very pure target compound
to get the pure compound 12 is a one important step in this synthetic route.

With compound 7 on hand, the one- pot coupling reaction was first attempted with
PdCl,(dppf), K,COs and B(pin), in DMSO under anhydrous inert condition at 80 °C.
However, the starting material was not completely converted. Only 62 % product was
obtained (Table 4.9 entry 1).

Table 4.9 Different scales of compound 12 synthesis.

Entry | Scale | PACI,(dppf) | Ba(pin) | KoCO3 | Solvent | Temperature | Reaction | Yield

mmol mol% mmol | mmol mL °C time h %

1 1.0 1 0.5 3.0 6.0 80 48 62
(0.5eq)

2 2.0 1.5 1.0 6.0 12.0 80 28 78
(0.5eq)

3 8.0 1.5 4.1 24.0 48.0 80 28 87
(0.51eq)

4 39.3 1.5 21.6 1179 | 235.0 80 24 90
(0.54eq)

Based on this condition entry 2 was tested by increasing the catalyst loading to 1.5 mol%.
This changes not only increase the yield of this reaction but also almost half the reaction time.
Compared with entry 2, entry 3 and entry 4 were tested by changing the amount of the
B.(pin) while still kept the catalyst loading as entry 2. It shows the amount of the B,(pin)
over 0.5 eq of the starting material helps the improvements of the yield and reduced the
reaction time even if the scale (entry 4) is almost 20 times than entry 2.

As mentioned before (4.2.3) the bis(pinacolato)diboron (B (pin),) servers as a reagent for
transformation of the aryl halide to arylboronic ester which then reacts with the aryl halide (in
this case is the ethyl 4-bromo-1-naphthoate) through a Suzuki coupling step to yield the biaryl.
The reason for this reaction works well at large scale is much amount of catalyst still active
compare with the small scale. As the starting material was converted to the product the ratio
between the catalyst and starting material may increase and this improves the reaction.

The crude of sample of each entry at the end of each reaction was collected and compared by

the 'H NMR. The entry 2, entry 3 and entry 4 give similar crudes while entry 1 still have
small amount of starting material left (Figure 4.22).
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Figure 4.22 Stacked *H NMR (DMSO-dg, 200 MHz) of the crude samples from different entries in Table 4.9.
The spectrum of the top one is the starting material, the second one on the top is the pure compound 12.

A

The purification for the small scale (1.0 mmol, 2.0 mmol) of this reaction was done by
diluting the mixture in large amount of water (almost 8 times as solvent) and then washed
with NaOH (20%) followed by extraction with CH,Cl, in order to separate the product from
the DMSO. Afterwards, the residue was purified by silica gel chromatography (CH,Cl,:
hexane =1:1) gives pale yellow solid.

However, using the same procedure to remove the solvent for the large scale (8.0 mmol, 39.3
mmol), will be difficult. The best option is to pour the reaction mixture over ice and then filter
the product by suction filtration to remove the solvent. The crude then filtered with silica gel,
crude product was obtained almost pure. After a short chromatography (CH,Cl,: hexane =1:1),
the pure compound was obtained.

In summary, the synthesis of compound 12 was preformed mainly by using 1.5 % mmol
catalyst. The reaction scale can be scaled up to 39.3 mmol.

4.3.6 Synthesis of BNDC (2) from compound 12

The compound 2 can be obtained through the hydrolysis of compound 12 under alkaline
condition (Figure 4.23). This classical reaction was easy to be performed. Several scales were
performed and the largest scale is 17.5 mmol which ends with 88 % vyield.
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12 COOEt 2 COOCH

Figure 4.23 Synthesis of compound 2 from compound 12.

The only problem of this reaction is the filtration of the pure product from the work up
solution. Because the precipitate is a very fine solid, the suction filtration therefore is very
slowly.

To dry this compound, the resulted solid from suction filtration was dried in the 110 °C oven
for 24 h. During the drying process the solid was took out of the oven once time and crashed
into powder. In order to check whether the water was still present in the compound, three
NMR experiments were performed (Figure 4.24).3.0 mg teterphthalic acid dissolved in 0.5
mL DMSO-dg as a standard reference, and 3.0 mg terterphthalic acid and 8.0 mg compound 2
(before dried in oven and after dried in oven separately) dissolved in 0.5 mL DMSO-dg were
used as test samples. By comparing the NMR signal of these three samples, whether the
sample is dry can be detected.
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Figure 4.24 Stacked *H NMR (DMSO-ds, 200 MHz) of compound 2 before drying (bottom) in the oven and
after drying oven (middle) in the terephthalic acid as internal standard (top).
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As shown in the Figure 4.24, the integration between terephthalic proton and water in the
sample after dried in the oven is very close to the standard. This indicates 24 h drying in the
110 °C oven is enough to get the compound dry and the compound is not decomposed under
this temperature.

4.4 Synthesis route 3 of BNDC (2)

With the goal of making the synthesis of BNDC in a shorter route, the third synthetic route
was developed (Figure 4.25).

B(OH), Pd(OAC)
PPhg3
“ Na,CO3 Br _
EtOH,Toluene CHCI3, 0°C
reflux OO OO

13 Br
14
CN COOH
_oueN L oo LI
DMF, reflux OO Glycaol, reflux OO
CN
15 9 COOH

Figure 4.25 Synthetic route 3 of BNDC.

The coupling reaction gives the binaphthyl core 13, followed by bromination under dark and
cold condition to afford compound 14. The treatment of compound 14 with CuCN in DMF
under reflux condition gives dicyano moiety 15, which then was hydrolyzed under alkaline
condition to yield the target compound 2.

4.4.1Synthesis of 1,1'-binaphthalene (13)

To synthesize compound 13, both the previous one-pot coupling method and the Suzuki
cross-coupling method were tested (Figure 4.26).
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Ba(pin),
PdCl,(dppf)
OO * OO KoCOq > one-pot coupling
DMSO,80 °C
Br Br

13
Pd(OAc),
B(OH), PPh, OO
OO + NazCOs . Suzuki
OO EtOH, toluene, cross-coupling
Br H50, reflux OO

Figure 4.26 Synthesis of compound 13 by one-pot coupling and Suzuki cross coupling.

In order to find out the best condition for the one-pot coupling reaction with low catalyst
loading and give acceptable yield. Different reaction conditions for the one-pot coupling
reaction have been tested (Table 4.10). Based on the condition used for synthesis of
compound 12 (4.4.5), the first experiment was performed using the 1.5 mol % PdCl,(dppf)
catalyst (Table 4.10, entry 1). However, under this condition the starting material cannot
completely be converted and these results a poor yield. Thus, with 4 mol % catalyst was tried
(Table 4.10, entry 3) and the yield turned out to be excellent. Another strategy is to use
combine catalysts, such as PdCl,(dppf) and Pd(OACc)s, in the reaction (entry 2). Because the
Pd(OAC), is much cheaper than PdCl,(dppf). Though the amount of Palladium catalyst in
entry 2 and entry 3 is the same, but the yield in entry 2 is lower than that of entry 3. This
suggests the PdCI; (dppf) is much better than Pd (OAC), under the similar reaction condition.

Table 4.10 One-pot coupling reaction conditions for the synthesis of compound 13.

Entry | Scale | By(pin), | PdCI,(dppf) | Pd(OAC), | Reaction time | Result
mmol | mmol mol% mol% h

1 2.0 1.0 1.5 / 50 15 %

2 2.0 1.3 2.0 2.0 41.5 63 %

3 2.0 1.3 4.0 / 66 90 %

2 All these entries are 2.0 mmol scale and run in 12 mL DMSO with 3.0 mmol K,CO; at 80 °C

Furthermore, all these entries contained starting material when each reaction was stopped.
These was evidenced by checking each reaction mixture with1H NMR (CDCl3, 200 MHz)
(Figure 4.27). By comparing the integration of the protons (marked proton peak were
selected for analysis) from the product and starting material in each mixture, the approximate
ratio of the starting material in crude was obtained (around 40 % for entry 1, 10 % for entry
2 and trace amount for entry 3). The crude of all these entries were purified by silica gel
chromatography (hexane as eluent) and the pure compound was obtained as a white solid
which has a bad solubility in THF.
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Figure4.27 Stacked *H NMR (CDCls, 200 MHz) of the crude of compound 13 from the three entries in the
Table 4.10. The selected proton in the starting material and product was used for estimating the ratio of starting
material in the mixture.

Another method **(2 mmol scale) using Pd(OAc); (5 % mmol), PPh; (10 % mmol) and
Cs,CO3 (1.1 eq) in MeCN under reflux condition also was tried. After 50 h refluxing of the
mixture, there was still a large amount of starting material present in the mixture.

To obtain the compound 13 in good yield with low catalyst loading, the Suzuki cross coupling
were in investigated in this study (Figure 4.28). Suzuki cross-coupling is the palladium-
catalyzed cross-coupling between organic halide or triflates and organoboron compounds. It is
a useful method for the formation of biaryls.®? There are several advantages for using this
method: the reagent 1-naphthaleneboronic acid is commercial available and the reaction is
tolerant in water.

Pd(OAc), (0.5 mol%)
B(OH), PPh; (2.0 mol% ) OO
OO . Na;COs (10eq) Susuki
OO EtOH, toluene, cross-coupling
Br H,O, reflux 22 h OO

a b

13

Figure 4.28 Suzuki reaction for the synthesis of compound13.
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In this study, three different scales were tested (Table 4.11). The first experiment of this
reaction is according to the published protocol.®? The Suzuki reaction was complete after
heating the mixture to reflux for 26 h. Though the reaction time is longer than reported
method, the yield is higher than that of the reported (90% vyield).

Table 4.11 Cross coupling reaction conditions for the synthesis of compound 13.

Entry a b Pd (OAc), | PPhs | Na,COs | Solvents | Reaction | Yield
mmol | mmol mol% mol% 2M mi Time %
(mL) h
1 2.0 5.0 0.5 2.0 10 20 26 100
2 10.0 11.0 0.5 2.0 12 100 22 82
3 41.2 45.4 0.5 2.0 50 200 24 78

®The reaction was performed in EtOH and toluene = 1:1 mixed solvents.

In the literature, the homo coupling of synthesis of 1-naphthaleneboronic acid by Pd(OAc),
were also reported.” Hence, in the next experiments the amount of 1-naphthaleneboronic
acid was reduced (1.1 eq). As shown in the Table 4.11, entry 2 and 3 with less amount of
base and 1-naphthaleneboronic acid still give good yields.

The purification of this compound on a large scale (41.2 mmol) was done by chromatography
(hexane as eluent). Before that a filtration with celite was applied to remove the most part of
impurity from the mixture. After the purification, the compound was obtained as a while solid.

Compare with the one-pot coupling, the cross coupling reaction gives a good yield when the
catalyst loading is 0.5% mol.

In summary, for this step synthesis, the cross coupling reaction method is much better than
the one-pot coupling method and the reaction can be scaled up to 41.2 mmol.

4.4.2 Synthesis of 4,4'-dibromo-1,1'-binaphthalene (14)

The synthesis of compound 14 was according to the report method (Figure 4.29).”* The
different scales (3.9 mmol, 7.9 mmol) of this reaction have been tested and the yields of the
both are good (74 % for 3.9 mmol scale, and 91 % for 7.9 mmol scale).

Br

‘ ‘ Br, (4.7 eq) ‘ ‘

v

CHCI3, 0°C
OO in dark, 4 h
13 Br
14

Figure 4.29 Synthesis of compound 14 by bromination.
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This reaction was done by slowly adding the bromine to the cold chloroform (0 °C) in dark
condition. Afterwards, the resulting mixture was stirring in the dark and cold (0 °C) condition
for another 3-4 h. The potential danger for this large scale is the used of bromine. Because the
bromine is a toxic and corrosive liquid, proper work up for this reaction is important. After
the reaction is finished, aqueous NaHSO3; was added to quench the excess of bromine and the
NaOH (2M) was added to neutralize the mixture and the sodium bromide was formed.

The purification for the crude is easy to be performed. After the proper work up to remove the

bromine and Hydrogen bromide, the organic residue was then recrystallized from the
chloroform. A nice needle white crystal was obtained.

4.4.3 Synthesis of 4,4'-dicyano-1,1"-binaphthyl (15)

Compound 15 was synthesized via the Rosenmund-von braun reaction (Figure 4.30). This
reaction usually is used for synthesis of aryl nitriles from aryl halide and CuCN in a high
boiling solvent such as nitrobenzene and DMF. %

Br CN

E E CuCN (3.7 eq) OO
OO DMF, reflux, 20 h OO

14 Br 15 CN

Figure 4.30 Synthesis of compound 15 via Rosenmund-von braun reaction.

The experiment was done according to the published method using 3.7 equivalent CUCN in
dry DMF under reflux condition.*® The first experiment (2.4 mmol scale) reaction time (47 h)
is longer than the reported (overnight). Furthermore, work up process is different from the
paper reported. To get rid of the CUCN the reported method involves boiling the mixture in
10 % hydrochloric acid. This may have risk to form the HCN. Hence, another mild work
process”® was followed to get rid of the CUCN. The mixture firstly was poured in the mixture
of water and ammonium hydroxide and extracted by CHCI3; and then washed with water until
there is no blue colour can be observed in the water phase. After the solvent was evaporated,
the organic residue was purified by silica gel chromatography (CH2Cl,: hexane = 1:1). In this
way the obtained yield (69 %) is lower than reported (81 %).%

Using the same procedure as the first test experiment, the reaction was scaled up to the 9.6
mmol. However, there were trace by-products (Lower Rf value than that of product) were
observed by the TLC (25 % ethyl acetate in hexane). The crude was purified by
chromatography. After the column, the compound was obtained as a yellow solid with 78 %
yield.

The drawback for this reaction is more than stoichiometric amount of CuCN is required. As

mentioned before the cyanide is poison (3.4).%° The scale up of this reaction should be done
carefully when preparation the reaction and work up the reaction mixture. The cooper
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bromide waste formed during the reaction which may cause problem (difficult to be moved)
for further scale up.”’

This reaction can also be done by replacing the CUCN with other cyanide source such as
NaCN in the present of palladium or nickel catalyst. The stoichiometric amounts of
environmentally harmful CuBr can be avoided.® Due to the time constrain, this reaction was
just tested twice, modification the on large scale has not been done yet.

In summary, this reaction can be scaled up to 9.6 mmol under the above condition. The
purification was done by chromatograph.

4.4.4 Synthesis of BNDC (2) from compound 15

In theory, hydrolysis of nitriles to carboxylic acid can be done under either acid or base
condition. Both of these conditions give the same hydroxy-imine and amide intermediate *°
In this study, the hydrolysis of compound 15 was investigated under base condition.

CN COOH
(L) onesren [
H,O
OO Glycol, reflux,27 h OO
CN
15 ) COOH

Figure 4.31 Hydrolysis of compound 15 to compound 2.

According to the literature®’ the first hydrolysis experiment was tired. 1.55 mmol starting
material refluxed with 10 mL NaOH (6 M) in 5 mL EtOH under reflux condition for one
week but no desire product was obtained. The reason for this could be the temperature for the
reaction is not high enough to form the carboxylate. Hence, another experiment (1.0 mmol)
was tested by using high boiling point solvent (glycol, as the condition shown in the Figure
4.31)" and the compound 2 was obtained with 75%.

4.5 Other synthetic strategies

Besides the three synthetic routes mentioned above, the other short synthetic path way was
also tested during this study (Figure 4.32). The BNDC linker can be obtained by a retro
hydrolysis'®* from the building block 17 which can be converted from intermediate 16
through bromination.*®* The intermediate 16 can be disassembled by a retro coupling from a
commercially available cheap starting material 1-methylnaphthalene.
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COOH

CBF3
: oxidation : bromlnatlon OO coupling

2 COOH 47 CBrs 16

Figure 4.32 Other synthetic strategies of BNDC synthesis.

For this synthetic strategy, the bromination will be challenging due to the selectivity problem.
The synthesis of compound 16 according reported method was successful for the first testing
experiment. But the synthesis compound 17 from 16 by using 7.0 eq NBS were not success.
There were three main compounds formed after refluxing 53 h, but they were not able to be
separated by chromatography, so identification of those compounds became difficult. Hence,
this synthesis route was not tried later.

In the literature, the synthesis the compound 2 from 16 by oxidation by Na,Cr,Oy in autocalve
with pressurized CO, at room temperature has been reported. 1% The directly oxidation from
compound 16 was not tried due to the time constrains.

4.6 Summary of the synthetic routes

In summary, three main synthetic routes have been explored and two of them (synthetic route
2 and synthetic route 3) work.

There are some advantages of the synthetic route 2. The scale can be up to 17.5 mmol, and the
purification is easy to be performed for some steps. The only shortcoming is the low yield of
the Kolbe oxidation in the second step. Due to the time constrain, the modification of Kolbe
oxidation reaction (such as choose different bases as mentioned above) was not tried during
this study. It may change the outcome of this reaction to be much better.

The synthetic route 3 can be performed on small scale (1.0 mmol), the scale up condition need
to be further investigated.
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Chapter 5

Synthesis of UiO-67 BNDC

In this chapter the synthesis and characterization of UiO-67-BNDC MOF will be discussed. It
starts with details of synthesis methods and continues with discussions around the details of
different characterization methods. The characterization methods include PXRD, TGA,
Nitrogen Sorption Measurements and its simulations result, NMR analysis, SEM. Some
properties of this new Zr-MOF such as thermal stability, pH stability, BET surface etc. will be
revealed. This chapter ends up with a summary of the general properties of UiO-67-BNDC
synthesized under different synthetic conditions.

UiO-67-BNDC
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5.1 Synthesis of UiO-67-BNDC

General method for synthesis of UiO-67-BNDC was according to the similar method™ for
synthesis of UiO-67 MOF. There are three main processes for synthesis the MOF: 1) reaction
solution preparation, 2) static heating in an oven for MOF growing, and 3 ) Isolated the MOF
from the solvent and washing MOF with low boiling point solvent and dried the MOF in the
oven to get MOF with free pore site.

For synthesis UiO MOF material, the general way for preparing the reaction solution is firstly,
dissolve the ZrCl,, water, and modulator (usually is monocarboxylic acid 5-30 eq. with
respect to the ZrCl,) in hot DMF with vigorous stirring. Once all the substance is dissolved in
the DMF (the solution becomes clear), the organic linker can be added. In order to dissolve
the organic linker, the heat may need to be increased. The volume of the DMF used in the
preparation is related to the solubility of the organic linker. For the BNDC linker used in this
study is soluble in a molar ratio of about 1:150 in hot DMF.

Once the reaction solution was ready, the magnet bar can be removed and solution will be
transfer to a close container (usually it is a flask with a small cap, in case too much solvent
evaporated during the MOF grow stage) and stay in the oven with static heating (typically is
80-130 °C) for several days. In this course, as mentioned in the previous section (1.2.5), the
exchange of chlorides with carboxylate groups from the linker /modulator and hydroxides
from water to form intermediate complexes happens.

Finally, the MOF material will precipitate out from the solvent. The precipitate can be
collected by decant the most of the solvent. Then the MOF will be washed with other low
boiling point solvent (such as methanol, THF) to remove the modulator and the DMF solvent
which was trapped in the pores of the MOF.** During the washing process, the centrifugation
is needed in order to reduce the sample lose. In this study, different washing procedures have
been tested and evaluated (more details will be discussed in the next characterization section).

After the washing is done, sample will then be dried in the oven (60 °C) overnight. The final
weight of the sample then can be obtained. The yield of the synthesis then can be calculated.
But this yield is not very accurate because there may still have solvent or modulator was
trapped in the pores. However, this can give an idea of how efficient the MOF grows if the
synthesis condition changed.

The MOF sample can also be synthesized by using two different organic linkers. In this study,
the MOFs have been synthesized including powder sample and single crystal of the new MOF
with pure BNDC linker and a powder sample which using 80% 4, 4'-biphenyldicarboxylate
(BPDC) linker 20 % BNDC linker in the MOF synthesis (more details see section 7.3).

With the dried MOF sample on hand, different properties of the MOF can be measured by the
different characterization methods such as PXRD, TGA and N, adsorption.
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5.2 Characterization

5.2.1PXRD

In the MOF research, the PXRD is a useful tool to check the sample’s crystallinity. As
mentioned before (2.1.2), each crystalline phase has unique powder diffraction which can be
used as fingerprint for the phase. Sample with same structure will have the similar powder
diffraction pattern. In this study the sample used for the PXRD is dried sample after washing.
Two different sample preparations were used in this study: one is the sample was mounted on
the sample holder and covered with a plastic wrap to keep the powder on the plate. The other
is the sample was dispersed on the sample holder with 2-propanol, this is the most frequently
used method in this study.

In the Figure 5.1, the synthesized MOF-67-BNDC-5 sample (use 12 eq. benzoic acid see
experimental part, in the next section this after washing and dried sample will mainly be used
for the characterization) was compared with the UiO-67 XRD pattern which was obtained
from the library of this group.

800 -
; I B UiO-67
— UiO-BNDC-5
600 !
= 1
S 400-
-
5 | —
o h
g |
£ 200{
0- " Pttt - —
! | ! | ] ! | ! |
0 10 20 30 40 50

20(°)
Figure 5.1 PXRD pattern of UiO-67 (bottom) and UiO-67-BNDC-5 (top).

As shown in the Figure 5.1 this two have quite similar XRD pattern at low angle. According
the Bragg’ law, it suggests this new MOF have similar long distance connection in the
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structure. With this information in hand, the structure of this MOF was built in the material
studio by modified the CIF date of the UiO-67. By replacing the organic linker of the UiO-67
to the BNDC linker, the perfect structure was built. This was used to simulate the XRD
pattern programme in the materials studio. The perfect XRD pattern was than obtained.

As show in the Figure 5.2, the XRD pattern of this UiO-67-BNDC-5 sample fits with the
simulated pattern from the material studio very well.

— UiO-67-BNDC-5 (top)
B Simulated (bottom)

Intensity (a. u.)

10 20 30 40 50
26(°)
Figure 5.2 PXRD pattern of UiO-67-BNDC-5 with simulated pattern from material studio.
Thus, the XRD pattern of this material shows this new Zr-MOF was obtained with good
crystallinity.

5.2.2 NMR

In this study, the NMR can be used for checked the substances (such as solvents, modulator)
have trapped in the MOF material. This experiment was done by sink the 15 mg MOF in the
600 il D,O (1 M NaOH) overnight in the NMR tube (this was called NMR digest

61



experiment). By doing this experiment the possible chemicals present in the MOF will be

determined.

In the Figure 5.4 gives the possible chemicals will be presented in the MOF. The reference
chemical has the same treatment with MOF sample before getting the NMR spectrum.

E‘ i
|
o
i | Benzoic acid
N
o l DMF 4
e ‘ BNDC linker Jlt
] THF
o]
o /
o ‘ .J Iﬂ Zr-MOF-BNDC | l
o e a ] - - L i
T T | T T T T I T T T T I T T T T I T T T T | T T T T I T T T T | T T
8 7 6 5 4 3 [ppm]

Figure 5.4 NMR spectra of the benzoic acid, DMF, BNCD linker and the MOF in the digested solution (1M
NaOH in D,0).

This spectrum shows this sample after washing treatment still has the modulator (Benzoic
acid presents in the sample). The DMF and THF in this sample were detected by NMR shows

the solvents were still trapped in the pore.

As this information in hand the integration of each proton in this MOF digest sample can be
performed. Figure 5.5 gives the integration of each proton in the digest sample. By
comparing the integration of the protons, the estimated ratio between each chemical and the
BNDC can be calculated.
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Figure 5.5 The integration of the Zr-MOF-BNDC after the MOF was digested in 1M NaOH in D,0.
BNDC:Benzoic acid:DMF:THF = 1:0.04:0.19:0.78.
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The ratio between BNDC and benzoic acid combines the TGA date can be used for calculate

ratio of the linker missing in the structure.

5.2.3 TGA

The thermal stability of UiO-67-BNDC was obtained by measure the sample on the Netzsch
STA 449 DSC+TG. The sample was measured under 80% N2 and 20% O2. The temperature
rises from 25 to 700 with 5°C/min. As the Figure 5.6 shows that this new MOF has a good
thermal stability (up to 440 “C) and suggests that there is a linker missing in the MOF
structure. TGA curves fit the type C curve as mention in chapter 2 (2.2.2). The procedural
decomposition temperature of this material is 440 °C, and the final temperature is close to 500
°C. The plateau is the region of the TG where the weight is constant, which means the sample
is stable under this condition. The drop of the curve at the beginning is due to the solvent was
removed. When the temperature increase the dehydration of the cluster happens around at 300
°C (see 1.1.3).
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Figure 5.6 TGA curve of the MOF material, measured in 80% N, and 20% O..

5.2.4 N, adsorption

The N, adsorption was measured by treated the 12 mg sample under 80°C for 1 h and 2h at
300 °C to empty the pore of the MOF. After that the sample was treated with liquid Nitrogen.
Then the adsorption and desorption of N, can be measured. This gives the information of the
pore volume and BET surface of the MOF material (UiO-67-BNDC-5). (Figure 5.7)

This adsorption date fit the Type | b curve in the classification of physisorption isotherms (see
section 2.3.1) It suggests that this material has wider micropores. In the Figure 5.7, the

adsorption and desorption fits very well. The BET surface of this material is 1519 m?/g
(appendix 3).

Due to the time constrain the simulated adsorption was not presented in this part.
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Figure 5.7 Adsorption / desorption isotherm of UiO-67-BNDC-5.
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Figure 5.8 BET plot of UiO-67-BNDC-5.
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5.2.5 SEM and EDS

The sample Zr-MOF was prepared on the carbon tape and was analyzed by the High resolution SEM
(HITACHI SU8200). The sample UiO-67-BNDC-4 was the sample after general washing
then treated with water in auto calve at 150 °C. The morphology of the material can be clearly
see from this measure (as show in the Figure 5.9,octagedral)

Figure 5.9 SEM image of the UiO-67-BNDC-4 at 1.00 pm.

There is some small bright dots on the surface could be belong to the Zr (OH), formed during
this process (water treatment with auto clave).

The EDS study of the sample was done to check if other metals were in the material (like Pd
from the organic linker synthesis). The sample was mounted on the Cu tape (to reduce the
back ground from the sample holder) when did this test. The EDS shows only the Zr is the
metal in the sample. Hence is bright is most likely belong to the Zr (OH),,

5.2.6 Single crystal synthesis

In order to get the single crystal of the MOF many modulator (such as benzoic acid , phenyl
acetic acid , 4-nitrobenozic acid ) were tried. Only the sample UiO-67-BNDC-7 which was
treated with 4-nitrobenozic acid (38 eq.) in Zr: DMF1:150 reaction mixture Figure 5.11. The

single crystal which was abstained is around 20 pm.
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Figure 5.11 Microscope image of the UiO-67-BNDC-7 MOF.

5.2.7 Water stability and pH stability test

The sample UiO-67-BNDC-4 was use for this test. 150 mg at 25 mL water 150 degree in

autoclave overnight and XRD pattern was compared with the sample before treatment. Figure
5.12

Counts/ AU.

T T T T T T 1
10 20 30 40 50

Figure 5.12 XRD of sample water stability test. Top is after water treatment, bottom is raw
sample. (Sample UiO-67-BNDC-4)
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Figure 5.13 XRD of sample pH stability test. Top is after water treatment, bottom is raw
sample. (Sample UiO-67-BNDC-4)

Both the pH stability test is done by the follow method: the original samples 100 mgx2 each
was stirring in pH=4 and pH=10 buffer solution each for 0.5h and then washed with 15 mLx3
water. Water was removed by centrifugation. The sample was put on the XRD sample hold;

let it dry in the air.

The results show that this MOF is stable in water and acid condition little unstable in base.
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Chapter 6

Conclusion and future work
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6.1 Conclusion

Six step synthesis of BNDC have been developed for more than 5 gram scale.

The four step synthesis of the BNCD linker is successfully performed in small scale. Further
scale up test can be done in the future.

The UiO-67-BNDC MOF is water stable MOF and it has BET surface 1519 m?/g, and it is
stable in the acid condition less stable in base. Its thermal stability is around 440 °C

6.2 Future work

Further modification for BNDC linker synthesis based on the four steps synthetic route can be
tested

This new linker can be used in the mix linker synthesis with the organic linker in our group
library to see if new mixed linker MOF can be obtained with the interesting property.

Other naphthalene based linkers can be tested in the Zr MOF with different function group in
the linker (such as amino group).

Mechanical stability of this material can be tested. The single crystal can be used for the
synchrotron experiment in the coming future to get more structure information of this MOF.
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Chapter 7

Experimental part

In this chapter both the organic linker synthesis and MOF material synthesis will be
presented.
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7.1 General

Unless otherwise stated all the reactions were carried out in oven-dried glassware which were
cooled under a flow of argon or nitrogen gas. Commercial reagents were purchased from
standard Chemical Suppliers and used without further purification. Solvents DMF, THF,
CH,Cl, and CH3CN used in the reactions were dried through MBSPS-800 solvent cleaning
system of MBraun. DMSO was dried over 3 A molecular sieves. Hexane was distilled before
use. Ethanol used was absolute ethanol. Tap water was distilled in a GFL 2002 distillatory
(Type Il water). Other solvents for recrystallization and Flash column chromatography were
used as it from commercial source.

The concentrated H,SO, is 98% H,SO, and the concentrated HCI is 37% HCI.

TLC was carried out on Merck silica gel 60 F-254 analytical plates. Flash column
chromatography was performed on silica from Merck (60, 0.040-0.063 mm). All
chromatography was performed by manually.

NMR spectra were recorded on spectrometers Bruker Avance DPX200 operating at 200 MHz
for *H. Bruker Avance DPX300 operating at 300 MHz for 1H, Bruker Avance AV11400
operating at 400 MHz for 1H and 100 MHz for *C NMR. Chemical shifts are given in parts
per million (ppm, & scale), coupling constants (J) and in Hertz ( Hz ). All the spectra were
recorded at 293K. The spectra were calibrated using the residual peak of solvent as internal
standard [CDCI3 (CHCI3 6y 7.26 ppm, CDCl3 ¢ 77.1 ppm), DMSO-ds (DMSO-ds 6y 2.49
ppm, DMSO-dg d¢ 40.0 ppm). For some compounds DEPT135, HMQC, HMBC were used
for assigning *H and **C.

Mass spectra were recorded on a Micromass QTOFII spectrometer (ESI) and on a Fision VG
Prospec sector instrument at 70eV (EI) operated by Osamu Sekiguchi.

N, adsoprtion experiments were performed on the Belsorp mini 1l adsorption instrument.

XRD were recorded on a Bruker D8 Discovery diffractionmeter with a bruker LYNXEYE
detector

TGA were measure on Netzsch STA 449 DSC+TG

SEM measurement was performed on High resolution SEM (HITACHI SU8200)
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7.2 1- bromo-2-napthoic acid (3)

5

H,0 s Gl s
OO KMnO, (5.5 eq) OO .
pyridine, reflux, 12h 7 Yaa s COOH
Br Br
3

Procedure A % :

1-bromo-2-methylnapthalene (0.42 mL, 2.71 mmol, 1.0 eq.) and pyridine (6.7 mL) were
mixed, and KMnOy, (1038 mg, 6.57 mmol) and H,O (0.8 mL) was added in 10 min. After
finishing addition, H,O (1.6 mL) were added. The mixture were stirring at reflux for 2 h, and
then KMnOQ4 (333 mg, 2.11mmol, 0.78 eq.) in H,0 (1.0 mL) was added four times every 30
min. After the fourth time addition, distilled water (6.7 mL) was added and the mixture was
refluxed for 12 h. The mixture was filtered while and washed with distilled water (3x30 mL)
the filtrate was concentrated and then the solution was acidified to pH=0 by adding 3 M HCI
(aqg) in the ice bath. The precipitate was isolated by suction filtration was washed by water
and dried in 110 °C overnight. A light brown solid (99 mg, 0.39 mmol) was obtained. Yield:

14 %.
DOYR--ULNSS
H H,0, acetone, COOH

Br O reflux, 1 h Br
5 3

Procedure B %°:

Compound 5 (589 mg, 2.51 mmol, 1.0 eq.) was dissolved in acetone (5.4 mL) and heated at
reflux. KMnQO, (674 mg, 4.0 mmol, 1.7 eq.) was dissolved in H,O (10.5 mL) and the solution
was added to the reaction mixture by dropping funnel for 15 min. The resulting mixture was
refluxed for 1 h. The mixture was filtered while hot and washed with acetone (2x10 mL), the
filtrate was concentrated then diluted by H,O (15 mL). The mixture was cooled to 0 °C in
ice/water bath and acidified by slowly added HCI (37 %). The precipitate was isolated by
suction filtration was washed by water and dried in 110 °C overnight. A light brown solid
(240 mg, 0.95 mmol) was obtained. Yield: 38 %.

'H-NMR (400 MHz, DMSO-dg) &: 13.63 (br s, 1H, -COOH), 8.32 (d, J = 8.3 Hz, 1H, Cg-H),
8.04-8.06 (m, 2H, Cs-H, C3-H), 7.76 (td, J = 8.3, 1.4 Hz, 1H, C;-H), 7.68-7.72 (m, 2H, Cg-H,
Ca-H).

B3C-NMR (100 MHz, DMSO-dg) &: 168.9 (-COOH), 134.8 (C-4a), 133.9 (C-8a), 131.7 (C-1),
129.1 (C-7), 129.0 (C-8), 128.7 (C-3), 128.5 (C-5), 127.8 (C-6), 125.8 (C-4), 120.2 (C-2).

MS (EI, DMSO) m/z (rel%): 252/250 (M*,99/100), 235/233 (M*-OH, 36/37), 207/205 (M"*-
COOH, 13/13), 126 (M*-HCO,Br, 50), 115 (14), 74(6), 63 (12).

The spectroscopic data were in accordance with the literature.”
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Figure 7.1 *H-NMR spectrum of compound 3.
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Figure 7.2 **C-NMR spectrum of compound 3.
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7.3 1- bromo-2-(dibromomethyl) naphthalene (4)

Table 4.3 from Chapter 4 is reproduced below as Table 7.1.

Table7.1 Bromination conditions for synthesis compound 4.

Entry | Scale | Reaction condition Results
mmol
1 2.7 |2.3eqNBS, 17 mol % BPO, 34 % yield
CCly reflux for 24 h

2 2.7 | 3.5eq NBS, 18 mol % BPO, CCl, | contains mono brominated compound
reflux for 46 h

3 2.7 | 4.0eqNBS, 1.8 mol % AIBN, contains mono brominated compound
CCly, reflux for 43 h (use for next reaction)
4 10.8 | 4.0eq, NBS, 2.6 mol % AIBN, 77 % yield

CCly, reflux 29 h

Procedure’A (for entry 1 and entry 2, here use entry 1 as an example):

5 4
NBS (2.3 eq) 6 4a 5
OO BPO (17 mol %) OO ;
CCly, reflux, 24 h 7 N 8aYs Br
Br Br Br
4

A suspension of 1-bromo-2-methylnaphthalene (600 mg, 2.7 mmol, 1.0 eq.), N-
bromosuccinimide (1108 mg, 6.2 mmol, 2.3 eq.) and benzoyl peroxide (111 mg, 0.46 mmol,
0.17 eq.) in anhydrous CCl,4 (13 mL) was refluxed under N, atmosphere for 24 h. The TLC
shows two main spots (hexane as eluent). After cooling to room temperature, the suspension
was filtered off and washed with CCl, (3x10 mL). The mixture was washed with saturated
Na,SO3 (13 mL) and the yellow organic layer was dried over Na,SO,. The organic solvent
was evaporated and the resulting yellow solid was purified by silica gel chromatography
(DCM: Hexane=1:200) to give a white solid (350 mg, 0.92 mmol). Yield: 34 %.

Procedure B (for entry 3 and entry 4, here use entry 4 as an example):

NBS (4.0 eq)
OO AIBN (2.6 mol %) OO
CCly, reflux, 29 h Br
Br Br Br

4

A suspension of 1-bromo-2-methylnaphthalene (2400 mg, 10.8 mmol, 1.0 eq.), N-
bromosuccinimide (1929 mg, 10.8 mmol ) and AIBN (6.8 mg, 0.04 mmol, 0.003 eq.) in
anhydrous CCl4 (13 mL) was refluxed under N, atmosphere. The mixture was stirring at
reflux for 5 h, and then N-bromosuccinimide (1929 mg, 10.8 mmol) and AIBN (6.8 mg, 0.04
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mmol, 0.003 eq.) were added four times every 3 h. After 22 h, the AIBN (6.8 mg, 0.46 mmol,
0.003 eq.) were added 2 times every 5 h. The resulting mixture continued refluxing for 7 h.
After cooling to the room temperature, the suspension was filtered off and washed with CCl,
(3x50 mL). The mixture was washed with saturated NaHSOj3 (60 mL) and the yellow organic
layer was dried over Na,SO,. The organic solvent was evaporated and the resulting yellow
solid was purified by silica gel chromatography (DCM: Hexane=1:200) to give a white solid
(3.15 g, 8.3 mmol). Yield: 77 %.

'H-NMR (600 MHz, CDCl3) &: 8.31 (d, J = 8.4 Hz, 1H, Cg-H), 8.07 (d, J = 8.7 Hz, 1H, Cs-H),
7.90 (d, J = 8.7 Hz, 1H, C4-H), 7.84 (d, J = 8.4 Hz, 1H, Cs-H), 7.65 (td, J = 7.6, 0.8 Hz, 1H,
C;-H), 7.58 (td, J = 7.6, 0.8 Hz, 1H, Cg-H), 7.50 (s,1H, -CHB»).

3C-NMR (150 MHz, CDCls) 5: 138.1 (C-4a) 134.8 (C-8a), 131.4 (C-1), 129.1 (C-7), 128.6
(C-8), 128.5 (C-3), 128.4 (C-5), 128.1 (C-6), 126.9 (C-4), 119.7 (C-2), 41.3 (-CHBry).

MS (EI, CH,Cl,) m/z (rel%): 382/380/378/376 (M", 2/6/6/2), 301/299/297 (M*-Br,
48/100/50), 139 (M*-3Br, 66), 70 (20), 63 (6).

The spectroscopic data were in accordance with the literature.”
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FIDRES 0.188846 Hz
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7.4 1-bromo-2-naphthalenecarbaldehyde (5)

H,O 6 4a 3
AGNO; (2.0 eq) OO ,
Br 7 H
EtOH, reflux, 2 h 8a Y1
Br Br 8 Br O
4 5

1-bromo-2-(dibromomethyl) naphthalene (3.14 g, 8.29 mmol, 1.0 eq.) and ethanol (300 mL)
were placed in an oven dried 500 mL round bottom flask. A solution of AgNO3 (2.81 g, 16.58
mmol, 2.0 eq.) in H,O (75 mL) was added thereto and the mixture was heated at reflux for 2 h.
The white yellow mixture gave a green precipitate in the solution. The green precipitate was
filtered off under reduced pressure while the mixture was still hot. The solid washed with hot
THF. The organic phases were combined and evaporated under vacuum. The resulting crude
was washed with H,0 (60 mL) and CH,Cl, (3x60 mL). The organic phase was separated and
dried over Na,SO4. The solvent was removed and the crude solid was recrystallized from

ethyl acetate and hexane (5:95, 40 mL). A yellow solid (1.52 g, 6.46 mmol) was obtained.
Yield: 78 %.

'H-NMR (600 MHz, CDCl5) 5: 10.67 (s, 1H, -CHO), 8.49-8.51(m, 1H, Cg-H), 7.93 (d, J = 8.5
Hz, 1H, Cs-H), 7.84-7.88 (m, 2H, Cs-H, C7-H), 7.66-7.70 (m, 2H, C4-H, Cg-H).

B3C-NMR(150 MHz, CDCls) §: 192.9 (d, J = 7.8 Hz, -CHO), 137.4 (s, C-4a), 132.3 (5,C-8a),
131.5 (s, C-1), 131.3 (d, C-7), 129.9 (d, C-8), 128.6 (d, C-3), 128.4 (d, C-5), 128.3 (d, C-6),
128.2 (d, C-4), 124.2 (s, C-2).

MS (EI, CH,Cl,) m/z (rel%): 236/234 (M*, 97/100), 235/233 (M*-H, 86/76), 207/205 (M"*-
HCO, 21/21), 126 (M*-HCOBt, 97), 99 (7), 87 (5), 76 (10), 63 (16), 50 (7).

The spectroscopic data were in accordance with the literature.”
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7.5 1-bromo-4-(dibromomethyl) naphthalene (6)
Table 4.4 from Chapter 4 is reproduced below as Table 7.2.

Table 7.2 Synthesis conditions for compound 6.

entry Scale Reaction condition result
mmol
1 2.7 4.0 eqg NBS, 2.5 mol% AIBN, CCly reflux for 31 h 28 % vyield
2 2.7 2.5eq NBS, 4.9 mol% BPO, CCl, reflux for 13.5 h 50 % yield
3 135 2.5eq NBS, 4.9 mol% BPO, CCl, reflux for 14.5h 49 % vyield
4 27.0 2.5eq NBS, 4.9 mol% BPO, CCl, reflux for 20 h 47 % yield
5 27.0 2.5 eq NBS, 4.9 mol% BPO, CCl, reflux for 20 h crude used
for next step
6 27.0 2.1 eq NBS, 4.9 mol% BPO, CCl, reflux for 20 h 48 % vyield

NBS (40eq) .
OO BPO (4.9 mol %)
CCly, reflux, 20 h

Br

(Procedure is similar as prepare compound 4, here use entry 6 as an example)

A suspension of 1-bromo-4-methylnaphthalene (6.0 g, 27.1 mmol, 1.0 eq.), N-
bromosuccinimide (10.1 g, 56.9 mmol, 2.1 eq. ) and benzoyl peroxide (344.8 mg, 1.3 mmol,
0.05 eq.) in CCl4 (100 mL) was refluxed under N, atmosphere for 20 h. After cooling to room
temperature, the suspension was filtered off, washed with chloroform. The mixture was
washed with saturated Na,SO3. And the yellow organic layer was dried over Na,SO,. The
organic solvent was evaporated and the resulting yellow solid was purified by silica gel
chromatography (100 % hexane) to give a yellowish white solid which was recrystallized
from hexane to give a white solid (5.0 g, 13.1 mmol). Yield: 48%.

'H-NMR (400 MHz, CDCls) §: 8.40-8.37 (m, 1H), 8.37-8.35 (m, 1H), 7.85-7.77 (m, 1H),
7.76-7.65 (M, 4H), 7.34 (br s, 1H, Cg-H).

B3C-NMR (100 MHz, CDCls) 5: 136.15 (s, C-4), 129.2 (s, C-8a), 128.3 (s, 3C, C-2, C-8),
127.9 (s, 2C, C-3, C-6), 127.6 (5, C-3) 126.1 (s, C-1) 37.9 (s, C-9).

EI-MS (CH,Cl,) 382/380/378/376 (M*, 1/5/5/1), 301/299/297 (M*-Br, 50/100/52), 139 (M-
3Br, 55), 70 (18), 63 (6).

No reported NMR data
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7.6 4-bromo-1-naphthaldehyde (7)

Br 0 H
DMSO
OO NaHCO, (2.0 eq) OO
95°C, 3h
Br Br
9
7

Procedure A%

To a dry round bottom flask (500 mL) added 1-bromo-4-(bromomethyl) naphthalene (18.3g,
60.1 mmol, 1.0 eq), DMSO (170 mL), NaHCOg3 (10.1 g, 120.7 mmol, 1.97 eq.). The pale
yellow reaction mixture was heated at 95 °C for 3 h. Then the mixture was cooled to room
temperature, diluted with water (400 mL), and extracted by ethyl acetate (3x400 mL). The
organic layer was collected and dried over Na,SO,. The solvent was removed and the crude
solid was purified by silica gel chromatography (3 % ethyl acetate in hexane) to give a pale
yellow solid (7.5 g, 31.9 mmol). Yield: 52 %.

Br. Br H O
AgNO3,H,0
OO THF, EtOH OO
Br reflux, 2 h Br
6 7

Procedure B ”’

1-bromo-4-(dibromomethyl) naphthalene (2.2 g, 5.9 mmol, 1.0 eq.) in THF (18 mL) and
ethanol (27 mL) were heated at reflux, and a solution of silver nitrate (3.0 g, 17.14 mmol, 2.9
eq.) in H,0 (9.0 mL) was added drop wise. The mixture turned yellow and was kept at reflux
for 2 h, and green solid precipitated in the mixture. The green precipitate was filtered off
under reduced pressure while the mixture was still hot and then the green precipitate washed
with hot THF. Organic mixtures were combined and the evaporated under vacuum. The
resulting crude was washed with H,O (60 mL) and CH2CI2 (3x60 mL). The organic phase
was separated and dried over Na,SO,. The solvent was removed and the crude solid was
washed on the silica by using ethyl acetate and hexane (5: 95) under reduced pressure. The
product was recrystallized from ethyl acetate and hexane (5: 95) to give pale yellow solid
(1.08 g, 4.5 mmol).Yield: 77 %

'H-NMR (600 MHz, CDCl3) &: 10.38 (s, 1H, -CHO), 9.28 (d, J = 8.6 Hz, 1H), 8.37 (dd, J =
8.5, 0.6 Hz, 1H), 7.98 (d, J = 8.0 Hz, 1H), 7.81 (d, J = 8.0 Hz, 1H), 7.76-7.69 (m, 2H).

BC-NMR (150 MHz, CDCls) 8: 192.7, 136.2, 132.3, 131.6, 131.4, 131.1, 129.9, 129.5, 128.4,
127.9, 125.2.
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MS (EI, CH,Cl,) m/z (rel%): 236/234 (M*, 97/100), 235/233 (M*-H, 68/57), 207/205 (M"*-
HCO, 26/24), 126 (M*-HCOBr, 91), 99 (8), 87 (6), 76 (10), 63 (24), 50 (9).

The spectroscopic data were in accordance with the literature.®
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7.7 1,1'-binaphthyl-4,4'-dicarboxaldehyde (8)
Table 4.5 from Chapter 4 is reproduced below as Table 7.3.

Entry | PdCI,(dppf) | Solvent | Reaction time | Temperature | Yield

mol% h °C %
1 4 DMSO 14 80 92
2 1 DMSO 41 80 51
3 1 DMSO 89 80 70
4 1 DMF 62 80-90 54
5) 0.5% DMF 108 90 45

Here use entry 3 as an example, the procedure ® is similar.
CHO

H 2O B(pin), (0.5 eq)
PdClI,(dppf) (1.0 % mol )

OO K,COj (3.0 eq) l l
DMSO0,90 °C, 14 h
Br

7 8 CHO

To adry flask with argon atmosphere were added 4-bromo-1-naphthalenecarbaldehyde (235.1
mg, 1.0 mmol, 1.0 eq.), bis(pinacolato)diboron (128.4 mg, 0.5 mmol, 0.5 eq.), PdCl,(dppf).
CH,Cl, complex (8.2 mg, 0.01 mmol, 1% mol), and K,CO3(419.7 mg, 3.0 mmol, 3.0 eq.).
The light organge mixture was kept on stirring at 80°C for 89 h. The mixture was cooled to
room temperature, diluted by water (50 mL) and extracted with CH,Cl, (30 mL). This was
washing with NaOH (ag, 20%, 15 mL) and H,O (3X50 mL), and the organic phase were dried
over Na,SQO4. The solvent was removed and the crude solid was purified by silica gel
chromatography (CH,Cl,: hexane =1:1 as eluent) to afford a pale yellow solid (109.1 mg,
0.35 mmol). Yield: 70 %.

'H-NMR (400 MHz, DMSO-dg) 3: 10.53 (s, 2H), 9.31 (d, J = 8.5 Hz, 2H) 8.36 (d, J = 7.3 Hz,
2H), 7.80 (d, J = 7.3 Hz, 2H), 7.79-7.74 (m, 2H), 7.52-7.47 (m, 2H), 7.29 (d, J = 8.5 Hz, 2H).

BC-NMR (100 MHz, DMSO-dg) &: 194.2, 143.9, 135.9, 132.0, 131.0, 129.9, 129.0, 127.4,
127.0, 126.3, 124.5,

MS (E1l, DMSO) m/z (rel%): 310 (M*, 100), 281 (M*-HCO, 22), 252 (M*-2HCO, 74), 126
(22), 113 (7).

No reported NMR data in the literature.
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7.8 1-bromo-4-(bromomethyl)naphthalene (9)
Table 4.5 from Chapter 4 is reproduced below as Table 7.4.

Entry | Scale Reaction condition Yield
mmol %
1 2.7 | 1.2 eq NBS, 6.6 mol% BPO,9 mL CCl, reflux for 3 h 63
2 27.0 | 1.2 eq NBS, 6.6 mol% BPO, 90 mL CCl, reflux for 3 h 92
3 54.0 | 1.2 eq NBS, 6.6 mol% BPO, 180 mL CCl, reflux for 3h 60
4 90.0 | 1.1eq NBS, 6.6 mol% BPO, 300 mL CCl, reflux for3h | 68

Entry 4 used an example for the synthesis

Br
NBS (1.1 eq)
OO BPO (6.7 % mol ) O
CCly, reflux, 3 h
Br 9 Br

To a dry Schlenk flask (500 mL) were added N-bromosuccinimide (18.4 g, 103.4 mmol, 1.1
eq.), benzoyl peroxide (1.5 g, 6.0 mmol, 0.067 eq.) and 1-bromo-4-methylnapthalene (20.0 g,
90.4 mmol, 1.0 eq.) in CCl,4 (300 mL). The mixture was refluxed under N, atmosphere for 3 h.
After cooling to room temperature, the suspension was filtered off, washed with CCl, (200
mL), and the mixture was washed with saturated Na,SO3 solution (100 mL). The organic

layer was collected and dried over Na,SO,. The organic solvent was mixed with silica and

was evaporated and the resulting yellow solid was filtered with silica gel using (100 % hexane)
to give a yellowish white solid which was recrystallized twice from hexane to give a white
solid (18.42 g, 61.4 mmol). Yield: 68 %

'H-NMR (400 MHz, CDCl3) &: 8.34-8.30 (m, 1H), 8.17-8.13 (m, 1H), 7.72 (d, J = 7.6 Hz,
1H), 7.70-7.61 (m, 2H), 7.39 (d, J = 7.6 Hz, 1H), 4.91 (s, 2H, CH,).

BC-NMR (100 MHz, CDCls) &: 133.3, 132.4, 132.1, 129.5, 128.1, 127.9, 127.6, 127.4, 124.5,
124.3, 30.9.

MS (EI, CH,Cl,) m/z (rel%): 302/300/298 (M*, 6/13/6), 221/219 (M*-Br, 98/100), 140/139
(M*-2Br, 32/38), 110 (7), 70 (20).

The spectroscopic data were in accordance with the literature.®
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7.9 4-bromo-1-naphthalenecarboxylic acid (10)

Procedure A%

GHO COOH
OO KMnOy, (aq) (1.7 eq)
acetone, 95°C, OO
Br 2h
7 10 Br

4-bromo-1-naphthalenecarbaldehyde (7.5 g, 31.9 mmol, 1.0 eq.) was dissolved in acetone (69
mL) and was heated to reflux. KMnO,4 (8.6 g, 54.2 mmol, 1.7 eq.) in H,O (135 mL) was
added through dropping funnel for 1.5 h. The reaction mixture was stirred for another half
hour. The mixture was filtered under reduced pressure while still hot, and washed with
acetone (3x60 mL). The water phase was collected after evaporated under vacuum. Washed
with saturated Na,SO3 (90 mL) and diethyl ether (3x70 mL). The water layer was collected
and cooled to 0 °C in ice bath and acidified with concentrated HCI (aqg, 37%) The resulting
precipitate was filtered under reduced pressure and washed with H,O until the filtrate was
neutral. The dried solid was collected and suspended in hot water (500 mL), and stirred for 1h.
The water was filtered off and the solid was collected and dried in oven 110 °C for 24 h. The
title compound was obtained as a beige solid (6.1 g, 24.2 mmol). Yield: 76 %

Procedure B

Br
NaNO, (4.0 eq) COOH
OO CH3;COOH (10.0 eq) OO
DMSO, 35 to 60 °C
Br  47h B
9 10

Compound 9 (942 mg, 4.0 mol, 1.0 eg.) and NaNO, (1120 mg, 16.0 mmol, 4.0 eq.) were
mixed in DMSO (8 mL). Then, added the acetic acid (2.3 mL, 40.0 mmol, 10.0 eq.) to the
mixture. The resulting yellow mixture was stirred at 35 °C for 2 h, then change to 45 °C for
40h and 60 °C for another 5 h. The resulting mixture was diluted with H,O (20 mL) and
washed with ether (3x15 mL). The water phase was diluted to 40 mL and acidified with 37 %
HCI in the ice/water bath. The pale yellow precipitate was filtered and dried in an oven at 110
°C. The title compound was obtained as a beige solid (268 mg, 1.06 mmol). Yield: 26 %

'H-NMR (400 MHz, DMSO-dg) 5: 13.4 (br s, 1H), 8.93-8.88 (m, 1H), 8.28-8.22 (m, 1H),
8.03-7.96 (m, 2H), 7.79-7.71 (m, 2H).

BC-NMR (100 MHz, DMSO-ds) 5: 168.0, 131.7, 131.3, 130.0, 129.3, 128.4, 128.1, 128.0,
127.0, 126.9, 126.2

MS (E1l, DMSO) m/z (rel%): 252/250 (M*,97/100), 235/233 (M*-OH, 36/36), 207/205 (M-
COOH, 15/16), 126 (M*-HCO,Br, 42), 115 (15), 74(7), 63 (11).
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The spectroscopic data were in accordance with the literature.®
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Figure 7.15 ‘H-NMR spectrum of compound 10.
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7.10 ethyl 4-bromo-1-naphthoate (11)

COOH o OEt
EtOH, H,SO, _
reflux, 22 h OO
Br
10 1 Br

To a round bottom flask were added 4-bromo-1-naphthalenecarboxylic acid (9.2 g, 36.6 mmol,
1.0 eq.) ethanol (240 mL) and concentrated H,SO4 (98%, 3 mL). The mixture was heated to
reflux and stirred for 26 h. The mixture was diluted with H,O (100 mL) and washed with
NaHCO; (2 M, 75 mL). After extracted with CH,Cl, (3x200 mL), the organic layer was
collected and dried over Na,SQO,. The solvents were removed under vacuum to give the title
compound as a pale yellow solid (9.7 g, 34.7 mmol) Yield: 95 %.

'H-NMR (400 MHz, CDCl5) 5: 8.98-8.94 (m, 1H), 8.36-8.34 (m, 1H), 7.99 (d, J = 7.9, 1H),
7.82 (d, 3 = 7.9 Hz, 1H), 7.69-7.61 (m, 2H), 4.47 (q, J = 7.1 Hz, 2H), 1.46 (t, J = 7.1 Hz, 3H).

BC-NMR (100 MHz, CDCl3) &: 167.1, 132.4, 132.2, 129.9, 128.9, 128.5, 128.4, 127.7, 127.6,
127.5,126.2, 61.3, 14.4.

MS (EI, CH,Cl,) m/z (rel%): 280/278 (M*, 95/96), 252/249 (M*-CH,=CH,, 15/15), 235/233
(M*-OEt, 99/100), 207/205 (M*-COOE, 27/27), 126 (86), 115 (5), 99 (5), 75 (7), 63 (10).

The spectroscopic data were in accordance with the literature.*
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Figure 7.18 *C-NMR spectrum of compound 11.
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7.11 diethyl 1,1'-binaphthyl-4,4'-dicarboxylate (12)

Table 4.9 from Chapter 4 is reproduced below as Table 7.5.

Table 7.5 Different scales of compound 12 synthesis.

Entry | Scale | PdCly(dppf) | B2(pin) | K;COg3 | Solvent | Temperature | Reaction | Yield

mmol mol% mmol | mmol mL °C time h %

1 1.0 1 0.5 3.0 6.0 80 48 62
(0.5eq)

2 2.0 1.5 1.0 6.0 12.0 80 28 78
(0.5eq)

3 8.0 1.5 4.1 24.0 48.0 80 28 87
(0.51eq)

4 39.3 1.5 21.6 117.9 | 235.0 80 24 90
(0.54eq)

Entry 4 used as an example
COOEt
Os_OE

OO Pd(dppf)Cl, (1.5 % mol

DMSO, 80 °C, 24 h
Br

11

U B,(pin), (0.54 eq.)

K,COs (3.0 eq.)

10

12 COOEt

To a dry Schlenk flask (500 mL) with argon gas atmosphere were added ethyl 4-bromo-1-

naphthoate (10.9 g, 39.3 mmol, 1.0 eq.), bis(pinacolato)diboron (5.5g, 21.63, 0.55 eq.),

PdCl,(dppf) .CH,Cl, complex (481.8 mg, 0.59 mmol, 1.5% mol), K,CO3(16.3 g, 117.9 mmol,
3.0 eq.), and DMSO (235 mL). The light orange mixture was kept stirring at 80 °C for 24 h.
The red mixture was cooled to room temperature and poured in ice to give a pink precipitate.
The mixture was filtered and the pink solid was collected and dissolved in ethyl acetate (500
mL) and filtered with silica gel and the filtrate was dried over Na,SO, and evaporated under
vacuum. The crude solid was dissolved in hot ethyl acetate (300 mL) together with activated
carbon. The hot mixture was filtered and the solvent was removed under vacuum to give titled
compound as a pale yellow solid (7.0 g, 17.5 mmol). Yield: 90 %

'H-NMR (600 MHz, CDCls) &: 8.99 (d, J = 8.8 Hz, 2H), 8.27 (d, J = 7.4 Hz, 2H), 7.62-7.58
(m, 2H), 7.49 (d, J = 7.4 Hz, 2H), 7.38-7.35 (m, 2H), 7.35-7.31 (m, 2H), 4.5 (g, J = 7.3 Hz,
4H) 1.50 (t, J = 7.3 Hz, 6H).

BC-NMR (150 MHz, CDCls) 3: 167.8, 143.0, 133.1, 131.5, 129.3, 128.0, 127.8, 127.1, 126.6,
126.3, 126.1, 61.4, 14.6.

MS (EI, CH,Cl,) m/z (rel%): 398 (M*, 100), 353 (M*-OEt, 27), 325 (M*-HCOOEY, 12), 296
(16), 252 (39), 154 (6), 126 (12).
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No reported NMR data in the the literature.
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7.12 1,1'-binaphthalene (13)

Ba(pin), (0.51 eq)
) OO PdCl,(dppf) (2.0 % mol)
DMSO0,80 °C, 66 h
Br

13
Procedure A:

To a dry Schlenk flask with argon atmosphere were added 1-bromonaphthalene (414 mg, 2.0
mmol, 1.0 eq.), bis(pinacolato)diboron (344 mg, 1.35 mmol, 1.3 eq.), PdCl,(dppf). CH,Cl,
complex (32.6 mg, 0.02 mmol, 4.0 % mol), K,CO3(419.5 mg, 3.0 mmol, 3.0 eq.), and DMSO
(12.0 mL). The light brown mixture was kept on stirring at 80°C for 66 h. The mixture was
cooled to room temperature, diluted by water (50 mL) and extracted with CH,Cl, (30 mL).
This was washing with NaOH (aq, 20%, 15 mL) and H,O (3X50 mL), and the organic phase
were dried over Na,SO4. The solvent was removed and the crude solid was purified by silica
gel chromatography (CH.Cl,: hexane =1:3 as eluent) to afford a pale yellow solid (229.0 mg,
0.63 mmol). Yield: 90 %.

Pd(OAc); (0.5 % mol)

B(OH), PPhs (2.0 % mol) OO
OO . Na,COj (2.5 eq)
OO EtOH, toluene, l l

Br H,0, reflux, 24 h

13
Procedure B:

To a dry Schlenk flask (250 mL) with argon gas atmosphere added 1-bromonaphthalene (8.54
g, 41.2 mmol, 1.0 eq. ), 1-naphthylboronic acid (7.81 g, 45.4 mmol, 1.1 eq.), Pd (OAc); (50.5
mg, 0.21 mol, 0.5% mol.), triphenylphosphine (220.3 mg, 0.84 mmol, 2.0 % mol), and
Na,COj3 (2 M, 50 mL, 100 mmol, 2.5 eq.), ethanol (50 mL) and toluene (100 mL). The
mixture was kept stirring at reflux for 24 h. The dark green reaction mixture was cooled to
room temperature and diluted with 100 mL water and brine (200 mL).The mixture then
extracted with ethyl acetate (3x200 mL). The organic layer was collected and dried over
Na,SO,.The solvent was evaporated under reduced pressure. The crude solid was purified by
silica gel chromatography (hexane — CHCl,: hexane =1:3 as eluent). The solvents were
removed under vacuum to give the title compound as a white solid (8.21 g, 32.3 mmol).Yield:
78 %.

'H-NMR (600 MHz, CDCl3) &: 7.97-7.93 (m, 4H), 7.57 (m, 2H), 7.51-7.46 (m, 4H), 7.40 (d, J
= 8.4 Hz, 2H), 7.31-7.21(m, 2H).
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BC-NMR (150 MHz, CDCls) &: 138.6, 133.7, 133.0, 128.3, 128.0, 127.9, 126.7, 126.1, 125.9,

125.5.

MS (EI, CH,Cl,) m/z (rel%): 254 (M*, 100), 253 (M*-H, 93),252 (73), 251 (7), 250 (19), 239

(15), 126 (25).

The spectroscopic data were in accordance with the literature.'®
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Figure 7.21 *H-NMR spectrum of compound 13.
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7.13 4,4'-dibromo-1,1'-binaphthalene (14)

Br

‘ ‘ Br, (4.7 eq) ‘ ‘

o

CHCI3, 0 °C
in dark, 3 h 40 min
13 Br
14

To a 100 mL round bottom flask with argon atmosphere was added 1,1'-binaphthalene (2.0 g,
7.9 mmol, 1.0 eq.) and CHCI3 (60 mL). The solution was cooled to 0 °C and degased for 15
minutes. Aluminum foil was wrapped around the flask to shield from light and bromine (1.9
mL, 37.5 mmol, 4.7 eq.) was added dropwise for 30 minutes. And maintain the temperature at
0 °C while stirring for 3 h 40 min. The reaction mixture was washed with saturated Na,SO3
solution (100 mL) and extracted by CH3Cl (3x60 mL). The organic layer was collected and
dried over Na,SO4. The solvent was evaporated under reduce pressure to give a white solid.
After recrystallized from chloroform the needle shape crystal was obtained. (2.97 g, 7.2
mmol) Yield: 91 %

'H-NMR (600 MHz, CDCls) &: 8.36 (d, J = 8.6 Hz, 2H), 7.9 (d, J = 7.4 Hz, 2H), 7.62-7.57
(m, 2H), 7.36-7.30 (M, 6H).

BC-NMR (150 MHz, CDCls) 8: 137.8, 134.0, 132.1, 129.6, 128.3, 127.6, 127.5, 127.1, 127.0,
123.1.

MS (EI, CH,Cl,) m/z (rel%): 414/412/410 (M*,38/75/40), 333/331 (M*-Br,8/8), 252 (M*-2Br,
100), 250 (38), 126 (50), 125 (32), 113 (7).

The spectroscopic data were in accordance with the literature.®
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Figure 7.24 *C-NMR spectrum of compound 14.
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7.14 4,4’-dicyano-1,1"-binaphthyl (15)

Br CN

I I CuCN (3.7 eq) OO

OO DMF, reflux, 20 h OO

14 Br 15 CN

To a 100 mL round bottom flask with argon atmosphere was added 4,4'-dibromo-1,1'-
binaphthalene (4.0 g, 9.68 mmol, 1.0 eq.), CuCN (3.2g, 35.8 mmol, 3.7 eq.) and DMF (80
mL). The mixture was refluxed for 20 h. Subsequently, the reaction mixture was cooled to
room temperature and poured in to H,O (200 mL) and ammonium hydroxide solution (28 %,
100 mL). The mixture was extracted by CHCI3 (3x200 mL) and the organic phase washed
with H,O (3x200 mL). After the solvent was evaporated, the organic residue was purified by

silica gel chromatography (CH,Cl,: hexane = 1:1). The tittle compound was obtained as a
yellow solid (2.3g, 7.6 mmol). Yield: 78%

'H-NMR (200 MHz, CDCl3) &: 8.39 (d, J = 8.5 Hz, 2H), 8.05 (d, J = 7.3 Hz, 2H), 7.78-7.68
(m, 2H), 7.53 (d, J = 7.3 Hz, 2H), 7.48-7.33 (m, 4H).

MS (EI, CH,Cl,) m/z (rel%): 304 (M*, 100), 303 (80), 302 (47), 289 (26), 275 (14), 152 (11),
139 (8), 125 (12).

The spectroscopic data were in accordance with the literature.®

98



NAME LP-19-a2
EXPNO 5
PROCNO 1
Date_ 20150312
Time 11.05
INSTRUM DPX200
PROBHD 5 mm QNP  1H/1
PULBROG zg30
| ' ™ 32768
SOLVENT cnc13
N 16
‘ | Dg 2
[ SWH 4139.073 Hz
| “ ‘ | | FIDRES 0.126314 Hz
I | ‘ | | a0 3.9584243 sec
“\ ‘ i ‘ | RG 1290.2
‘ | H ﬁ. “ ‘ | ‘ N | oW 120.800 usec
i \| \|” [il | \ AN . DE 6.00 usec
I | I I A TE 298.2 K
/ Ul Ay JUUY vy \ D1 1.00000000 sec
_ T N ————— TDO 1
T T T T T T T T T - CHANNEL f£1
8.6 8.4 8.2 8.0 7.8 7.6 7.4 7.2 ppm NUC1 1H
1 9.80 usec
PL1 -6.00 aB
SFO1 200.1312359 MHz
s1 327
sF 200.1300083 MHz
WDW EM
ssB 0
1B 0.30 Hz
cB 0
eC 1.00

M \LL

T T T T T T T T T T T
5 14 13 12 11 10 9 8 7 6 5 4 3 2 1 0 ppm

NPIPIIG

EEIEIEES
oo e |«
ci| ||| o3

Figure 7.25 'H-NMR spectrum of compound 15.
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7.15 1,1'-binaphthyl-4,4'-dicarboxylic acid (2)

Procedure A °’
COOEt COOH

O s, OO
KOH (aq)
l l reflux 22 h OO

12 COOEt 2  COOH

To a 500 mL round bottom flask diethyl 1,1'-binaphthyl-4,4'-dicarboxylate (7.0 g, 17.5
mmol, 1.0 eq. ) H,O (135 mL), ethanol (235 mL), and KOH (7.9 g, 140.3 mmol, 8.0 eq.) were
added. The resulting mixture was heated at reflux for 5 h. Subsequently, the reaction mixture
was cooled to room temperature, and diluted with H,O (240 mL). The organic solvent was
removed under vacuum, diluted with water to 900 mL and cooled to 0 °C. Concentrated HCI
(ag, 37%) was added dropwise while stirring until pH was 0. The resulting precipitate was
filtered under reduced pressure and the white cake washed with H,O until the filtrate was
neutral. The dried solid was collected and suspended in hot water (800 mL), and stirred for
1h. The water was filtered off and the solid was collected and dried in oven 110 °C for 24 h.
The titled compound was obtained as a beige solid (5.3 g, 15.7 mmol).Yield: 88%

CN COOH
OO KOH (56.7 eq) OO
H,O
OO Glycol, reflux,27 h O O
CN
15 ) COOH

Procedure B

Compound 15 (304 mg, 1.0 mmol, 1.0 eq.) was mixed with KOH (3.1 g, 56.7 mmol, 56.7
eq.), H,O (0.6 mL), and glycol in a 100 mL flask. The mixture was heated at reflux for 27 h.
Subsequently, the reaction mixture was cooled to room temperature and diluted with H,O
(100 mL). The mixture was acidified with HCI (37 %) to give brown precipitate. The
resulting precipitate was filtered under reduced pressure and the white cake washed with H,O
until the filtrate was neutral. The water was filtered off and the solid was collected and dried
in oven 110 °C for 24 h. The titled compound was obtained as a beige solid (256 mg, 0.75
mmol) Yield: 75 %

No reported NMR data in the literature.
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Figure 7.27 'H-NMR spectrum of compound 2.
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7.16 4,4'-dimethyl-1,1'-binaphthyl (16)

NaNOZ, CF3SO3H OO
2
OO MeCN,O°C,2h OO

To an open flask containing acetonitrile (30 mL), added CF3SO3H (0.75 mL, 8.44 mmol, 2.0
eg.) and NaNO, (29.0 mg, 0.42 mmol, 0.1 eq.) with vigorous stirring at 0 °C (ice bath) and
then 1-methylnaphthalene (600.0 mg, 4.22 mmol, 1.0 eq.) in acetonitrile (10 mL) was added
thereto. The dark mixture turned green. After stirring at 0 °C for 2 h, the mixture was poured
into ice water and then extracted with CHCI3; (3x40 mL). The organic phase was separated
and dried over Na,SO,. The solvent was removed and the crude solid was purified by silica
gel chromatography (100 % hexane). The solvents were removed under reduce pressure to
give the title compound as a white solid (547.0 mg, 1.93 mmol) Yield: 91 %

'H-NMR (400 MHz, CDCl3) 8: 8.10 (d, J = 8.5 Hz, 2H), 7.54-7.49 (m, 1H), 7.46-7.37 (m,
6H), 7.31-7.25 (m, 2 H), 2.81 (s, 6H).

3C-NMR (100 MHz, CDCl3) &: 137.0, 133.9, 133.0, 132.6, 127.6, 127.3, 126.1, 125.5 (d,
J=4.6 Hz, 2C), 124.2, 19.5.

MS (EI, CH,Cl,) m/z (rel%): 282 (M*, 100), 267 (M*-CHj, 41), 266 (32), 252 (M*-2CH3 31),
141 (6), 132 (10), 126 (14).

No reported NMR data in the literature.
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7.17 MOF synthesis

Single crystal synthesis

MOF- UiO-67-BNDC-1 single crystal synthesis batch 80%

Compound Volume | mass ratio

ZrCl,

BNDC / 30 0.2
H,BPDC / 86 0.3
35 % HCI 32 uL / 3.0
DMF 10 mL / 300
Benzoic acid / 1582 30

Weight benzoic acid (1.582 g, 12.92 mmol, 30 eq) and dissolved in hot DMF (10 mL) at 80
°C. Then added ZrCl; (109,0 mg 0,43 mmol, 1,0 eq), H,O (32L, 0.34 mmol, 0.8 eq). After
the mixture became clear solution, added the BNDC linker (30,0 mg, 0.09 mmol, 0,2 eq) and
H.BPDC (86.0 mg, 0.34 mmol, 0.8 eq). Stirred until all the solid dissolved, and then
transferred the mixture to reaction tube and static heating at 120 °C for 20 h 30 min to give
white precipitate.

Washing

15 mL DMF (25 °C)

15 mL DMF (25 °C)

15 mL DMF (25 °C)

Followed by solvent exchange with THF three times (3x 15 mL)

The resulting white solid was dried in oven 60 °C overnight
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MOF- UiO-67-BNDC-2 single crystal synthesis

Compound Volume | mass

mg
ZrCI4 / 222.0 1.0
BNDC / 335.0 1.0
35% HCI 45.7 pL / 3.0
DMF 8 mL / 500
Benzoic acid / 3550 5

To a beaker added benzoic acid (3550 mg, 9.69 mmol, 30.0 eq) and dissolved in hot DMF (25
mL) at 80 °C. Then added ZrCl, (222,0 mg 0,32 mmol, 1,0 eq), 35% HCI (45 L, 0.17 mmol,
0.5 eq). After the mixture became clear solution, added the BNDC linker (335,0 mg, 0.32
mmol, 1.0 eq). Stirred until all the solid dissolved, and then transferred the mixture to three
glass tube and static heating at 120 °C, 130 °C, 140 °C for 2 days to give white precipitate.

The precipitate washed by DMF three times

10 mL DMF (25 °C)

10 mL DMF (25 °C) without stirring

10 mL DMF (25 °C)

Followed by solvent exchange with THF three times (3x 8 mL)

The resulting white solid was dried in oven 60 °C overnight
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MOF- UiO-67-BNDC-3 single crystal synthesis single crystal formed

Compound Volume | mass ratio

ZrCl,
BNDC / 187 1.0
H,O 15 uL / 1.5
DMF 6.5 mL / 150
4-nitrobenozic / 2806 30
acid

To a small vial added DMF 6.5 mL, and then dissolved ZrCl4 (130 mg, 0.55 mmol, 1.0 eq) in
hot DMF. Followed by adding 4-nitrobenozic acid (2806 mg, 16.5 mmol, 30 eq) . Until all the
solids were dissolved, the BNDC linker (187 mg, 0.55 mmol, 1.0 eq) was added thereto. Kept
stirring until all solids were dissolved and the hot mixture was then transferred to a preheated
glass tube (at 120 °C) immediately and covered the tube with a small glass vial. Keep the
mixture at 120 °C oven for 65 h.
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MOF- UiO-67-BNDC-6 single crystal synthesis

Compound Volume | mass
mg

ZrCI4 / 112 1.0
BNDC / 189 1.0
H,O 15 uL / 1.5
DMF 6.5 mL / 150
Phenyl acetic / 2283 30
acid

To a small vial added DMF 6.5 mL, and then dissolved ZrCl, (112 mg, 0.56 mmol, 1.0 eq) in
hot DMF. After that, added phenyl acetic acid (2283 mg, 16.8 mmol, 30 eq) to the mixture.
Until all the solids were dissolved, the BNDC linker (189 mg, 0.56 mmol, 1.0 eq) was added
thereto. Kept stirring until all solids were dissolved and the hot mixture was then transferred
to a preheated glass tube (at 120 °C) immediately and covered the tube with a small glass vial.
Keep the mixture at 120 °C oven for 65 h.

The precipitate washed by DMF three times

10 mL DMF (25 °C)
10 mL DMF (25 °C) without stirring
10 mL DMF (25 °C)

Followed by solvent exchange with THF three times (3x 10 mL)
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MOF- UiO-67-BNDC-7 single crystal synthesis

Compound Volume | mass

mg
ZrCl, / 152 1.0
BNDC / 241 1.0
H,0 19 uL / 1.5
DMF 8 mL / 150
NBA / 4.15 38

To a small vial added DMF 8 mL, and then dissolved ZrCl, (152 mg, 0.65 mmol, 1.0 eq) in
hot DMF. Then, added 4-nitrobenozic acid (4150 mg, 24.8 mmol, 38 eq). Until all the solids
were dissolved, the BNDC linker (241 mg, 0.70 mmol, 1.07 eq) was added thereto. Kept
stirring until all solids were dissolved and the hot mixture was then transferred to a preheated
glass tube (at 120 °C) immediately and covered the tube with a small glass vial. Keep the
mixture at 120 °C oven for 2 days
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MOF powder sample synthesis

MOF- UiO-67-BNDC-4

Compound Volume | mass

mg
ZrCl, / 588 1.0
BNDC / 884 1.0
H,0 140 uL / 3.0
DMF 30 mL / 150
Benzoic acid / 3790 12

Weight benzoic acid (3,79 g, 31.03 mmol, 12,0 eq) and dissolved in hot DMF (30,0 mL) at 80
°C. Then added ZrCl,4 (588 mg 2.52 mmol, 1,0 eq), H20 (140 ul). After the mixture became
clear solution, added the BNDC linker (884,0 mg, 0,69 mmol, 1,0 eq) Stirred until all the
solid dissolved, and put it in the oven static heating at 120 °C for 2days to give white
precipitate.

Washing

Decant the solvent and washed with DMF three times

25mL at25°C

25 mL at 80 °C stirring for 1h

25 mL at 25 °C

washed with THF three times ( 10 mL x3)

The resulting white solid was dried oven (85 °C) overnight. XRD IS OK
50 mg sample dried in 200 °C for 24h checked XRD. It is ok

50 mg sample washed with 20 mL MeOH at 400C for 3h, washed with MeOH two more
times at RT, dried in oven at 2000C 06/03/2015

Water stability test
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150 mg at 25 mL water 150 degree in autoclave overnight and divided into two portions, one
used directly for XRD. 05/03/2015

The other washed with THF 3x25 mL and dried in oven 120 degree and run XRD
XRD result is good.
pH Stability test

The original sample 100 mg X2 was stirring in pH=4 and pH=10 buffer solution each for 0.5h
and then washed with 15 mLx3 water. Water was removed by centrifugation. The sample was
put on the XRD sample hold; let it dry in the air.
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MOF- UiO-67-BNDC-5

Compound Volume

zrCl, / 325 1.0
BNDC / 474 1.0
H,0 49 plL / 2.0
DMF 16 mL / 150
Benzoic acid / 3369 20

To a beaker added benzoic acid (728 mg, 5.94 mmol, 10.0 eq) and dissolved in hot DMF (23
mL) at 80 °C. Then added ZrCl, (140,0 mg 0,59 mmol, 1,0 eq), H,O (32 pL, 1.78 mmol, 3.0
eq). After the mixture became clear solution, added the BNDC linker (201 mg, 0.59 mmol,
1.0 eq). Stirred until all the solid dissolved, and then transferred the mixture to three glass
tube and static heating at 110 °C (Ip08) and 120 °C (Ip09) for 2 days to give white precipitate.

Washing

Decant the solvent and washed with DMF three times
10 mL at25°C

10 mL at 80 °C stirring for 1h

10 mL at 25°C

washed with THF three times ( 10 mL x3)

The resulting white solid was dried oven (60 °C) overnight.
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Appendix 1. Monitoring of bromination reaction (entry 1 in table 4.4) by Stacked H NMR (CDCI3, 200 MHz).
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Appendix 2. 1H NMR of the acetal byproduct mixed with the product 7 (Synthesis of 4-bromo-1-naphthaldyhe

(7) from compound 6)

Lanegmuir plot

Vin 349.19|[cm’(STP) g']
s et 1519.8|[m? g}]

C 10140

Total pore volume(p/p,=0.990) 0.6155|[cm’® g*]
Average pore diameter 1.6198|[nm]

Vi 388.55|[cm*(STP) g']
A 1 ang 1691.2|[m? g™}]
B 3.7322
MP plot
a, 2003.8|[m* g ]
a, 7.7398|[m* g ]
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Oy pesk 0.6|[nm]

Appendix 3. The table of N2 adsorption results.
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