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Abstract

This thesis describes to methods for generating multifunctional, enzyme-inspired metal-
organic frameworks (MOF) catalysts:

1. Synthesis of a modifiable homochiral MOF material by incorporating a well-known
solution phase catalyst

2. Use of a uniform post-synthetic modification strategy to introduce different chemical
functionalities, one being a catalytic group.

In Chapter 2, using an established mixed-linker pillared MOF synthesis strategy, we
incorporated a solution phase catalyst BINAPO (2,2'-bis(diphenylphosphoryl)-1,1’-binaphthyl)
and a modifiable ligand, BDC-NH2 (2-amino-1,4-benzenedicarboxalic acid) into a modifiable
homochiral MOF. We successfully modified the free -NH. groups of the modifiable MOF with
cyclic anhydrides proving our material is modifiable. We then used both materials as the catalysts
for the cyanosilylation of benzaldehyde. Our materials exhibited modest catalytic activity but our
efforts at synthesizing a modifiable homochiral material were successful.

For the second method, we introduced two proofs of concept with respect to the generation
of uniformly multifunctionalized MOF pores. In Chapter 3 we demonstrated the uniform covalent
bifunctionalization of a well-defined MOF, KSU-1, to achieve uniformly multifunctionalized
confined spaces, which was the first example of uniform covalent functionalization of a MOF. In
Chapter 4, we extended our work to orthogonal functionalization which allowed us to generate a
uniformly multifunctionalized MOF, not only through multiple paths, but also in a simultaneous
one-pot reaction. Finally, in Chapter 5 we used the methods we developed in Chapter 3 and 4 to
construct enzyme inspired chiral Brensted acid MOF catalysts to use in asymmetric epoxide ring

opening. Using our unique strategy of uniform independent bifunctionalization, we successful



installed a Brgnsted acid catalyst and a chiral group into a well-defined MOF, KSU-1, to obtain

our desired catalyst.
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Chapter 1 - Introduction

1.1. Supramolecular chemistry

Supramolecular chemistry is the study of chemical systems that are formed from multiple
small molecular entities.> Small molecules are held together through weak and reversible non-
covalent interactions such as metal-coordination, hydrogen bonding, halogen bonding,
hydrophobic forces, and Van der Waals forces.? Supramolecular chemistry is greatly inspired by
Nature and uses Natures’ examples to develop more efficient and complex artificial molecular
structures. Due to its great importance, supramolecular chemistry was recognized through the
Nobel Prize in 1987,® which was awarded to Donald J. Cram, Jean-Marie Lehn and Charles J.
Pedersen for their equal contribution for the development of host-guest chemistry.*
Supramolecular chemistry has been used to develop new materials (Figure 1.1)>® with a wide range
of potential applications such as sensing,” molecular imaging,® metal extraction,® drug delivery,°
chromatography,! separation and purification,'2 solar energy conversion,'? crystal engineering®*
and catalysis.™® This thesis is focused on applying supramolecular chemistry to the construction of

more efficient and selective synthetic catalysts.

Cyclodextrin Calixarene Cyclophane

6w

Cryptophane Capsule  Metal-coordination cage Protein DNA duplex

Cogw

Micelle Vesicle Nanoparticle Nanotube

Figure 1.1. Different supramolecular structures designed for various applications. Reproduced
with permission from Ref® with permission from the Royal Chemical Society.



1.2. Supramolecular catalysis

Supramolecular catalysis involves borrowing strategies from enzymes to design more
efficient and selective synthetic catalysts.!” Enzymes are the fastest and most selective catalysts
from Nature and they can catalyze reactions up to 10° s> while they typically result in selectivities
of >99% enantiomeric excess (ee).!3® Therefore, supramolecular chemists’ primary goal is to
develop synthetic catalysts that can mimic the mode of action of natural enzymes. This area of
research has gained enormous attention due to its practical applications. For example, multiple
attempts have been taken to design synthetic catalyst that mimic a class of enzymes,
phosphotriesterase which are capable of nerve gas agent hydrolysis. In the field soldiers use gas
masks to trap those nerve gases and supramolecular chemists are developing synthetic catalysts to
not only to trap those molecules, but to also break them down into non-toxic substances. 2%%

To explain the excellent reactivity and selectivity of enzymes it is important to identify the key
structural features involved in enzymatic systems. They are (Figure 1.2):2%2°

)] confinement of the active site,

i) multiple functional groups within the active site and,

iii) flexibility of the active site.

Multiple secondary interactions

Different functional groups
preorganize/orient and activate

reactants
Confinement

Reactive center isolated inside a

cavity, specific size and shape Flexibility

Allows cavity to adjust to both bind
substrate and stabilize transition
state

Active site of phosphotriesterase

Figure 1.2. Key structural features involved in enzyme activity.



The catalytic sites of enzymes are confined to cavities that have specific size and shape.?®

These cavities ensure reactants with specific shape and size can bind, and confinement increases
the local concentration of the reactants. Thereby, it enhances both reaction rate and selectivity.
Multiple functional groups at the catalytic site help to pre-organize, activate, and stabilize reactants
and intermediates through non-covalent interactions. Flexibility of the catalytic pocket allows it to
undergo small adjustments during the reaction ensuring favorable interactions to stabilize reactants
and transition states. Collectively all three structural properties make enzymes the most selective
and fastest catalysts. Therefore, supramolecular chemists have spent decades attempting to
synthesize catalysts that display these enzymatic features.

In their efforts to achieve confinement, chemists have assembled rigid molecular capsules
with specific size and shapes.?® For example Raymond, Bergman, Toste and co-workers have
synthesized a variety of molecular cages,??° including a capsule that performs at a rate of 2.1 x
108 times faster than the uncatalyzed reaction (Figure 1.3). While there are a number of other
molecular structures that have been developed to show the importance of encapsulation of active
sites into confined spaces.?®%%22 This work was the first to achieve rate enhancement similar to

what is seen in enzymes



OH
(¢} OH
NH
N Base
. —
o Gy
HN
HO o)
HO

OH
B. )><( 7 mol% Catalyst, 1
| | ——
D,0/DMSO
Rate acceleration
(kcal/kuncal)
Uncatalyzed -

Raymond 2.1x 106
catalyst, 1

Figure 1.3. A. Raymond's catalyst. B. Nazarov cyclization reaction catalyzed by the capsule.
Adapted with permission from REF?8. Copyright 2022 American Chemical Society.

On the other hand, molecular assemblies that are capable of forming multiple secondary
interactions to activate and/or orient substrates have also been studied. For example, the
supramolecular assembly that was designed by Reek and co-workers with a bisphosphine ligand
and an anion recognition site for the regioselective rhodium-based hydroformylation (Figure 1.4)
3 exemplifies the importance of having secondary interaction sites to facilitate reaction
selectivity.® They demonstrated that the binding pocket interacts with anionic alkene substrates
resulting in preferential carbonylation of one sp? carbon, due to its distance it is from the Rh metal

center.



Anionic-substrate pre-
organization with the
ligand [}

\/\)J\o- RhiLigand linear (1)

CO/M,

Conversion- 90% %)
Regioselectivity (/b ratio) - 40 <o

branched (b)

Figure 1.4. Hydroformylation catalysts based on non-covalent secondary interactions.
Copyright 2022 Wiley. Used with permission from Ref®.

To demonstrate the importance of the flexibility of the catalytic pocket different
approaches have also been designed. For example, Lindsey et al. demonstrated that the acid
catalyzed acyl transfer reaction was accelerated by the presence of Lewis acidic porphyrin trimer
assemblies (Figure 1.5)%® They showed that the reaction proceeds through a tightly bound
tetrahedral intermediate and suggested that the porphyrin trimer provides a single cavity for the
binding of both substrates simultaneously, while they observed a 16-fold increase in the catalytic

reaction in the presence of the trimer.

Figure 1.5. A. Acyl transfer reaction. B. Catalytic porphyrin trimer. Reprinted with permission
from REF®®. Copyright 2022 American Chemical Society.



While these enzymatic properties have had some success when applied separately,
difficulties arise when attempts are made to combine all three into a one molecular structure. That
is because the functional groups that participate in the assembly of supramolecular capsules might
have overlapping characteristics with the functional groups that are necessary for having multiple
secondary interactions in the cavity. Also, molecular capsules tend to be rigid and rigidity can
hinder the catalytic activity through weak substrate binding and poor transition state stabilization.’
Therefore it is clear that adequate enzyme mimics should possess all three features of the enzyme
active site.

Because of the incompatibility of capsule assembly with the functional groups that are
necessary for forming secondary interactions, as well as the rigidity of most molecular capsules,
designing an enzyme-mimic with active site: i) that have specific size and shape, ii) that are
surrounded by multiple chemical functionalities to facilitate substrate activation, iii) that are
flexible, has been a daunting process. In order to address this issue, this current thesis work

demonstrates how we can use metal-organic frameworks (MOFs) materials as a scaffold to

generate such adequate enzyme-mimics.
1.3. Metal-organic framework materials

Metal-organic frameworks (MOFs) materials are a class of porous materials with extended
crystalline structure which are composed of metal centers and organic linkers (Figure 1.6). MOFs
offer unique structural diversity compared to other porous materials and their pore size and shape
can be controlled with careful selection of metal centers, organic linkers and/or synthetic
conditions used.®4° Similarly their chemical diversity can be tailored through ligand elaboration
and it has been shown that simply by changing the substituents on the organic linker it is possible

to synthesize MOFs with different chemical properties.** Another way to increase the chemical



diversity of the MOF framework is the mixed-linker pillared MOF synthesis approach where MOF
linker, two different linkers are used.*? Because of their modular nature, tunability and stability*>44
MOFs have been used in the areas of catalysis,* sensing,*® separation,*’ energy storage and

conversion,*® drug delivery,* etc.

Metal cluster
/ \ Heat
—
. W 7 4
/ i Single framework
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Organic linker 'ﬁ__f ./-g,

Extended porous structure

Figure 1.6. Schematic representation of MOF synthesis.

An alternative method to modulate MOF pore chemical environment is through a method
called post synthesis modification (PSM) in which a MOF structure is modified without
compromising its overall framework integrity. *°->3Post-synthetic modification is an efficient and
facile method not only to decorate MOF pores with different functional groups but also to get
MOFs that are unattainable through traditional solvothermal conditions. PSM is not limited to
chemical modifications on the organic linkers in the MOF framework, but it has been extended to
modify the metal centers (i.e., transmetalation), exchange organic linkers (Solvent Assisted Linker
Exchange (SALE)), etc. (Figure 1.6).>* PSM is a great platform to generate multifunctional MOF
pores with unparalleled chemical complexity>>® and it will serve as the key strategy to pursue our

goal of introducing enzyme-like complexity to MOFs for supramolecular catalysis.
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Figure 1.7. Different post-synthetic modification methods.

1.4. MOFs for supramolecular catalysis

As discussed in Section 1.2., to create an enzyme mimic it is necessary to design a synthetic
catalyst in which their active site is confined, surrounded by multiple functional groups, as well as
being flexible enough to undergo small adjustments during the catalytic reaction. MOFs have built-
in confinement because they possess same-size pores throughout the framework and the size of
the pores are in the range of small molecules (0.2-2 nm). As explained in Section 1.3., the post-
synthetic modification strategy can be used to introduce chemical functionalities that can form
secondary interactions (e.g., COOH), as well as to introduce flexibility (e.g., alkyl chains) (Figure
1.8). Therefore, we believe MOFs are ideal scaffold for constructing more efficient enzyme-

inspired catalysts.
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Figure 1.8. Enzymatic strategies and how we intend to introduce them into MOF pores.

1.5. Thesis overview

In order to generate enzyme-inspired catalysts using metal-organic frameworks (MOFs),
this thesis describes two routes:

The synthesis of a catalytic MOF using a privileged chiral ligand and a modifiable co-
ligand which can be elaborated to add enzymatic features post synthetically.

The synthesis of MOF materials with multiple independently modifiable ligands followed
by post-synthetic modification to introduce both catalytic sites and key enzymatic features.

The following chapters describe our efforts in generating enzyme-inspired MOFs through
these two routes. In Chapter 2, we detail the synthesis of a modifiable homochiral MOF for
asymmetric catalysis by incorporating a well-known solution phase chiral privileged catalyst and
a modifiable co-ligand in a MOF. Chapter 3 discusses our attempts at developing a strategy to
obtain uniformly multifunctionalized MOF materials through independent covalent modification
of a well-defined mixed-linker MOF material. In Chapter 4, we demonstrate a strategy for
generating uniformly multifunctionalized MOF pores through both multiple paths and a
simultaneous, one-pot reaction using a well-defined orthogonal MOF. In Chapter 5, we describe

the use of our unique strategy of uniform independent bifunctionalization to introduce both a



Brensted acid group and a chiral group to generate a chiral Brgnsted acid catalyst for the epoxide

ring opening reaction.
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Chapter 2 - Enzyme-Inspired Metal-Organic Material for

Asymmetric Catalysis

2.1. Introduction

Metal-organic frameworks (MOFs) materials have drawn much attention as a scaffold for
catalysis due to their well-defined and tunable porous structure.® Our primary goal is to utilize
MOFs as a solid support to generate more efficient and selective enzyme-inspired catalysts. As
discussed in Chapter 1, enzymes are the fastest and most selective catalysts because of their
catalytic sites’ unique physical characteristics and the strategies that they employ. Enzymes’ active
sites are; i) confined to small cavities ii) rich with multiple functionalities to form secondary
interactions and iii) flexible to undergo small adjustments to facilitate the catalytic reaction. We
believe it is possible to design efficient synthetic catalysts using MOFs by incorporating enzymes’
unique features. Because:

) they have pores in the dimensions of small molecules, i.e. confinement

i) their pores can be decorated with multiple functional groups that can form

secondary interactions with reactants and/or intermediates, and

iii) flexibility can also be introduced post-synthetically.

In order to make such catalysts, one strategy is to immobilize previously known solution-
phase catalysts into the MOF framework. This method is attractive as it can provide homogenous
distribution and high loading of the catalytic ligand. It also allows us to heterogenize homogenous
catalysts and take the advantage of both homogenous and heterogenous catalysts.* But it is
challenging because of the high unpredictability in MOF synthesis.®

Recently the generation of asymmetric heterogenous MOF (homochiral MOF) catalysts

has become an important area of research because it results in enantiomerically enriched products.®
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Homochiral MOFs can be synthesized using building blocks that are totally racemic components
(self-resolved during crystal growth)™® or by using readily available chiral ligands (e.g. chiral

privileged ligands (Figure 2.1.). The second approach is more prominent and widely used.

D.
I
PPh, o PAr, o~
Ar=
PPh, 0 PAr,
OH HO ( O
0
BINOL (X =OH)
BINAP (X =PPh,) SALEN SEGHPHOS DTBM-SEGHPHOS

BINAPO (X =P(O)Ph2)

Figure 2.1. Chiral privileged ligands.

Tartaric acid-derived
bridging ligand

Figure 2.2. Tartaric acid derived bridging ligand and the resultant MOF structure.

The earliest reported catalytically active MOF was synthesized by Kim et al. using an
enantiopure tartaric acid-derived bridging ligand with free pyridine groups for asymmetric
transesterification.’® The enantiomeric excess (ee) values were very low due to the substantial
distances between the catalytic site and chiral environment (Figure 2.2.). Therefore later, Wenbin
Lin and co-workers introduced a new strategy to synthesize homochiral MOFs through post-
synthetic modification.!* They synthesized a homochiral cadmium based MOF using 1,1'-bi-2-
naphthol (BINOL), modified with two pyridyl groups. The primary function of the pyridyl groups
was to provide the coordination sites to the metal centers to form the framework and each pore

environment was identical throughout the structure. Catalytic sites were created by reacting the

17



BINOL -OH groups with Ti(O'Pr)4 (Figure 2.3.). The synthesized heterogenous catalyst was used
for the addition of diethyzinc to aromatic aldehydes to afford chiral secondary alcohols achieving
ees of up to 93%. This work demonstrated that the successful post-synthetic modification of a

chiral MOF synthesized with chiral bridging ligand could have a huge impact on catalytic activity.

Figure 2.3. BINOL-based MOF catalyst. Reprinted with permission from REF!.Copyright
2022 American Chemical Society.

A related approach to attain chiral MOFs is to use already metalated chiral bridging ligands
to synthesize the MOF-. In order to incorporate these homogenous catalysts into MOF frameworks,
ligands are modified with metal coordinating groups. The very first example was reported by
Wenbin Lin and co-workers where they modified Ru-BINAP ligands with phosphonate groups
and synthesized a zirconium MOF for asymmetric hydrogenation catalysis.*? Introducing the
BINAP ligand into a MOF framework was quite challenging due to the difficulty of synthesizing
the bridging BINAP ligand and the phosphine groups were sensitive to the MOF crystallization
conditions.®

Later on Salen,*% BINOL® and BINAPO (2,2"-bis(diphenylphosphoryl)-1,1'-
binaphthyl)*? ligands were used to synthesize different chiral catalytic MOFs for various chemical
reactions.'® Some of these were mixed-linker MOFs but the second linker was merely for structural
purposes only. Our goal is to apply these strategies we learned from literature to make better

enzyme-mimics using MOF structures. In this chapter we discuss our attempt to create a
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modifiable mixed-linker homochiral MOFs for application in asymmetric catalysis. With careful
selection of the second linker, we envisioned that we would be able to systematically modify the
environment around the chiral catalyst. Thereby we can finetune the catalytic activity of the chiral

MOF.
2.2. Reactions of interest

To demonstrate the utility of modifiable, mixed linker homochiral MOFs, our initial idea
was to construct MOFs catalysts for the hydroamination of unbiased aliphatic amines (Figure 2.4).
Chiral aliphatic amines have been identified as one of the important moieties in the biologically
relevant molecules.!” Because of the challenges associated with this reaction, at the beginning we
decided to focus on a much simpler yet synthetically important reaction to test the catalytic activity
of the MOF. We will test the newly synthesized MOF in the cyanosilylation of benzaldehyde to
produce cyanohydrins. Cyanohydrins are important intermediates in the synthesis of a-
aminonitriles, a-hydroxyketones, a-hydroxyacids and many more important pharmaceutical
ingediatents.'® Trimethylsilyl cyanide (TMSCN) is used as the cyanide source due to its ease of

handling and the low dissociation energy of the Si-C bond.*®

A N NHR; R,

R
1 Catalyst H

Q OTMS
CHs
B Ho o _Si. Catalyst cN
- HsC” 1 “CH, >
CN

Figure 2.4. Reaction schemes A. Hydroamination of alkenes B. Cyanosilylation of
Benzaldehyde.

2.3. Synthetic strategy to obtain modifiable homochiral MOF material

As discussed in Section 2.1, our intention is to develop an enzyme-inspired homochiral

MOF to perform asymmetric catalysis. To construct the homochiral MOF material we chose the
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well-established mixed-linker, pillared MOF synthesis method.'®?° The desired MOF is
synthesized with the combination of a bridging chiral privileged ligand and a modifiable co-ligand
(Figure 2.5). The modifiable ligand, which is a dicarboxylate creates 2D sheets in the xy-plane of
the MOF and the chiral ligand, the dipyridyl is along the z-axis connecting the 2D sheets to form
the MOF framework. This results in a catalytic MOF in which each unit cell has a chiral catalytic
ligand and a modifiable co-ligand.

Metal cluster
o o o L] L]

Y.o»_ J(m

Dicarboxylate inker
- Modifiable linker

2D sheets in xy plane

‘ Dipyridy! linker
- Chiral linker

]
L] e
[ | I
Pillared mixed-linker MOF

Figure 2.5. Schematic representation of the synthesis of a pillared mixed-linker MOF.

Buchwald and co-workers have demonstrated, a chiral diphosphine ligand DTBM-
SEGPHOS (5,5’-Bis[di(3,5-ditert-butyl-4-methoxyphenyl) phosphino]-4,4’-bi-1,3-benzodioxole)
as an effective catalyst in the conversion of symmetric alkenes into their aliphatic amines.’In the
presence of asymmetric alkenes, they achieved very high enantioselectivity but poor activity.

According to the recent mechanistic study it was revealed that:?!??
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)} the higher catalytic activity of the DTBM-SEPHOS is a result of ligand-substrate
dispersive interactions (interactions through space) caused by the bulky t-butyl
groups

i) the presence of a chiral ligand is import for the enantioselectivity.

Therefore, we envisioned that by incorporating a chiral catalyst into a confined space i.e.
MOF material could result higher enantioselectivity, regioselectivity while modifiable ligand can
used to introduce groups that can influence activity by the providing dispersive interactions.

To construct the chiral MOF materials, we chose two different chiral privileged
hydroamination ligands, DTBM-SEGHPHOS and BINAP (Figure 2.6). In addition to the DTBM-
SEGPHOS catalyst, we chose the BINAP because we hoped to demonstrate how we can use the
co-ligand to introduce appropriate secondary functionality to tune its catalytic activity. As the
modifiable ligand we choose commercially available 2-amino-1,4-benzenedicarboxalic acid

(BDC-NHy) (Figure 2.6). Therefore, we can use the nucleophilic -NH. group to introduce either

an activating co-catalyst or to enhance the bulkiness around the catalyst site.?*28
A. xy-plane modifiable ligand B. z-plane chiral catalytic ligands
N"\
N ®
HO NHz o
OH <
o PA.
© ( O F'Arz Ar= O \ ,
BDC-NH, (X =P(O)Phg)

DiPyBINAPO
\N

DiPy-DTBM-SEGHPHOS

Figure 2.6. MOF ligands A. ligands forming the 2D sheets in the xy-plane ligand. B. ligands
that pillar the sheets along the z-axis.
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2.4 Synthesis of modifiable MOF with a chiral ligand

The synthesis of both the modified DTBM-SEGHPOS (DiPy-DTBM-SEGHPHOS) and
BINAPO (DiPyBINAPO) ligands with axial pyridine groups were attempted following modified
literature procedures.?’The synthesis of DiPy-DTBM-SEGHPHOS was not successful due to a few
challenging synthetic steps but DiPyBINAPO was successfully synthesized on a gram scale
(Figure 2.7). The final product was confirmed by proton nuclear resonance spectroscopy (*H-

NMR) and by single crystal X-ray crystallography (Figure 2.8).2829

) )
PPh, H20, - P(O)Ph,
PPh, 0°C4h P(O)Ph,
9@ % % 9@

NS DCM 20 h
| 66 %
/
BFZ
| b \
o
CC O, O
P(O)Ph; - P(O)Ph;
P(O)Phy KoCOs, Pd(PPhs)4 P(O)Ph;
OO Dioxane/water OO
105 °C 3-4 days
56 %
=
|
N

DiPyBINAPO

Figure 2.7. Synthesis of DiPyBINAPO ligand.
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Figure 2.8. Crystal structure of DiPyBINAPO lignad (CCDC 2126199)%2°

In order to synthesize the single crystals of the MOF Zn(NO3)..6H.0, BDC-NH; and
DiPyBINAPO ligands were mixed combinatorially under a variety of solvothermal conditions
(Figure 2.9). From dozens of experiments, one sample formed a crystalline powder, but | was
unable to grow single crystals that are suitable for single crystal data collection, but crystalline
powder was analyzed using !H-NMR, powder x-ray crystallography (PXRD), and
thermogravimetric analysis (TGA) to confirm the composition, crystallinity, and solvent

accessible pore volume respectively.

A. N

&
‘ -
o] cnaf
NH; 2
00 HO Zn(NOg); 6H;0
+ OH —_—
PLOIPh, 80°C48h
P(Q)Phy o DMF
OO BDC-NH;

e

&
N

NH,

DiPyBINAPO y

Zn/DiPyBINAPO/BDC-NH,

Zn/DiPyBINAPO/EDC-NH,

Figure 2.9. A. Reaction scheme for the synthesis of the Zn/DiPyBINAPO/BDC-NH2 MOF.
B. Schematic representation of the MOF.
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'H-NMR showed that the crystalline powder consists of a 1:2 ratio of DiPyBINAPO, BDC-
NH2 (Figure 2.10) and ESI-MS confirmed that the material has both DiPyBINAPO, BDC-NH>
ligands (Figure 2.11). PXRD confirmed that material was crystalline (Figure 2.12) and TGA
analysis showed that the material lost about ~40% of its weight as the DMF (Figure 2.12). All
these characterizations concluded the successful synthesis of a mixed-ligand MOF solvothermally.

But efforts are continuing to synthesize single crystals of the MOF to determine its structure.

Zn/DiPyBINAPO/BDC-NH, MOF

DiPyBINAPO i
T

BDC-NH,

JIT

h29.08886848280787674727.0686.
1 (ppm)

Figure 2.10. 'H-NMR of digested Zn/DiPyBINAPO/BDC-NH2 MOF sample in ds-
DMSO/D2SO4 mixture.
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Chemical Formula: CgHgNO4

Molecular Weight: 180 14
m/z: 180.03 (100.0%), 181.03 (8.7%)

H
Chemical Formula: CayHyeN0:P5"

Molecular Weight: 810 87
miz: 408,13 (100,0%), 405,83 (58.4%). 406.13 (16.7%), 40862 {2.3%)

Figure 2.11. ESI-MS of a sample of the Zn/DiPyBINAPO/BDC-NH2 MOF sample digested in
a solution of DABCO in DMSO

(Left: Negative mode, Right: Positive mode).
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Figure 2.12. PXRD and TGA data for the Zn/DiPyBINAPO/BDC-NH> MOF.

2.5. Post-synthetic modification of Zn/DiPyBINAPO/BDC-NH2MOF

After the full characterization of the crystalline powder of the Zn/DiPyBINAPO/BDC-

NH2 MOF the next step was to confirm that the modifiable linker BDC-NH2 was synthetically

accessible, allowing us to modify the chemical environment of the MOF pore (Figure 2.13). As
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explained the Section 2.3, catalytic activity of the chiral catalyst can be fine-tuned by introducing
a group that can form dispersive interactions with the substrate or with an activating co-catalyst.

Therefore, as the first attempt, we reacted the -NH2 group with a linear anhydride, butyric
anhydride to introduce a linear aliphatic chain into the MOF. But our attempt was unsuccessful
even after multiple trials. After that, succinic anhydride, a cyclic anhydride was reacted with the -
NH: groups to give free -COOH groups attached to the MOF through amide linkages. The MOF
material was soaked in a 0.2 M solution of succinic anhydride in DMF at 80 °C on the shaker.
After 4 days the reaction had gone to competition and all of the peaks corresponding to parent
BDC-NH had shifted in the *H-NMR (Figure 2.14) (Zn/diPyBINAPO/BDC-NHsuccinic). ESI-MS
of the digested material in a solution of DABCO revealed masses corresponding to [BDC-NH-
COOH-H"] further confirmed the successful reaction (Figure 2.15). The reaction was relatively
slow which could be due to steric effects from the phenyl substituents of the phosphine oxides

blocking the MOF cavities.

NH,

/

P(O)Ph;

P(0)Ph; P(O)Ph,

DMF 80 °C 4 days P(O)Ph;

N
N

Zn/DiPyBINAPO/BDC-NH, Zn/DiPyBINAPO/BDC-NH ¢

ucccinic

Figure 2.13. Post-synthetic modification of the Zn/DiPyBINAPO/BDC-NH2 MOF using
succinic anhydride.

26



Zn/DiPyBINAPO/BDC-NH- Ny
succinic MOF I

P(O)Phy

P(O)Ph;
: o 9¢
HO o

o} )
N

Zn/DiPyBINAPO/BDC-NH,
MOF DMF

N
L)

] l

é.O 5.8 8I.6 8I.4 8I.2 é.O 7‘.8 7I.6 7I.4 7I.2 ';.0 6.8 6
f1 (ppm)

Figure 2.14. 'H-NMR of Zn/DiPyBINAPO/BDC-NH2 MOF functionalized with succinic

anhydride, digested in dse-DMSO/D>SOs,
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Figure 2.15. ESI-MS of Zn/DiPyBINAPO/BDC-NH2 MOF functionalized with succinic
anhydride sample digested in a solution of DABCO in DMSO (Left: Negative mode, Right:
Positive mode).

2.6. Catalysis experiments

The catalytic behavior of the Zn/BDC-NH2/diPyBINAPO MOF and
Zn/diPyBINAPO/BDC-NHsuccinic MOF was tested using the cyanosilylation of benzaldehyde
(Figure 2.16). In a typical experiment, 5 mol% of MOF material was added to a 4 ml scintillation
vial charged with TMSCN in neat benzaldehyde and left on the shaker at room temperature for up

to 24 hours. Aliquots were analyzed by *H-NMR after diluting the sample in CDCls (Figure 2.17).

e OTMS
%
H . _Si. Catalyst *¥NCN
HC L@ RT24h

Figure 2.16. Cyanosilyaltion of benzaldehyde.
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Figure 2.17. *H-NMR of cyanosilylation of Benzaldehyde.
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Cyanosilylation of Benzaldehyde

% Conversion
.

Figure 2.18. Catalysis data.

A control reaction in the absence of catalyst showed 18% conversion and the conversion
in the presence of Zn/diPyBINAPO/BDC-NH:2 was only about 5%. Surprisingly the presence of
catalyst lowered the reaction conversion (Figure 2.18). When the modified
Zn/diPyBINAPO/BDC-NHsuccinic material was used as the catalyst, the percent conversion was
almost same as before. During the catalytic reaction phosphine oxide acts as a Lewis base to
activate TMSCN. TMSCN reacts with Phosphine oxide to form the respective isocyanide (Figure
2.19).%° Therefore, we suspect that the MOF pore might be too crowded after the formation of
isocyanide causing slower diffusion of benzaldehyde molecules and resulting low reaction
conversions. But in both cases, since we used a chiral MOF linker, we anticipate achieving some
enantioselectivity. Therefore, it is necessary to perform chiral HPLC or chiral GC to determine the
%ee of the reaction.

R-Ph,PO + TMSCN <—= R-Phy(OTMS)(CN)
Isocynanide

Figure 2.19. Reaction between phosphine oxide and TMSCN.
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2.7. Conclusion

In conclusion we attempted to synthesize a modifiable homochiral metal-organic
framework material for asymmetric catalysis. The well-known chiral privileged ligand, BINAPO
was functionalized with dipyridyl anchoring groups and immobilized together with the
commercially available BDC-NHy, in a mixed-linker MOF. Even though we were unable to grow
single crystals suitable for structure elucidation, crystalline powder of the MOF material was
successfully synthesized and characterized to confirm the composition, crystallinity and accessible
pore volume. The newly synthesized MOF was further functionalized post-synthetically to
introduce additional functional groups in an attempt to demonstrate the utility of the modifiable
ligand in the MOF. Even though material showed very low catalytic activity during the
cyanosilylation of Benzaldehyde reaction, the concept of developing modifiable homochiral MOF
was successful. Upon further optimization it will be possible to improve the reaction conversion.

Further studies will be carried out, to synthesize single crystals that are suitable for single
crystal analysis, optimize reaction conditions to achieve higher conversion, chiral HPLC or chiral
GC analysis to determine the enantioselectivity of the products and finally modify the MOF

material to use as a catalyst to perform the hydroamination reaction.

2.8. Experimental

Material

All chemicals were used as received from commercial sources unless otherwise noted. Sulfuric
acid-d> (D2SOs, 98 wt.% in D20, 99.5+% atom D) and (R)-BINAP purchased from Acros
Organics. N,N-dimethylformamide (DMF), tetrahydrofuran (THF), Acetonitrile (MeCN),
Methanol (MeOH), NaHSO3, NaHCO3, anhydrous Na;SO4, MgSO4, H2O> were purchased from

Fisher Scientific, and zinc nitrate hexahydrate from Strem Chemicals. Chloroform (CHCIs),
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Methylene chloride (DCM) 2-aminoterephthalic acid (BDC-NH2), Bromine, Pyridine and
Succinic anhydride were purchased from Sigma Aldrich. 1,4-Diazabicyclo[2.2.2]octane
(DABCO) were purchased from Oakwood Products. Dimethyl sulfoxide-des (ds-DMSO, 99.9 atom

% D) and CDClIs were purchased from Cambridge Isotopes Laboratories.

Synthetic procedures
Synthesis of (R)-4,4 -BINAPO (1)

O e 9@
H20,

PPh
2 >

PPh, 0°C4h P(O)Ph,
¢ 9@

Followed a modified literature procedure.®! In a 250 mL round bottom flask were placed (R)-

P(O)Ph,

BINAP (5.6g, 9 mmol) and 100 mL of DCM. The mixture was cooled to 0 °C and 10 mL of H.O>
(35 %) was added. The mixture was stirred for 4h. Then 100 mL of water was added. Aqueous
phase was washed with 50 mL of aqueous HaHSO3 solution, dried over Na,SOa. The solvent was
removed in vacuo resulting in a powdered white solid. The solid was purified via two-solvent
recrystallization in DCM and n-heptane. Recrystallization yielded colorless-needle like crystals

(5.0 g, 7.94 mmol, 90%).

Br

Synthesis of (R)-4,4 -DibromBINAPO (2)
N
® D=
O)Ph, =
) s

P(
P(O)Ph, P(O)Ph,
¢ ST I ¢ e
66 %

Br

P(O)Ph,

Followed a modified literature procedure.® To a 250 mL Schlenk flask equipped with a stir bar,

added 1 (4.0 g, 6.11 mmol) and it was evacuated 3 times. Anhydrous DCM (75 mL) and anhydrous
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Pyridine (0.518 mmol) were added to the flask. Then flask was transferred to the glove box and
Br2 (0.932 mL, 18.3 mmol) was slowly added to the stirred mixture. The reaction was stirred at
overnight resulting a deep brown solution. The reaction was quenched with 1M NaHSO3z and it
was stirred until the organic layer was turned yellow. Isolated organic phase was washed with 1M
NaHSOz and brine three times and finally with NaHCO3 solution. Organic phase was dried with
anhydrous MgSO4 and removed the solvent in vacuo leaving a yellow-brown powder solid. To get
dibrominated product above procedure was repeated two more times and progress of the reaction
was monitored via TLC. Upon successful bromination, crude product was recrystallized using
DCM to obtain pure product (2.64 g, 3.24 mmol, 66%).

Synthesis of (R)-4,4 -DiPyBINAPO (3)

N
S

=
Br

O -, CO
N B
\_7 ‘OH

P(O)Ph; P(O)Phy

p—

O POPh, KoCOs, Pd(PPhs), OO P(O)Phy
O Dioxane/water
105 °C 3-4 days
Br 56 % =

>
N

Followed a literature procedure.?’ 2 (500 mg, 0.6 mmol), 4-pyridylboronic acid (0.15g, 1.3 mmol),
K2COs (3.2 g, 2.36 mmol) were added to a degassed mixture of dioxane/water (2/1, 20 mL) in a
Schlenk flask and brought to reflux at 105 °C. Once heated, the catalysts [Pd(PPhs)a4] (0.01 g, 0.008
mmol) was added and under N2. The progress of the reaction was monitored through TLC after 3
days reaction was stopped. The reaction mixture was cooled to room temperature and washed with
DCM (20 ml) isolated the organic phase and dried over MgSOyg, filtered off the drying agent and
removed the solvent in vacuo. Left with golden yellow crude powder which was purified vial

column chromatography (DCM:MeOH 97:3) (135%, 0.0182 mmaol, 56 %).
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Synthesis of the Zn/DiPyBINAPO/BDC-NH2 MOF

Zn(NO3)2'6H20 ( 95.04 mg, 0.320 mmol), (R)-4,4 -DiPyBINAPO ( 64.62 mg. 0.08 mmol), and
DMF (4 mL) were combined ina 20 mL Scintillation vial. The vial was heated at 80 °C in a heating
block until the solution became clear. A solution of BDC-NH2 (28.80 mg, 0.160 mmol) in DMF
(2 mL) was added, and the flask incubated at 80 °C. After 48 h, the vial was removed from the
heating block. Light brown crystalline powder was collected by filtration and washed with DMF
2-3 times. Stored in DMF until further use.

Post-synthetic functionalization of Zn/DiPyBINAPO/BDC-NH2 MOF with Succinic
anhydride

Following a modified literature procedure,® MOF (15-20 mg, 0.0173 mmol, ca. 0.0347mmol
equiv of “NH?2) was transferred into a into a 20 mL scintillation vial. The vial was charged with 8
mL of a 0.2 M solution of Succinic anhydride (46 equiv.) in DMF (stored in 3A molecular sieves)
and the mixture was left at 80 °C for 4 days with continuous mixing on a Corning LSE Low Speed
Orbital Shaker. The MOF material was then transferred to a new scintillation vial containing fresh
DMF and mixed for ~30 min. The DMF was exchanged with fresh DMF 3 times, and then fresh
DMF a further 3 times and stored under DMF.

Catalysis experiment

Followed a modified literature procedure.®® 5 mol% of the MOF catalyst was weighed and
transferred to a 4 ml vial charged with Benzaldehyde (0.5 mmol, 50.84 uL) and TMSCN (1/5
mmol, 187.5 pL). Vial was left on the shaker for 24 hours at room temperature and liquot was

taken and diluted in CDCl; before the *H-NMR analysis.
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2.8. Characterization

Powder X-ray diffraction (PXRD)

Powder patterns were recorded on a Bruker AXS D8 Advance Phaser diffractometer with Cu Ka
radiation (A = 1.5418 A) over a range of 5° <20 < 40° in 0.02° steps with a 0.5 s counting time per
step. Samples were collected from the bottom of the reaction vial as a thick suspension in DMF
and spread on a Si-Einkristalle plate immediately before PXRD measurements.
Thermogravimetric analysis (TGA)

TGA was performed on a TGA-Q50 interfaced with a PC using TA Universal Analysis software.
Samples were heated at a rate of 10 °C/min under a nitrogen atmosphere. All samples were
extensively solvent exchanged with fresh DMF prior to analysis.

Proton nuclear magnetic resonance (*H NMR)

Spectra were recorded on a Brucker 400MHz NMR spectrometer (400 MHz for *H). NMR
chemical shifts are reported in ppm against a residual solvent resonance as the internal standard
(6(ds-DMSOQ) = 2.5 ppm or 6(CDClz) = 7.26)). In a typical analysis, MOF materials stored in DMF
were solvent exchanged with CHCI3, isolated by vacuum filtration, and then evacuated in a
vacuum oven at 80 °C overnight. Evacuated MOF samples (~8 mg) were transferred into an NMR
tube and ds-DMSO (0.6 mL) was added. Subsequently, D2SO4 (0.010 mL, 98% w/w in D.O) was
also added. The tubes were capped and sonicated until all the solid was dissolved (~ 1 min).
Electrospray lonization Mass Spectrometry (ESI)

MOF samples (~5mg) were placed in a solution of DABCO (10 mg) and 0.25ml of DMSO in a 2-
dram vial. The vial was sonicated for ~ 1 min then heated at 80 °C overnight. A small amount of
residue was filtered out and resulting solution was sent for ESI-MS analysis at the Dr. Ping Li’s

lab at Kansas State University.
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Chapter 3 - Uniform, Binary Functionalization of a Metal-Organic

Framework Material

Portions of this chapter appear in the following manuscript:
Samarakoon, K. P.; Satterfield, C. S.; McCoy, M. C.; Pivaral-Urbina, D. A.; Islamoglu,
T.; Day, V. W.; Gadzikwa, T. Uniform, Binary Functionalization of a Metal-Organic

Framework Material. Inorg. Chem. 2019, 58 (14), 8906-8909

3.1. Introduction

Chapter 2 described a way to generate an enzyme-inspired MOF catalyst through
solvothermal synthesis. But, as previously mentioned, MOF synthesis is highly unpredictable and
standard solvothermal methods may not yield the desired porous material, or as shown in the
Chapter 2, it might not yield single crystals suitable for single crystal analysis to determine the
framework structure. Therefore, it is necessary to develop an alternative method to obtain the
anticipated catalytic-MOF.

Because of their robust framework structure, MOF pores can be systematically decorated
with chemical functionalities that are flexible and capable of forming multiple interactions.X® As
an example, using simple reagents Cohen and co-workers have utilized post-synthetic modification
strategies to introduce a wide range of functional groups that are both flexible and have ability to
form secondary interactions.? A similar method was used by Yagi and co-workers to introduce an
enzyme-like complexity through the seven-step post functionalization of a multivariate MOF,
MTV-IRMOF-74-I11 with an amino acid sequences (Figure 3.1).! Such post assembly introduction

of such multiple functionalities further increases the chemical and three-dimensional complexity
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of the MOF cavities. All the attempts show how were MOF pores can be used to satisfy two of the

four elements for bioinspired catalysts that were described in Chapter 1.
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Figure 3.1. Seven step post synthetic modification of MTV-IRMOF-74-111. Reprinted with
permission from REF 1.Copyright 2022 American Chemical Society.

The generation of uniformly multifunctionalized cavities has challenged MOF
chemists.1*%12 Telfer and co-workers, with their unique family of 4-componet MOFs, have
illustrated the ability to create confined-spaces that are uniformly multifunctionalized.®** In one
of their reports, they synthesized a multicomponent MOF, MUF-77 to achieve enzyme-like
complexity by using an organocatalyst linker and two different modulating linkers that tune the
spatial environment around the catalysts.'® Thereby, they were able to increase the reaction rate
and the enantiomeric excess of an aldol reaction. In another report by Telfer and co-workers, they
successfully programmed the microenvironment around the site of catalysis by introducing
secondary groups into the catalytic MOF unit.** Even though in those two reports they did not use
post-synthetic modification strategy to modify their MOF interiors, they made us to realize that,
to achieve the best enzyme-mimics, along with the multifunctionalization it is equally important

to have uniformity of the catalytic groups.
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3.2. Synthetic strategy for uniformly multifunctionalizing MOF material

Non-identical pores are a result of nonuniformly dispersed reactive linkers throughout the
MOF material.>*' One of the most common ways to have nonuniformity is the post
functionalization of a single linker MOF using different functional groups (Figure 3.2 A).? For
example, Cohen and co-workers have performed a three step functionalization of single-linker
MOF, IRMOF-3 to generate non-uniformly multifunctionalized pores.? The same group
demonstrated that the use of a multivariant mixed-linker MOF with orthogonal reactive linkers to
generate bifunctional yet non-uniformly functionalized MOF(Figure 3.2 B).! They synthesized a
MOF that has -Br and -NH> functionalities but, both linkers were dicarboxylates Therefore, two
orthogonal groups were non-uniformly distributed throughout the MOF resulting an
inhomogenously multifunctionalized MOF In another example, Rosi and co-workers utilized a
multivariant MOF with orthogonal functional groups to generate again non-uniformly
multifunctionalized MOF cavities.®> While the non-uniformity is undesirable both works provide

synthetic tools for uniform multifunctionalization.
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Figure 3.2. Multivariate MOF from non-uniformly arranged linkers with (A) One type of
reactive group and, (B) Orthogonal reactivities. Reprinted with permission from REF.®
Copyright 2022 American Chemical Society.

Therefore, in order to obtain a well-defined MOF it is necessary to have (Figure 3.3);

1. Functional groups with independent reactivities, and
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2. Linkers with orthogonal coordination chemistries. So that the linkers are in well-defined

locations throughout the framework
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Figure 3.3. Generation of a uniformly multifunctionalized MOF material from well-defined
mixed linker MOF. Reprinted with permission from REF.*> Copyright 2022 American Chemical
Society.

To achieve a well-defined mixed linker MOF, we chose amine and hydroxyl groups as the
reactive functional groups and carboxylates and pyridines as the orthogonal coordination sites.
During solvothermal synthesis, when linkers are heated with a M?* metal salts, dicarboxylate
linkers form two sheets along the xy-plane. These 2D-sheets then connect through the dipyridyl
linkers along the z-axis forming the 3D MOF framework. The presence of organic linkers with
orthogonal coordinating sites guarantees construction of a well-defined mixed-linker MOF. It is
also known that low-temperature nucleation of the frameworks can form the rarer Kagome’-type
lattice that have pores large enough for post synthesis functionalization.!’-1°

By experimenting with various solvothermal conditions, Christopher Satterfield (MS-
Student-Gadzikwa Lab) was able to synthesize a well-defined MOF, KSU-1. 2-amino-1,4-
benzenedicarboxalic acid (BDC-NH>) and meso-a, B-di(4-pyridyl) glycol (DPG) were incubated
with Zn(NOz3)2-6H20 in N,N-dimethylformamide (DMF) at 60°C for 2 days and left at room
temperature for another two days. KSU-1 was obtained as pale-yellow color, block-like crystals

with Kagome lattice (Figure 3.4).

42



Figure 3.4. (A) Independently reactive linkers with orthogonal coordination chemistry. (B)
KSU-1 viewed down the c-axis. (C) Network unit of KSU-1 and its schematic representation.
Reprinted with permission from REF.%* Copyright 2022 American Chemical Society.

3.3. Post-synthesis modification of KSU-1 to obtain uniformly bifunctional

MOF material.

Having established the porosity and the purity of KSU-1, the next step was to investigate
post synthesis modification to a obtain uniformly functionalized MOF. We hypothesized that the
amine group of BDC-NH: s sufficiently nucleophilic to react with a linear aliphatic acid anhydride
under relatively low concentrations, while the hydroxyl groups of DPG are not. Butyric anhydride
was chosen as the nucleophile for the amidation reaction, which was performed following a
modified literature procedure (Figure 3.5).2 After the MOF material was immersed in an anhydrous
CHCl3 solution of butyric anhydride for a total of 96 h, with constant agitation, the success of the
reaction was evaluated using *H-NMR (Figure 3.6 A). The amidation product (KSU-1mono) Was
then thoroughly washed, evacuated and, digested in a solution of D2SO4 and ds-DMSO. The H-
NMR of KSU-1mono Was compared with KSU-1. All the peaks corresponding to the initial BDC-
NH: protons had completely shifted and new peaks corresponding to the protons of the butyryl

substituents of the amide appeared in the aliphatic region (0.5-2.5 ppm). The integration ratios of
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DPG: butyryl peaks were 1:2 as expected and confirmed selective and quantitative

functionalization of the amine.
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Figure 3.5. Functionalization of KSU-1 with butyric anhydride.
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Figure 3.6. (A) 'H NMR spectra of each material in the functionalization sequence digested in a
solution of ds-DMSO/D2S04. (B) *H NMR of KSU-1pi digested in DABCO/ds-DMSO.

KSU-1mono Was further characterized via high resolution electrospray ionization mass
spectrometry (ESI-MS) after it was digested in a solution of 1,4-diazobicyclo[2,2,2]octane
(DABCO) in DMSO (Figure 3.9). Mass fragments revealed the presence of both BDC-amide and
unreacted DPG which further confirmed the selective functionalization. Powder X-Ray Diffraction
(PXRD) and Thermogravimetric analysis (TGA) of KSU-1mono indicated that the material retained
both its crystallinity and significant porosity, with the material loosing ~35 % of its weight as DMF

(Figure 3.9). Adsorption isotherms with N2 at 77K revealed that the porosity of evacuated KSU-
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1mono could be accessed partially with CO: activation (Figure 3.11). The large solvent-accessible
volume that still remained in KSU-1mono indicated that the second functionalization of the MOF

material is still feasible.
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Figure 3.7. Functionalization of KSU-1mono With succinic anhydride.

As the second step, KSU-1mono Was then subjected to the nucleophilic ring opening of
succinic anhydride by the DPG linker to produce the diester product, (Figure 3.7).2° The MOF was
immersed in a suspension of succinic anhydride in anhydrous CHCIs and agitated for 72h to
produce the bifunctionalized material KSU-1pi. After washing and evacuating the material, KSU-
1pi was digested in a solution of D>SO4 and ds-DMSO (Figure 3.6). Because of the acidity of the
NMR solvent mixture,the ester bond hydrolyzed and *H-NMR of KSU-1ni was expected to be
identical with KSU-1mono except for the presence of a new peak around 2.4 ppm corresponding to
the freed succinic acid. Proton integration indicated the 1:1 ratio of succinic acid to butyric amide
because the -NH. to -OH ratio is 1:1 in the parent material KSU-1. These results indicated the

quantitative and independent functionalization of the BDC-NH; and DPG linkers.
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Figure 3.8. *H-NMR spectrum for KSU-1bi digested in DABCO/ds-DMSO.

To confirm that the covalent attachment of succinic acid to the DPG linker via ester linkage,
KSU-1bi was disassembled in a solution of DABCO prepared in ds-DMSO. Two separate signals
corresponding to the -CH: protons of the ester derivative were present in the *H-NMR spectrum
(Figure 3.8). Mass fragments corresponds to DPG-diester from KSU-1bi were also present in the
ESI-MS spectrum ((Figure 3.9) and the absence of the mass fragments for DPG or DPG-monoester
further confirmed the quantitative conversion of DPG to DPG-diester. PXRD pattern of the
material confirmed that the material was still crystalline and TGA showed KSU-1bi had solvent
accessible volume as it lost ~25% of its weight as DMF (Figure 3.10). Gas adsorption data again

revealed partial porosity and the presence of mesoporous (Figure 3.11).
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Figure 3.9. High-resolution electrospray ionization mass spectrometry (ESI-MS) of KSU-1
(bottom), KSU-1mono (Middle), and KSU-1pi (top) in negative (left) and positive (right) mode.
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Figure 3.10. PXRD and TGA of KSU-1, KSU-1mono, and KSU-1bi.
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Successful incorporation of butyryl group and the succinic group was confirmed by. both
'H-NMR and mass spectra. Therefore, we can conclude two functional groups are uniformly
distribute throughout the KSU-1 framework. But the presence of positional disorder of the amine

group should also be considered.
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Figure 3.11. Left: N2 gas adsorption for KSU-1, KSU-1mono, and KSU-1bi. Right: Pore size
distribution for KSU-1, KSU-1mono, and KSU-1bi.

3.4. Conclusion

In conclusion, we have successfully implemented a methodology to achieve uniformly
multifunctioanlized MOF material. This new strategy of MOF construction opens up exciting
opportunities in the development of multifunctional MOFs. Even though, the resulting paddle

wheel MOF does not possess permanent microporosity which will hinder some of its applications,
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the developed method can be used as a blueprint to construct more robust materials. One can
advanced this method to incorporate desired functionalities to the MOF framework to construct
more complex materials for different applications. Uniform covalent functionalization of MOF
framework materials will bring us one step closer to the construction of enzyme-inspired uniform

and highly functionalized confined spaces.

3.4. Experimental

Materials

All chemicals were used as received from commercial sources unless otherwise noted. Meso-a., -
di(4-pyridyl) glycol (DPG) was purchased from TCI. Butyric anhydride and 2-aminoterephthalic
acid (BDC-NHz) were purchased from Alpha Aesar. Succinic anhydride and sulfuric acid-d>
(D2S0s4, 98 wWt.% in D20, 99.5+% atom D) were purchased from Acros Organics. N,N-
dimethylformamide (DMF) was purchased from Fisher Scientific, and zinc nitrate hexahydrate
from Strem Chemicals. Anhydrous chloroform (CHCI3) was purchased from Sigma Aldrich, and
1,4-Diazabicyclo[2.2.2]octane (DABCO) from Oakwood Products. Dimethyl sulfoxide-ds (de-

DMSO, 99.9 atom % D) was purchased from Cambridge Isotopes Laboratories.

Synthetic procedures

Synthesis of KSU-1.

Zn(NO3)2'6H20 (95.2 mg, 0.32 mmol), DPG (106 mg. 0.49 mmol), and DMF (80 mL) were
combined in a 500 mL Florence flask. The flask was heated at 60 °C in a 500 mL heating block
until the solution became clear. A solution of BDC-NH: (90.6 mg, 0.50 mmol) in DMF (20 mL)
was added, and the flask incubated at 60 °C. After 48 h, the flask was removed from the heating
block and left at room temperature for 48 h. Pale yellow crystals (40 mg, 35% yield) of the product

were collected by filtration after several ~30 min washings with DMF.

49



General Procedure for the reaction of KSU-1 with butyric anhydride (Synthesis of KSU-
Limono).

Following a modified literature procedure,> KSU-1 (50 mg, 0.0708 mmol, ca. 0.142 mmol equiv
of —NH?>) was transferred into a 10 mm diameter glass exchange thimble with a frit that was placed
into a 20 mL scintillation vial. The vial was charged with 10 mL of a 0.05 M solution of butyric
anhydride (4 equiv.) in anhydrous CHCI3, and the mixture was left at room temperature for 24 h
with continuous mixing on a Corning LSE Low Speed Orbital Shaker. The glass thimble
containing the MOF material was then transferred to a new scintillation with 10 mL of a 0.025 M
solution of butyric anhydride (2 equiv.) in anhydrous CHCI3 and left to mix for another 24 h. The
reactant solution was exchanged this way 2 more times, each after 24 h. The thimble containing
the MOF material was then transferred to a new scintillation vial containing fresh CHCI3 and
mixed for ~30 min. The CHCI3 was exchanged with fresh CHCIz 3 times, and then fresh DMF a
further 3 times. Pale yellow crystals were isolated from the frit (93% yield) and stored under DMF.
General Procedure for the nucleophilic ring-opening of succinic anhydride by KSU-1mono
(Synthesis of KSU-1pi).

Following a modified literature procedure,?® KSU-1mono (50 mg, 0.0593 mmol, ca. 0.118 mmol
equiv of “OH) was transferred into a 10 mm diameter glass exchange thimble with glass frit, that
was placed into a 20 mL scintillation vial that had been charged with a suspension of succinic
anhydride (80 mg, 6 equiv.) in 4 mL of anhydrous CHCIls. The mixture was left at room
temperature for 72 h with continuous mixing on a Corning LSE Low Speed Orbital Shaker. The
thimble containing the MOF material was then transferred to a new scintillation vial containing

fresh CHCI3 and mixed for ~30 min. The CHCI3z was exchanged with fresh CHCI3 3 more times,
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and then fresh DMF a further 3 times. Pale yellow crystals were isolated from the frit (9088%

yield) and stored under DMF.

3.5. Characterization

Powder X-ray diffraction (PXRD)

Powder patterns were recorded on a Bruker AXS D8 Advance Phaser diffractometer with Cu Ka
radiation (A = 1.5418 A) over a range of 5° <20 < 40° in 0.02° steps with a 0.5 s counting time per
step. Samples were collected from the bottom of the reaction vial as a thick suspension in DMF
and spread on a Si-Einkristalle plate immediately before PXRD measurements.

Nitrogen gas adsorption/desorption

Measurements were performed on a Micromeritics Tristar 11 3020 (Micromeritics, Norcross, GA)
at 77 K on samples that underwent supercritical CO> drying. Supercritical CO2 drying was
performed using a Tousimis Samdri PVT-30 critical point dryer (Tousimis, Rockville, MD, USA).
Supercritically dried samples were prepared in the following manner: MOF materials that had
undergone DMF to hexanes solvent exchanges were again solvent exchanged with ethanol by two
quick washes. The ethanol-dispersed samples were transferred into the sample holder with a glass
pipet and allowed to settle down. Excess EtOH was pipetted out and the sample holder was placed
into a Tousimis Samdri-PVT-3D supercritical CO2 dryer. The temperature was lowered to 0 °C,
and the chamber was filled with liquid CO> (ultrahigh grade CO> with a siphon from Air-Gas Inc).
The sample was soaked for 8 hours total, venting for five minutes every two hours. The chamber
was then heated to 40 °C, and the supercritical CO2 was bled off at a rate of 0.25 mL/min until the
chamber reached ambient pressure (typically overnight). The chamber was opened and the sample
was quickly transferred into a pre-weighed glass sample tube which was sealed and quickly

transferred to a system providing 10-4 torr dynamic vacuum.
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Thermogravimetric analysis (TGA)

TGA was performed on a TGA-Q50 interfaced with a PC using TA Universal Analysis software.
Samples were heated at a rate of 10 °C/min under a nitrogen atmosphere. All samples were
extensively solvent exchanged with fresh DMF prior to analysis.

Proton nuclear magnetic resonance (*H NMR)

Spectra were recorded on a Varian 400MHz NMR spectrometer (400 MHz for *H). NMR chemical
shifts are reported in ppm against a residual solvent resonance as the internal standard (5(ds-
DMSO) = 2.5 ppm). In a typical analysis, MOF materials stored in DMF were solvent exchanged
with CHCIs, isolated by vacuum filtration, and then evacuated in a vacuum oven at 80 °C
overnight. Evacuated MOF samples (~8 mg) were transferred into an NMR tube and ds-DMSO
(0.5 mL) was added. Subsequently, D>SO4 (0.05 mL, 98% w/w in D-O) or DABCO (10 mg; 178
mM) was also added. The tubes were capped and sonicated until all the solid was dissolved (~ 1
min).

Electrospray lonization Mass Spectrometry (ESI)

MOF samples (~5mg) were placed in a solution of DABCO (10 mg) and 0.25ml of DMSO in a 2-
dram vial. The vial was sonicated for ~ 1 min then heated at 80 °C overnight. A small amount of
residue was filtered out and resulting solution was sent for ESI-MS analysis at the Mass
Spectrometry Laboratory at the University of Illinois, Urbana-Champaign.
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Chapter 4 - Uniform and Simultaneous Orthogonal

Functionalization of a Metal-Organic Framework Material

Portions of this chapter appear in the following manuscript:
Samarakoon, K.; Yazdanparast, M.; Day, V. W.; Gadzikwa, T. Uniform and
Simultaneous Orthogonal Functionalization of a Metal-Organic Framework Material. 2020, 5,

804-808.

4.1. Introduction

In Chapter 3, we introduced a methodology to create uniformly binary functionalized MOF
cavities via the covalent post synthetic modification of a well-defined MOF, KSU-1.1 While this
is an efficient methodology for generating confined spaces that are both complex and uniform, the
system has a drawback that limits its general use: the amine and hydroxyl reactive groups of
KSU-1 both are nucleophiles. While the -OH has poorer aptitude for nucleophilic attack compared
to -NHa, allowing for independent reaction, the first functionalization is restricted to reacting the
-NH: with the limited range of electrophiles that will not also react with -OH. Additionally, the
material cannot be modified with moieties that are better nucleophiles than the hydroxyls. Both
enzymes and organocatalysts often rely on the nucleophilic activation as a mode of catalytic
activity, therefore, to introduce a nucleophilic catalyst to KSU-1, one of the linkers must have
orthogonal reactivity to nucleophiles

In synthetic chemistry orthogonality refers to 100% selectivity in chemical reactions
resulting in no any cross reactivity and yielding the same product regardless of the reaction

sequence.? These types of reactions are well studied in the construction of complex molecules like
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natural products,® dendrimers* and functionalized polymers.®> The presence of orthogonal groups
in the system opens up the opportunity to carry out one-pot simultaneous reactions and it avoids
traditional protection-deprotection strategies.?

Therefore, to address the issues associated with the KSU-1 system, we use the concept of
orthogonal chemistry, where we use chemical functionalities that have completely different
reactivities to construct our MOF material. The goal of this work is to demonstrate the applicability

of orthogonal chemistry in generating uniformly functionalized MOF materials.

4.2. Synthetic strategy for uniform orthogonally functionalizing MOF

material

Our aim was to synthesize a new MOF that has the same topology as the KSU-1 but with
orthogonal reactivities. For the second system we modified our initial BDC-NH; linker to BDC-
Nz where it has an azide group. In the presence of Cu(l), azides only react with terminal alkynes,
i.e. Cu(l) azide alkyne cyclo addition reactions (CUAAC).® These are unique reactions and CUAAC

reactions do not interfered with other functionalities present in the systems (Figure 4.1).

~ O T o
o Y \3 o \
@ SM’HHHBUEDUS @ L)

Well-defined linker positions - . r N n
Or{h[,g(l):qa[ ,zam‘rviw - tiple paths to uniform multifunctionality

Figure 4.1. The use of orthogonally reactive linkers to generate a uniformly functionalized
MOF material. Reproduced from Ref.” with permission from the Royal Society of Chemistry.
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Figure 4.2. KSU-2 MOF A. Linkers used for KSU-2 MOF synthesis B. Single crystal structure
of KSU-2 viewed along the c-axis C. Unit cell of KSU-2 D. Schematic representation of KSU-2.

We synthesized our second MOF, KSU-2 with 2-azido-1,4-benzenediacarboxylic acid
(BDC-N3) and meso-a,B-di(4-pyridyl)glycol (DPG) in the presence of Zn?* as the metal salt.
Organic linkers were incubated in the presence of Zn(NO3). 6H20 at 60 °C for 24 hours on a hot
plate to yield yellow color, block-like crystals (Figure 4.2). Singal crystal data suggested that KSU-
2 has kagome type lattice as in KSU-1 with large hexagonal shaped pores and small triangular
pores. The BDC-N3 linkers were connected by Zn-paddlewheel secondary building units (SBUs)
in the ab-plane, forming 2D Kagome-type sheets that were pillared by DPG linkers along the c-
axis. Phase purity of the bulk material was determined via proton nuclear magnetic resonance (*H-
NMR) spectroscopy of the material digested in deuterated D2SO4 and de-DMSO (Figure 4.3) and
powder x-ray diffraction (PXRD) (Figure 4.10). The material retained very little porosity as

determined by the N2 gas adsorption (Figure 4.9), though it possess substantial solvent accessible
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volume according to the thermogravimetric analysis (TGA) analysis. It indicated that KSU-2 had
enough space for the multifunctionalization (Figure 4.9) to generate uniformly and orthogonally

functionalized MOF.

BDC-N,

DPG

f1ppm,

Figure 4.3. 'H-NMR of KSU-2 digested in ds-DMSO/D2SO4 mixture.

4.3. Uniform orthogonal multipath and simultaneous functionalization of
KSU-2

After successful synthesis of KSU-2, the next step was to use the material to generate a
uniformly multifunctionalized MOF. The orthogonality of the reactive groups in KSU-2 allowed
us to perform both multipath functionalization and simultaneous one-pot reactions. For
multifunctionalization via pathway 1, BDC-N3 was reacted with phenyl acetylene in the presence
of CuBr catalyst under a nitrogen atmosphere at 60 °C for 72 hours (Figure 4.4). The Reaction was
monitored by *H-NMR (Figure 4.5) and Fourier transform infrared spectroscopy (FT-IR) (Figure
4.6). Quantitative conversion of BDC-N3 was confirmed by the disappearance of the azide peak in
the FT-IR spectrum and by the presence of peaks corresponding to protons from BDCtriazole (KSU-

2triazole) in the *H-NMR. Electron spray ionization-mass spectroscopy (ESI-MS) of the KSU-2-
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Triazole WaS done after digesting the MOF material in a solution of DABCO prepared in DMSO. The
presence of the mass fragment (m/z = 310) for [BDCriazole-H]" in the negative mode and the
unreacted DPG fragment (m/z = 217) in the positive mode further confirmed the successful

generation of KSU-2triazote (Figure 4.7).

Q—: .~ 0=C=N—<
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KSU-2 KSU-2,,
Path 2 o:c:N-< ® .- O =
- s 1Y CuBr, DMF
MeCN o
80°C, 48 h @ 60°C, 72h
KSU'Zdiester

Figure 4.4. Multipath uniform functionalization of KSU-2.

PXRD of the material confirmed material was still crystalline. To determine how much
solvent accessible pore volume had been retained after the click reaction, TGA was performed
after rinsing and prolong soaking of the material in DMF. The material lost about 30% weight as
DMF, and which confirming the retention of a significant amount of solvent accessible pore
volume although, N2 adsorption revealed negligible porosity after the evacuation. These results
encouraged us to proceed to the functionalization of the hydroxyl groups of the DPG ligand of

KSU-Ztriazole.

59



Ksu'zbi-Pathz

| a JL
KSU-2gicarbamate i s
i H, g H
|~
A

Ksu'zbi-Palm

b i

KSU-2yiaz010

HO.__.O
H
W by

J N 0P om
. L
KSU-2

9 8 7 6 5 4 31
ppm

Figure 4.5. Stacked *H-NMRs of KSU-2 functionalized through multiple paths.
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Figure 4.6. Stacked FT-IRs of KSU-2 functionalized through multiple paths.

For the next step, the hydroxyl groups of the DPG were reacted with isocyanates.
Isocyanates have been widely used to functionalize amine groups in MOFs®° and we performed
a similar type of reaction but with the -OH on the DPG ligand to form the dicarbamates. In Chapter
3, KSU-1mono Was reacted with cyclic anhydrides to form the diester which hydrolyzed in the
presence of acid during NMR sample preparation leading us to perform additional
characterizations to confirm covalent attachment. But dicarbamates do not hydrolyze in the

presence of an acid and it made easier for characterization. Following a modified procedure,® KSU-
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2triazole WAS immersed in a 0.2 M solution of isopropyl isocyanate in acetonitrile, with continuous

agitation at 80 °C for 48 hours yielded KSU-2pipath1 (Figure 4.4). The complete shift of the proton

alpha to the glycol in the *H-NMR confirmed the quantitative conversion of hydroxyls to

carbamate (Figure 4.5).
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Figure 4.7. High resolution ESI-MS of positive mode of KSU-2traizole and KSU-2bi-pathi.

Covalent functionalization was further confirmed through ESI-MS ((Figure 4.7). KSU-2 bi

path 1 Was disassembled in a solution of DABCO in DMSO and analyzed in both positive and

negative modes. Positive mode spectra revealed the presence of both BDC triazole ( m/z =310) and

DPG-dicarbamate (M/z =387). Significant peaks corresponding to McLafferty rearrangement product

[DPG dicarmate-CO2-iPrNH2 +H] as well as that fragment minus neutral iPrNCO were observed

in the same positive mode spectrum. PXRD was done, which revealed it was crystalline. TGA

confirmed that material still possessed a significant amount of solvent accessible pore volume as

it lost ~20 % of weight as DMF. Having confirmed successful generation of KSU-2 pi path 1 Via

path 1 we next attempted the reverse path functionalization to get the same final product.

In the reverse path bifunctionalization of KSU-2, the hydroxyl groups of the DPG linker

were first reacted with isopropyl isocyanate followed by the Cu-catalyzed click reaction on the
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azide groups (Figure 4.4). The same isocyanate reaction conditions were used to obtain KSU-2
dicarbamate. The material was characterized by the *H-NMR after digesting it in a solution of
D>S0O4 and ds-DMSO. Quantitative conversion of the hydroxyls to dicarbamate was confirmed by
the complete shift of the alpha protons of the glycol (Figure 4.5). Positive mode spectra of the ESI-
MS (Figure 4.8) showed the presence of DPG-gicarbamate after disassembling the sample in a solution
of DABCO in DMSO. Additionally, FT-IR showed the IR stretch for the unreacted azide ((Figure
4.6). Interestingly, N> adsorption of the KSU-2-dicarbamate showed that material was slightly

more stable under evacuation.
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Figure 4.8. High resolution, ESI-MS positive mode of KSU-2carbamate and KSU-2bi-path2.
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Figure 4.9. N> gas adsorption measurements KSU-2 functionalized through multiple paths
(Closed: Adsorption, Open: Desorption).
As the next step, KSU-2dicarbamate Was reacted with phenyl acetylene in the presence of
Cu(l) catalyst to get the KSU-2pi path 2. The same CUAAC conditions as in pathway 1 were used
and the *H-NMR was identical to KSU-2bi path 1, Which confirmed the successful reverse path
bifunctionalization of KSU-2. All the other characterizations were carried out and the results were

well-aligned with the data from pathway 1.
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Figure 4.10. PXRDs and TGA data of KSU-2 functionalized through multiple paths.

An additional advantage of having an orthogonal system is the ability to perform
simultaneous one-pot reaction to obtain the same final product. In the one-pot functionalization,
KSU-2 was treated with a mixture of DMF: MeCN 1:1 in the presence of both phenylacetylene
and isopropyl isocyanate at 60 °C. The FT-IR, *H-NMR and ESI-MS results (Figure 4.11) were

same as for KSU-2-i and confirmed the successful one-pot, independent reactions.
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Figure 4.11. One-pot multifunctionalization of KSU-2 A. Reaction scheme. B. *H-NMR of
digested sample in dse-DMSO/D>SO4 mixture C. ESI-MS of digested sample in a DABCO
solution.

4.4. Conclusion

Chapter 4 demonstrated the advantage of having orthogonal reactive groups at well-defined
positions in a MOF scaffold for generating uniformly multifunctionalized confined spaces.
Through this work, we

) addressed the limitations of initial KSU-1 system

i) attained multifunctionalized confined spaces through both multipath and one-

pot/simultaneous reactions

KSU-2 has the characteristics of a biorthogonal systems which means it can be
functionalized with functional groups that are found in biological systems. This strategy can be

successfully used to develop actual enzyme mimics or systems which can do cooperative catalysis.
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4.5. Experimental

Materials

All chemicals were used as received from commercial sources unless otherwise noted. Meso-a.,S-
di(4-pyridyl) glycol (DPG) was purchased from TCI. Sulfuric acid-d2 (D2SOs, 98 wt.% in D20,
99.5+% atom D), Copper bromide (98%) were purchased from Acros Organics. N,N-
dimethylformamide (DMF), tetrahydrofuran (THF), Acetonitrile (MeCN), tert-butyl nitrite (90
%) and phenyl acetylene (98%) were purchased from Fisher Scientific, and zinc nitrate
hexahydrate from Strem Chemicals. Chloroform (CHCI3), 2-aminoterephthalic acid (BDC-NH2),
and isopropyl isocyanate (98%) were purchased from Sigma Aldrich. 1,4-
Diazabicyclo[2.2.2]octane (DABCO) and trimethylsilyl azide (95%) were purchased from
Oakwood Products. Dimethyl sulfoxide-ds (de-DMSO, 99.9 atom % D) was purchased from

Cambridge Isotopes Laboratories.

Synthetic Procedures

Synthesis of BDC-Ns.

Followed a modified literature procedure.®? 2-aminoterephthalic acid (BDC-NH2) (0.20 g, 1.10
mmol, 1 equiv.) was dissolved in dry THF (20 ml) and tert-butyl nitrite (0.39 ml, 3.3. mmol, 3
equiv.) was added at 0 °C. After stirring for 15 min trimethylsilyl azide (0.38 ml, 2.20 mmol, 2
equiv.) was added at 0 °C, the reaction mixture was slowly warmed-up to room temperature and
stirred for 48 h. The reaction mixture was evaporated under reduced pressure, the solid was washed

with cold THF, filtered and dried under vacuum to give BDC-N3 as a yellow solid (0.24 g ,94%).
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Synthesis of KSU-2

Zn(NO3)2'6H20 (297.0 mg, 0.10 mmol), DPG (246.0 mg. 1.13 mmol), and DMF (80 mL) were
combined in a 500 mL Florence flask. The flask was heated at 60 °C in a 500 mL heating block
until the solution became clear. A solution of BDC-N3 (104.5 mg, 0.50 mmol) in DMF (20 mL)
was added, and the flask incubated at 60 °C. After 24 h, the flask was removed from the heating
block and left at room temperature for 24 h. Yellow crystals (142.7 mg, 21% yield) of the product
were collected by filtration after several ~30 min washings with DMF.

General Procedure for the CUAAC reaction of MOF materials with phenyl acetylene.
Following a modified literature procedure,®® the azide-bearing MOF (1 equiv) was transferred into
a 10 mm diameter glass exchange thimble with a glass frit that was placed into a 20 mL scintillation
vial. The vial was charged with phenyl acetylene (16 equiv) and enough DMF to make a 100 mM
solution. This solution was degassed with bubbling N2 gas for 60 minutes, before CuBr (10 mol%)
was added. The mixture was left under N, at 60 °C for 72 h with continuous mixing on a Corning
LSE Low Speed Orbital Shaker. The thimble containing the MOF material was then transferred to
a new scintillation vial containing fresh DMF and mixed for ~30 min. The DMF was exchanged
with fresh DMF, with ~30 min. mixing, 3 more times. Product crystals were isolated from the frit
and stored under DMF.

CUuAAC of KSU-2 (Synthesis of KSU-2triazole).

KSU-2 (50 mg, 0.066 mmol, ca. 0.132 mmol of —N3), phenyl acetylene (214 uL, 1.0 mmol), DMF
(20 mL), and CuBr (14.3 mg, 0.1 mmol). Green crystals were isolated from the frit (98% yield)

and stored under DMF.
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CUAAC of KSU-2carbamate (Synthesis of KSU-2bi-path1). KSU-2carbamate

(50 mg, 0.054 mmol, ca. 0.108 mmol of —N3), phenyl acetylene (214 pL, ~1.0 mmol), DMF (10
mL), and CuBr (14.3 mg, 0.1 mmol). Brownish-green crystals were isolated from the frit (93%
yield) and stored under DMF.

General Procedure for the reaction of MOF materials with isopropyl isocyanate

Following a modified literature procedure,®* the DPG-containing MOF (1 equiv) was transferred
into a 10 mm diameter glass exchange thimble with glass frit, that was placed into a 20 mL
scintillation vial that had been charged with isopropyl isocyanate (12 equiv) and enough MeCN to
make a 0.2 M solution. The mixture was left at 80 °C for 48 h with continuous mixing on a Corning
LSE Low Speed Orbital Shaker. The thimble containing the MOF material was then transferred to
a new scintillation vial containing fresh MeCN and mixed for ~30 min. The MeCN was exchanged
with fresh MeCN, and shaken for ~30 min., 3 more times. The solvent was exchanged with fresh
DMF, and shaken, a further 3 times. MOF crystals were isolated from the frit and stored under
DMF.

Reaction of KSU-2 with isopropyl isocyanate (Synthesis of KSU-2carbamate). KSU-2

(50 mg, 0.066 mmol, ca. 0.132 mmol of —OH), isopropyl isocyanate (78 pL, 0.80 mmol), and
MeCN (4 mL). Reddish-brown crystals were isolated from the frit (67% yield) and stored under
DMF.

Reaction of KSU-2triazole With isopropyl isocyanate (Synthesis of KSU-2pi-path2). KSU-2triazole
(50 mg, 0.052mmol, ca. 0.104 mmol of —OH), isopropyl isocyanate (61pL, 0.62 mmol), and

MeCN (4 mL). Green crystals were isolated from the frit (87% yield) and stored under DMF.
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Procedure for the simultaneous reaction of KSU-2 with phenyl acetylene and isopropyl
isocyanate (Synthesis of KSU-2bi-sim).

KSU-2 (50 mg, 0.066 mmol, ca. 0.132 mmol of —N3, ca. 0.132 mmol of —OH) was transferred
into a 10 mm diameter glass exchange thimble with a glass frit that was placed into a 20 mL
scintillation vial. The vial was charged with phenyl acetylene (214 uL, 1.0 mmol), isopropyl
isocyanate (196 pL, 2.0 mmol), and 10 mL of MeCN:DMF (50:50 v/v). This solution was degassed
with bubbling N2 gas for 60 minutes, before CuBr (14.3 mg, 0.1 mmol, 10 mol %) was added. The
mixture was left under N2, at 60 °C for 6 days with continuous mixing on a Corning LSE Low
Speed Orbital Shaker. The thimble containing the MOF material was then transferred to a new
scintillation vial containing fresh DMF:MeCN and mixed for ~30 min. The DMF was exchanged
with fresh DMF, with ~30 min. mixing, 3 more times. Product crystals were isolated from the frit

and stored under DMF.

4.6. Characterization

Powder X-ray diffraction (PXRD)
Powder patterns were recorded on a Bruker AXS D8 Advance Phaser diffractometer with Cu Ka
radiation (A = 1.5418 A) over a range of 5° <20 < 40° in 0.02° steps with a 0.5 s counting time per
step. Samples were collected from the bottom of the reaction vial as a thick suspension in DMF
and spread on a Si-Einkristalle plate immediately before PXRD measurements.

Proton nuclear magnetic resonance (*H NMR)

Spectra were recorded on a Varian 400MHz NMR spectrometer (400 MHz for 1H). NMR chemical
shifts are reported in ppm against a residual solvent resonance as the internal standard (5(de-
DMSO) = 2.5 ppm). In a typical analysis, MOF materials stored in DMF were solvent exchanged

with CHCIs, isolated by vacuum filtration, and then evacuated in a vacuum oven at 80 °C
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overnight. Evacuated MOF samples (5-6 mg) were transferred into an NMR tube and ds-DMSO
(0.55 mL) was added. Subsequently, D2SO4 (0.09 mL, 98% w/w in D>O) was also added. The
tubes were capped and sonicated until all the solid was dissolved (~ 1 min).

Nitrogen gas adsorption/desorption

Measurements were performed on anAutosorb iQMP(Quantachrome Instruments, Anton Paar
USA, Ashland VA) at 77 K.Samples were prepared in the following manner: MOF materials that
had undergone DMF to hexanes solvent exchanges were again solvent exchanged with
chloroformby two quick washes.Finally, the sample was washed with dichloromethane and dried
under vacuum (< 10-3 torr) at 60 °C for 5 h. Using the “outgas” function of the surface area
analyzer, the sample was dried again for 360 min at 80 °C to remove all residual solvent.
Thermogravimetric analysis (TGA)

TGA was performed on a TGA-Q50 interfaced with a PC using TA Universal Analysis software.
Samples were heated at a rate of 10 °C/min under a nitrogen atmosphere. All samples were
extensively solvent exchanged with fresh DMF prior to analysis.

Fourier-transform infrared spectroscopy (FTIR)

Fourier-transform infrared spectroscopy was performed on a Cary 630 spectrometer. Spectra were
collected on MOF samples (~1 mg) which had combined with 5 mass equivalents (~5 mg) of KBr
and ground together to a fine powder.

Electrospray lonization Mass Spectrometry (ESI)

MOF samples (~5mg) were placed in a solution of DABCO (10 mg) and 0.25ml of DMSO in a 2-
dram vial. The vial was sonicated for ~ 1 min then heated at 80 °C overnight. A small amount of
residue was filtered out and resulting solution was sent for ESI-MS analysis at the Mass

Spectrometry Laboratory at the University of Illinois, Urbana-Champaign.
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Single-crystal X-ray crystallography analysis for KSU-2.

A set of diffraction data [38465 reflections using 2290 1°-wide ®- or ¢-scan frames with
scan times of 8-20 seconds] was collected® for a single-domain crystal of KSU-2 using
monochromated CuKa radiation (A = 1.54178 A) on a Bruker Proteum Single Crystal Diffraction
System with dual CCD detectors and associated Helios high-brilliance multilayer optics and a
shared Bruker MicroSTAR microfocus Cu rotating anode x-ray source operating at 45kV and
60mA. Data for KSU-2 was collected with a Platinum 135 CCD detector and a crystal-to-detector
distance of 50 mm. The integrated data®® were corrected empirically for variable absorption effects
using equivalent reflections. The Bruker software package SHELXTL was used to solve the
structure using “direct methods” techniques. All stages of weighted full-matrix least-squares
refinement were conducted using Fo? data with the SHELXTL XL v2018 Version 1 software
package.®” Final crystallographic details are summarized in Table S1.

The asymmetric unit of KSU-2 contains two Zn?* cations, two 2-azidoterephthalate
dianions and one neutral meso-a,4-di(4-pyridyl) glycol moiety. Although disorder is common and
not unexpected in MOF structures, the bridging ligands in this particular system have additional
potential for inherent disorder. While octahedral coordination at the Zn ions will preclude much
rotational disorder of the planar terephthalate ligands about the Zn----Zn vector, each “locked”
ligand can still bridge the same two Zn metals in four different ways. Since the meso-a,f-di(4-
pyridyl) glycol ligand coordinates to a Zn atom through a single nitrogen on each end, it could
have different rotational orientations about the Zn----Zn vector. The ligand could also bridge the
same two metals with its two ends interchanged. Fortunately, both of the terephthalate ligands
appear to have only three of the four possible orientations and the di(4-pyridyl) glycol ligands do

not appear to be have significant rotational disorder about the Zn----Zn vector.
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Fourier maps from the initial structure solution clearly revealed the Zn atoms, all C and O
atoms of the terephthalate ligands and the pyridine rings of the di(4-pyridyl) glycol ligand. Non-
structured (presumably disordered) electron density was present between the two pyridine
moieties. After refining these clearly identified atoms with isotropic thermal parameters, the Zn
and terephthalate carbon and oxygen atoms were refined with anisotropic thermal parameters. A
difference Fourier revealed low electron density at sp>-hybridized positions for four ortho (4- and
7-) carbons of both terephthalate ligands. It also contained a more structured region of electron
density between the two coordinated pyridine ligands. The occupancy factors and isotropic thermal
parameters for two (one for each terephthalate ligand) of the eight ortho (4- and 7-) nitrogens
behaved erratically during refinement cycles and were eventually removed from the structural
model. The remaining six nitrogens were included in the final structural model with isotropic
thermal parameters and variable occupancy factors that refined to final values ranging from 0.035
to 0.110 for the two terephthalate ligands. Reasonable electron density corresponding to the second
and third azide nitrogen atoms did not appear in any difference Fourier.

The published structure of meso-a,f-di(4-pyridyl) glycol was then used with the
coordinates of the two pyridine ligands and the disordered electron density between them to derive
coordinates for two bridging modes for the meso-a,f-di(4-pyridyl) glycol ligand in KSU-2. Bond
lengths and angles for the atoms of these two meso-a,5-di(4-pyridyl) glycol bridging modes were
required to have values similar to the published structure. The bond lengths and angles were
restrained to idealized sp?- or sp®-hybridized multiples of the aromatic C=C bond length that was
included in the refinement as a free variable; it refined to a final value of 1.295(2) A. All four of

the 7-atom p-methylpyridine moieties and both 10-atom terephthalate (C21-C27, N24, N26, N27;
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and C31-C37, N34, N36, N37) moieties were also required to be coplanar. The normalized
occupancy factors for the two meso-a,f-di(4-pyridyl) glycol bridging modes refined to 52%/48%.

Since the terephthalate atoms were disordered but reasonably well-defined and all of the
meso-a,S-di(4-pyridyl) glycol nonhydrogen atoms linking the pyridine rings were disordered and
not well-defined, the meso-a,5-di(4-pyridyl) glycol ligand nonhydrogen atoms were included in
the structural model with isotropic thermal parameters. Hydrogen atoms bonded to carbon in all
ligands were included in the structural model as idealized riding model atoms (assuming sp?- or
sp3-hybridization of the carbon atoms and C-H bond lengths of 0.95 A or 1.00 A). Hydrogen atoms
bonded to hydroxyl oxygen atoms were included as idealized riding model atoms (assuming or
sp3-hybridization of the oxygen atom and an O-H bond length of 0.84 A) that were free to rotate
about their C-O bonds in least-squares refinement cycles. The isotropic thermal parameters of
idealized hydrogen atoms in all ligands were fixed at values 1.2 (bonded to C) or 1.5 (bonded to
0) times the equivalent isotropic thermal parameter of the carbon or oxygen atom to which they
are covalently bonded. The x coordinate of disordered glycol carbon atom C7 was fixed in the
final refinement cycles and a DAMP parameter of 400 was used to aid convergence. Low residual
difference Fourier electron density appearing at reasonable positions in the MOF channels was
included in the structural model as disordered partial-occupancy isotropic oxygen atoms that still
did not completely fill the structural voids. Refinement of racemic twinning revealed the crystal

was a 69/31 racemic twin.
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Table 1. Crystal and Refinement Data KSU-2.

KSU-2

Empirical formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

a

b

c

a

p
Y

Volume

V4

Density (calculated)
Absorption coefficient
F(000)

Crystal size

Theta range
Index ranges

Reflections collected
Independent reflections
Completeness to 6 = 66°
Absorption correction

Max. and min. transmission

Refinement method

C28.00H14.00N4.00016.32ZN2.00
299.44

200(2) K

1.54178 A
Trigonal

P3 — Cs' (No. 143)
21.5814(4) A
21.5814(4) A
16.1592(3) A
90.00°

90.00°

120.00°

6517.9(3)A3
3

0.610 g/cm3

0.956 mm-1
1202

0.050 x 0.050 x 0.040 mm3
2.36 t0 70.52°

-25<h<26, -24<k<26, -
14<I<19

85166

14685 [Rint = 0.064]

99.9 %

Multi-scan

1.000 and 0.756

Full-matrix least-squares on
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1)

)

(3)

(4)

()

(6)

Data / restraints / parameters 4 eac /107 / 454

Goodness-of-fit on F 1.062
Final R indices [[>20(1)] R; =0.108, wR2 =0.278
R indices (all data) R1=0.141, wR> = 0.331

Largest diff. peak and hole 1.26 and -1.09 e/A°
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Chapter 5 - Enzyme-inspired Metal-Organic Framework Materials

Based Chiral Brensted Acid Catalysts

5.1. Introduction

Chapters 3 and 4 discussed two proofs of concept developed to generate uniformly
multifunctionalized MOF pores. The two strategies fill the gap in existing literature where none of
the previous efforts were able to achieve uniform multifunctionalization of a MOF interior. In this
chapter, our aim is to design a solid-state organocatalyst to demonstrate the practical application
of our strategies. Herein, we designed a heterogenous chiral Brgnsted acid catalyst to perform the
asymmetric epoxide ring opening reaction.

According to IUPAC a Brensted acids are defined as “molecular entity capable of donating
hydron (proton) to a base (i.e., a hydron donor”) or the corresponding chemical species”. They are
widely used in industrial catalysis to convert biomass into valuable fine-chemical and
petrochemical products.’* Traditional homogeneous acids play an important role in catalyzing
chemical reactions at the industrial scale though they suffer from high toxicity and corrosion
issues. Therefore much attention has been paid to developing solid-state Brgnsted acid catalysts
due to their ease of separation, lower corrosion, and easy handling.1>®

A wide range of solid Brgnsted acid catalysts have been developed over the past decades.
Heteropolyacids,” phosphates,® acidic resins® and sulfated metal oxides'® are a few examples.
However, their catalytic activity is limited due to their low surface area and porosity. Mesoporous
silica and zeolites have emerged as better alternatives to address these issues, but they suffer from
poor designability, tunability and controllability.!* Therefore metal-organic framework (MOF)

materials have gained much attention as a potential solid state catalysts because of their high

78



tunabilty, porosity and surface area. By taking advantage of their modifiable structure, Brgnsted
acid groups have been successfully incorporated into MOF pores.**? Through the incorporation
of Bragnsted acids on the MOF scaffold one can heterogenize homogeneous catalysts and gain the
advantages of both homogeneous and heterogenous systems to improve both activity and
selectivity.'3

Carboxylic acids are a common functional group found in a large pool of organic
compounds. Carboxylic acids as Brgnsted acid catalysts are not well-studied most likely due to
their weaker acidity compared to well-known phosphonic acid catalysts.’* However, a key
consideration with Brensted acid catalysis is to choose a catalyst with appropriate acidity, as higher
acidity can cause substrate decomposition. Therefore, it is beneficial to develop weaker-Brgnsted
acids to catalyze organic reactions. Similarly chiral carboxylic acids are widely used as
organocatalysts in asymmetric catalysis. Figure 5.1 shows some common chiral Brgnsted acids
found in literature. But fine-tuning these catalysts is a daunting process because all the groups are
attached to the same molecular scaffold. Therefore, it is necessary to developing chiral Brgnsted

acid catalyst systems that can be modified systematically if necessary.
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Figure 5.1 Pool of chiral Brgnsted acids.®
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5.2. Synthetic strategy

To achieve such a systematically modifiable chiral Brgnsted acid catalyst, we propose the
use of our previously implemented method of uniform binary functionalization of a MOF material.
Using the strategy, it is possible to introduce both Brgnsted acid group and chiral group uniformly
through independent post-synthetic modification (PSM) strategy. In a report by Cohen et. al., they
demonstrated the creation of heterogenous Brgnsted acid catalysts through the post-synthetic
modification of a MOF structure that bears pendent -NH, groups.'® They performed nucleophilic
ring opening reactions with different cyclic anhydrides which resulted in free COOH groups.

By taking the advantage of the nucleophilic -NH2 group in KSU-1 we introduce a
carboxylic acid through the nucleophilic ring opening reaction of cyclic anhydrides, and we

introduced a chiral group through the -OH to achieve “chiral- Brensted acid” catalyst (Figure 5.2).

¥ Cyclic Chiral )
NH, anhydride Yoe Isocynate °
OH — OH . ®
HO @ HO o L
N N N
KSU-1 KSU-1,. KSU-1¢_ga

Figure 5.2. Synthetic strategy to introduce a Brgnsted acid and a chiral group to KSU-1.

In order to generate a pool of catalysts we use three different cyclic anhydrides, which
possess different acid strengths due to their chemical structure (Figure 5.3 A). In order to introduce
chirality into the MOF framework the -OH group is reacted with a chiral isocyanate: (R)-(+)-a-
Methylbenzyl isocyanate to form a chiral carbamate (Figure 5.3 B). To test the catalytic activity

of the resulting material the asymmetric epoxide ring opening reaction will be investigated.
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Figure 5.3 Pool of A. Cyclic anhydrides B. Chiral isocyanates.

5.3. Post-synthesis modification of KSU-1 to generate chiral Brgnsted acid

catalyst

To generate the KSU-1 based chiral Brgnsted acid catalyst, first the -NH2 group in KSU-
1 was reacted with 0.2 M solution of cyclic anhydride in CHCl3 at room temperature over 12 hours
(Figure 5.4). After the reaction the MOF material was exchanged with fresh CHCIs a few times
and finally washed with DMF and stored in DMF until further use. It is necessary to carefully
monitor the reaction to prevent the reaction between the -OH group and the cyclic anhydride. The
proton nuclear magnetic resonance (*H-NMR) spectroscopy confirmed quantitative conversions of
the -NH2.groups in the reactions with all three anhydrides. Initial *H-NMR peaks correspond to
BDC-NH> had shifted as the reaction progressed and at the complete conversion, all three peaks at
7.26 ppm, 7.54 ppm and 7.85 ppm had moved to 7.66 ppm, 9.00 ppm and 8.03 ppm respectively

(Figure 5.5).
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Figure 5.4. Installation of Brensted acids into KSU-1 through cyclic anhydride ring opening

reactions.
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Figure 5.5. 'H-NMR of KSU-14cid after digesting the MOF samples in de-DMSO/D,SO4
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The crystallinity of the material was confirmed by the powder x-ray crystallography
(PXRD) and thermogravimetric analysis (TGA) was performed after soaking the material in DMF
for two days. The TGA traces that KSU-1mateic, KSU-Lsuccinic and KSU-Litaconic l0st 49.5%, 46.5%

and 57.2% masses as the solvent respectively.
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Figure 5.6. Functionalization of KSU-1 with a chiral isocyanate.

In a change to our original plan, to synthesize the chiral Brgnsted catalysts, KSU-1 was
reacted with the chiral isocyanate first. Pricilla Matseketsa, a graduate student from the Gadzikwa
lab found that the -OH group of the KSU-1 unexpectedly reacts with certain isocyanates leaving
the more nucleophilic -NH. unreacted. Therefore, the same reaction conditions were applied to
synthesize chiral KSU-1Rr-carbamate (Figure 5.6). KSU-1 was incubated in a 0.2 M solution of the
chiral isocyanate prepared in acetonitrile at 80 °C for 6-8 h, and the reaction was monitored by *H-
NMR. Upon successful reaction, formation of KSU-1r-carbamate, the initial peak corresponding to
protons alpha to the -OH groups (at 4.9 ppm) completely disappeared, and two new doublets
appeared around 6.23 ppm and the new aromatic protons appeared as two sets (Figure 5.7). The
reason is that DPG molecule is no longer meso (R,S) compound but is now a diastereomer due to

the installation of a chiral group..
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Figure 5.7. 'H-NMR of KSU-1R-carbamate digested in ds-DMSO/D2SO4 mixture.

After successful synthesis of KSU-1Rr-carabamate, the material was then reacted with the three
different cyclic anhydrides to install carboxylic acid groups. KSU-1Rr-carbamate (Figure 5.8) were
incubated in 0.2 M solutions of the respective cyclic anhydrides in CHCIs and left on the shaker
for up to 24 h until reaction went to completion. It was also found that reacting the KSU-1aciq With
chiral isocyanate was much slower. The reactions were monitored through *H-NMR (Figure 5.9).
and the successful conversion of KSU-1Rr-carbamate t0 KSU-1r-8a Was confirmed by the complete

shift of peaks corresponding to BDC-NHo.

84



@
e

KSU-1 R-Succinic

( J
(o)
aJOL.I CHCl;, OUO P '*Oiﬂ
"/L.“\ ; | RT 12-24 h T "

KSU-1 (R)-carbamate

KSU-1 R-Maleic

L

KSU-1 R-Itaconic

Figure 5.8. Functionalization of KSU-1Rr-carbamate With cyclic anhydrides.
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Figure 5.9. 'H-NMRs of series of KSU-1r-sa digested in a ds-DMSO/D-SO4 mixture.
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PXRD of the bifunctionalized materials (Figure 5.10) confirmed that the material retained
their crystallinity and TGA (Figure 5.11) confirmed that the material possessed solvent accessible

pore volume even after the second functionalization.
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Figure 5.10. PXRD data for functionalized KSU-1 materials.
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Figure 5.11. TGA data for functionalized KSU-1 materials.

5.4. Catalytic activity of Brgnsted acid catalyst

In order to test the catalytic activity of the series of KSU-1r-8a, the methanolysis of
epoxides was chosen. Initial catalysis experiments were performed using cis-1,2 epoxybutane. A
1 dram vial was charged with the catalysts (20 mol%), methanol (stored in 3A molecular sieves)
and finally with the epoxide. The reaction was left on the shaker at 25 °C for 24 h before taking

an aliquot to analyze through *H-NMR. Conversions were calculated with respect to the methy!l
groups of the starting material and the product.
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Figure 5.12. Methanolysis of cis 2,3-epoxybutane.
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Control experiments were conducted in the absence of catalysts and they did not show any
conversions. In the presence of KSU-1 the reaction was slow and gave <1% conversion. In the
presence of three different KSU-1..iq as the catalyst the reaction progressed in the following order:
KSU-1makic showed higher conversion while KSU-Lucinic and KSU-liaconic had almost similar
conversions (Figure 5.12 and 5.13). These results strongly suggested that carboxylic acid groups
acted as Brgnsted acid catalysts during the epoxidation of the cis-2,3 epoxybutane. Higher catalytic
activity of the maleic acid is attributed to its strong acidity; the conjugate base of maleic acid has
higher stability due to conjugation to the C=C double bond which results higher acidity.*® Yet
overall the reaction conversions were low compared to what was reported by Cohen et al. Since
our primary intension of this work is not to achieve higher conversion but to demonstrate the
applicability of our previously developed concept of uniform independent binary functionalization
to achieve enzyme-like complexity we decided to move forward with our results.

After establishing the catalytic behaviors of each of the KSU-1acid, the next step was to
investigate the possibility of achieving enantioselectivity of the reaction using KSU-1r-sa. Our
hypothesis was that after installing the chiral groups to KSU-1acid, catalytic reactions should favor
one enantiomer over the other. Catalytic reactions were carried out in the presence of 20 mol % of
each KSU-1r-sa at room temperature for 24 h and aliquots were analyzed using *H-NMR after
dilution with CDCIs. Overall, the reaction conversions were lower compared to
monofunctionalized catalysts which can be attributed to the slower diffusion of the substrate
molecules through the more crowded MOF pores. Surprisingly, the reaction conversions with the
bifunctionalized catalysts were the opposite of what we observed with KSU-1acid (Figure 5.12 and
5.13). Average conversions suggested that KSU-1r-itaconic Was a better catalyst compared to than

KSU-1r-maleic and KSU-1R-succinic.

88



o MeOH \3 Z
e Hm—{uH Ot Hﬁ—éH
MOF catalyst ud o e
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Figure 5.14. Average conversions with each catalyst after 24 h at RT.

In order to determine the enantioselectivity of the reaction, the reaction mixtures need to
be analyzed by chiral high performance liquid chromatography (HPLC) or chiral gas
chromatography (GC). It is also possible to extend this work not only to introduce a chiral group
to KSU-1acid but also hydrophobic group or hydrophilic group”!® into MOF through the -OH

group of the DPG and see how it affects the epoxidation reaction.
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5.5. Conclusion

In conclusion our goal was to demonstrate the applicability of our implemented strategy of
uniform independent binary functionalization of a MOF material to fine tune the catalytic behavior
of a MOF material. We have successfully synthesized chiral Brgnsted acid catalysts through two
step independent functionalization of a well-defined MOF KSU-1. During the catalysis
experiments KSU-1acid acted as Bragnsted acid catalysts for the epoxidation of cis 2,3-epoxybutane.
Upon introducing the chiral group to the KSU-1acid, overall catalytic activity of the material was
diminished yet we expect that it will result some enantioselectivity in the epoxidation reaction.

Chiral HPLC or GC experiments needed to be done to determine the %ee of the products.

5.6. Experimental

Materials

All chemicals were used as received from commercial sources unless otherwise noted. Meso-a,f3-
di(4-pyridyl) glycol (DPG), maleic anhydride, (R)-(+)-a-Methylbenzyl isocyanate were
purchased from TCI. Sulfuric acid-d> (D2SOs, 98 wt% in D20, 99.5+% atom D), 2-
aminoterephthalic acid (BDC-NH>), succinic anhydride, itaconic anhydride and cis 2,3-
epoxybutane were purchased from Aldrich. N,N-dimethylformamide (DMF), Chloroform
(CHCIz),and Acetonitrile (MeCN), Methanol (MeOH) were purchased from Fisher Scientific, and
zinc nitrate hexahydrate from Strem Chemicals and 1,4-Diazabicyclo[2.2.2]octane (DABCO)
were purchased from Oakwood Products. Dimethyl sulfoxide-de (ds-DMSO, 99.9 atom % D) was
purchased from Cambridge Isotopes Laboratories.

Synthetic procedures
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Synthesis of KSU-1.2° Zn(NQ3),6H20 (95.2 mg, 0.32 mmol), DPG (106 mg. 0.49 mmol), and
DMF (80 mL) were combined in a 500 mL Florence flask. The flask was heated at 60 °C in a 500
mL heating block until the solution became clear. A solution of BDC-NH: (90.6 mg, 0.50 mmol)
in DMF (20 mL) was added, and the flask incubated at 60 °C. After 48 h, the flask was removed
from the heating block and left at room temperature for 48 h. Pale yellow crystals (40 mg, 35%
yield) of the product were collected by filtration after several ~30 min washings with DMF.
General procedure for the synthesis of KSU-lanhydrides

Following a modified literature procedure,'® KSU-1 (15-20 mg, 0.0283 mmol, ca. 0.566 mmol
equiv of —NH?2) was transferred into a into a 20 mL scintillation vial. The vial was charged with 8
mL of a 0.2 M solution of cyclic anhydride (56 equiv.) in CHCI3 (stored in 3A molecular sieves),
and the mixture was left at room temperature for 12-24 h with continuous mixing on a Corning
LSE Low Speed Orbital Shaker. The MOF material was then transferred to a new scintillation vial
containing fresh CHCI3 and mixed for ~30 min. The CHCIs was exchanged with fresh CHCIs 3
times, and then fresh DMF a further 3 times and stored under DMF.

General procedure for the synthesis of KSU-1chiral carbamate

Following a modified literature procedure,?* KSU-1 (15-20 mg, 0.0283 mmol, ca. 0.566 mmol
equiv of —OH) was transferred into a into a 20 mL scintillation vial. The vial was charged with 2
mL of a 0.2 M solution of chiral isocyanates (56 equiv.) in MeCN (stored in 3A molecular sieves)
and the mixture was left at 80°C for 6-8 h with continuous mixing on a Corning LSE Low Speed
Orbital Shaker. The MOF material was then transferred to a new scintillation vial containing fresh
MeCN and mixed for ~30 min. The MeCN was exchanged with fresh MeCN 3 times, and then
fresh DMF a further 3 times and stored under DMF.

General procedure for the synthesis of KSU-1chiral Ba

91



KSU-ZLchiral carbamate (15-20 mg, 0.0149 mmol, ca. 0.0299 mmol equiv of —NH2) was transferred
into a into a 20 mL scintillation vial. The vial was charged with 8 mL of a 0.2 M solution of cyclic
anhydride ( 53 equiv.) in CHCIs (stored in 3A molecular sieves), and the mixture was left at room
temperature for 12-24 h with continuous mixing on a Corning LSE Low Speed Orbital Shaker.
The MOF material was then transferred to a new scintillation vial containing fresh CHCIz and
mixed for ~30 min. The CHCI3z was exchanged with fresh CHCIs 3 times, and then fresh DMF a
further 3 times and stored under DMF.

Catalysis experiment

Followed a modified literature procedure.'® In a typical experiment, crystalline solids that were
stored in DMF were filtered through vacuum filtration and weighed (20 mol % BDC ligand) after
considering the amount of DMF in the pores. Then it was transferred to a 4 ml scintillation vial
charged with the epoxide substrate (145 mM, 7 pL) and MeOH (550 pL). Vials were left at room
temperature for 24 h with continuous mixing on a Corning LSE Low Speed Orbital Shaker and 50

pL aliquot was taken and used for the 1H-NMR analysis after diluting with 500 pL of CDCls.
5.7. Characterization

Powder X-ray diffraction (PXRD)

Powder patterns were recorded on a Bruker AXS D8 Advance Phaser diffractometer with Cu Ka

radiation (A = 1.5418 A) over a range of 5° <20 < 40° in 0.02° steps with a 0.5 s counting time per

step. Samples were collected from the bottom of the reaction vial as a thick suspension in DMF

and spread on a Si-Einkristalle plate immediately before PXRD measurements.
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Thermogravimetric analysis (TGA)

TGA was performed on a TGA-Q50 interfaced with a PC using TA Universal Analysis software.
Samples were heated at a rate of 10 °C/min under a nitrogen atmosphere. All samples were
extensively solvent exchanged with fresh DMF prior to analysis.

Proton nuclear magnetic resonance (*H NMR)

Spectra were recorded on a Brucker 400MHz NMR spectrometer (400 MHz for *H). NMR
chemical shifts are reported in ppm against a residual solvent resonance as the internal standard
(6(de-DMSQ) = 2.5 ppm or 6(CDClz) = 7.26)). In a typical analysis, MOF materials stored in DMF
were solvent exchanged with CHCIg3, isolated by vacuum filtration, and then evacuated in a
vacuum oven at 80 °C overnight. Evacuated MOF samples (~8 mg) were transferred into an NMR
tube and ds-DMSO (0.6 mL) was added. Subsequently, D2SO4 (0.010 mL, 98% w/w in D2O) was

also added. The tubes were capped and sonicated until all the solid was dissolved (~ 1 min).
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