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Abstract
Yang Song: Development of Multifunctional Metal-Organic Frameworks for Catalytic
Applications
Under the Direction of Professor Wenbin Lin

Metal-organic frameworks (MOFs) have emerged as a highly versatile and tunable
platform for the design of structurally uniform solid catalysts. Highly active multifunctional MOF
catalysts have been developed via a number of novel post-synthetic strategies, including
functionalization at MOF linkers/ligands, functionalization at MOF SBUs, and entrapment of
catalytically active species (e.g. metal nanoparticles, metal complexes, and organic molecules) in
MOF pores, channels, and cavities. The resultant multifunctional MOF catalysts have been used
to catalyze a broad scope of reactions. This dissertation focuses on the design and synthesis of
multifunctional MOFs for several catalytic reactions, including reductive reactions, Lewis acid
promoted reactions, and photocatalysis.

The first part of this dissertation (Chapter 2 and Chapter 3) discusses MOF-promoted C-O
bond cleavage. In Chapter 2, we showed that Tis-BDC works as an excellent platform to support
a single-site Ni-H catalyst for aryl ether hydrogenolysis. The C-O bond linkages of the model
compounds for typical bonds in lignin were selectively cleaved by the Ni-H catalyst to produce
aromatic molecules as well as cyclohexanol under mild conditions. In Chapter 3, we further
developed a multifunctional aluminum MOF-based catalytic system (1-OTf-Pd™") for one-pot
tandem C-O bond cleavage. This tandem catalysis overcomes the strong C-O binding energy and
transforms biomass into valuable hydrocarbon fuels. The synergistic Lewis acids and Pd NPs in

the MOF showed outstanding catalytic activities in the C-O bond cleavage of a broad scope of
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ethers, alcohols, and esters to exclusively generate deoxygenated saturated alkanes under relatively
mild conditions.

The second part of this dissertation (Chapter 4) focuses on photocatalytic organic synthesis.
While the multifunctional catalytic system in Chapter 3 showed outstanding performance in
tandem catalysis for C-O bond cleavage, we further utilized the same MOF platform to incorporate
Ir-based photosensitizers (Ir-PSs) to construct a bioinspired MOF-based photocatalytic system.
Strongly Lewis acidic sites and Ir-PSs sites were installed in 1-OTf-Ir for reductive cross-coupling
reactions between N-hydroxyphthalimide (NHP) esters or aryl bromomethyl ketones with vinyl-
or alkynyl-azaarenes to afford functionalized azaarene derivatives.

The third part of this dissertation (Chapter 5 and Chapter 6) further discusses photocatalysis
with MOFs, specifically photocatalytic hydrogen evolution reaction (HER), an important half
reaction of water splitting. In Chapter 5, we hierarchically assembled photosensitizers and catalytic
sites in Ti3-BPDC. The proximity of multiple photosensitizers to the catalytic Ti3(OH)2 SBU
facilitates multielectron transfer upon photoexcitation, leading to 80-fold enhancement in HER
activity over the corresponding homogeneous controls. In Chapter 6, we developed a two-
dimensional Ce-based MOF in order to overcome the shortcomings of MOF materials in
photocatalysis. The reduction of one dimension reduces light scattering and allows free diffusion
of reactive species throughout the framework. The proximity of PSs to the catalytic Ces SBUs
facilitated electron transfer upon photoexcitation, leading to 8.7- to 9.3-fold enhancement in HER

activity over their homogeneous controls.

XX



Acknowledgement

It has been a long and incredible journey to bring me here to write my dissertation. I feel
so fortunate to be surrounded by many talented and ardent people over the past five years. Without
their help, this dissertation would not have been possible.

First and foremost, I would like to express my deepest appreciation to my advisor,
Professor Wenbin Lin. I could not have asked for a better research mentor than him. I am grateful
for the opportunity he provided for me to work on metal-organic framework (MOF)-based
catalysis in his lab. He brought me into the door of scientific research, and trained me to dig deeply
into experimental results rather than simply accept other’s conclusions. His fearlessness to the
unknown and adventurous fields of science and passion to push the boundaries of chemical
research touched me most. I also appreciate his sincere trust and constant support when I felt
trapped and lost in research directions. I have learned from my own experience about the hard
work going into training a budding graduate student to become an independent researcher. Prof.
Lin’s dedication, encouragement, and guidance make what I am now and will continue to impact
me in the future.

I would also like to thank the other committee members: Professor Bozhi Tian and
Professor John Anderson, for their kind help in reviewing my dissertation. I am honored to have
them review my research and provide valuable suggestions.

There are so many senior collaborators I must acknowledge. Dr. Yu-Sheng Chen from
ChemMatCARS helped me a lot in collecting single-crystal datasets at Argonne National
Laboratory. I will miss many meals he treated us there. I would like to thank Dr. Tianpin Wu, Dr.

Lu Ma, Dr. Joshua Wright, and Dr. Yujia Ding for their kind help in X-ray absorption experiments

XX1



at Argonne National Laboratory. I am also grateful to Professor Cheng (Wave) Wang, and
Professor Zhi-Ming Zhang for their valuable suggestions in my research projects.

I am so fortunate to have many talented and supportive senior lab collaborators. First, I
would like to thank Dr. Zekai Lin and Dr. Pengfei Ji, who guided me at the beginning of my
graduate study. I want to thank Zekai for teaching me EXAFS fitting techniques. He brought me
to Argonne National Laboratory and taught me how to do X-ray diffraction and X-ray absorption
experiments. Pengfei is passionate about science. From him I learned a lot of skills in synthesis
and characterizations of MOFs. I would like to thank Dr. Yunayuan Zhu and Dr. Yangjian Quan.
We collaborated on many projects, and I learned a lot from each discussion we had about both
academics and life in general. I would also like to thank Dr. Ruoyu Xu, Dr. Kaiyuan Ni, Dr.
Guangxu Lan, and Dr. Wenbo Han for their collaborations and constructive advices on my projects.
Finally, I want to express my special thanks to Dr. Yunhong Pi, a former visiting student in the
Lin lab. Yunhong is an ardent person and is always willing to help others selflessly. I am grateful
for her contributions to the projects we worked on.

I am most fortunate to have Xuanyu (Jeff) Feng as a trusted and closest colleague. We
collaborated on more than ten projects. He is a gifted person who is creative in coming up with
new ideas. Meanwhile, he enjoys sharing good chemistry. His competence and personality make
our collaborations very efficient. I will also miss many dinners we had in Chinatown and countless
hiking around Chicago we had over the past five years. I also want to thank another great
collaborator, Zhe Li, another visiting student in the Lin Lab. Zhe is skillful in theoretical
calculations, and I am grateful for his theoretical supports to many of my projects. Besides research,
Zhe is also a good person to talk with. I enjoyed the experiences of his kind and professional

guidance in opening new credit card accounts. I want to thank many other lab members, including

xxii



Ziwan Xu, Xiaomin Jiang, Taokun Luo, Geoffrey Nash, Yingjie Fan, and other current and former
group members for their support and friendship. Finally, I am also happy to work with two
outstanding UChicago undergraduates, Justin Chen, and Michael Kaufmann. They demonstrated
persistence, intelligence, and diligence in each project they participated. I have no doubt about the
bright future ahead of them.

Finally, I want to thank my parents, Qin Shi, and Chengyu Song. It is extremely difficult
for me to be away from them for such a long time. I could always feel their loneliness and missing
their only child every time I called them. It is their constant and unconditional love, support, and
encouragement that make me survive and thrive in graduate school. I am looking forward to the

days when I can be close to them again.

XXiii



Chapter 1. Introduction

1.1 Metal-Organic Frameworks (MOFs)

As anovel class of highly porous crystalline materials that are constructed from metal ions
or clusters and organic linkers, metal-organic frameworks (MOFs), also called porous coordination
polymers (PCPs), have attracted significant attention from a broad spectrum of scientists and
engineers in the past two decades.!* MOFs are crystalline, organic-inorganic hybrid molecular
materials constructed by coordinative bonds between metal nodes, or secondary building units
(SBUs) and organic multidentate ligands. Dependent on the sizes of inorganic nodes and organic
ligands as well as the topologies of the structures, MOFs can have pores and channels with sizes
ranging from several Angstroms to several nanometers.>®* MOFs thus bridge the gap between
zeolites possessing Angstrom-sized pores and mesoporous silica materials with nanometer-sized
pores.” The flexibility with which the constituents’ geometry, size, and functionality can be varied
has made MOFs a much more fertile research field than zeolites and mesoporous silica materials.

The idea of MOFs can be traced back the discovery of Prussian Blue which was first
synthesized by the German paint maker Johann Jacob Diesbach in 1706.® Although many papers
on coordination polymers have sporadically appeared in the literature over the past few decades,’
the seminal work by Richard Robson in 1980’s established the foundation of coordination
polymers and coordination networks.'” Professor Omar Yaghi first coined the term of metal-
organic frameworks in 1995, generalized the synthesis of MOFs, and introduced many key
concepts such as secondary building units and isoreticular synthesis. As a result of pioneering
research by Yaghi, Kitagawa, Ferey, Zaworotko, Lin, Kim, and many others, the field of MOF

research has witnessed exponential growth over the past two decades. One notable example is



MOFEF-5 constructed from simple terephthalate linkers and Zn4O tetrahedral SBUs, first reported
by Yaghi in 1999. MOF-5 showed a much higher apparent surface area than most zeolites.! To
date, tens of thousands of MOFs have been reported. The unique features of MOFs, including
structural diversity and tunability, high surface areas, and functionalities, have rendered MOFs

highly versatile materials with potential applications in many fields, including gas adsorption and
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separation, chemical sensing,'* nanomedicine, catalysis, and many others.?*?* Several
types of MOFs have been widely used for the study of these applications (Figure 1-1), including
the MOF-5 family and the ZIF-8 family with Zn-based SBUs,?*?” HKUST-1 with Cu2 paddle-
wheel SBUs,?®2° the MIL-53 series with Al, Fe, or Cr-based SBUs,*’3! MIL-125 with Ti-based
SBUs,**** the UiO series,>>"** MOF-808,%” and NU-1000°® with Zr and Hf SBUs. Some of these
MOF families possess high stability, porosity, and tunability, making them prime candidates for

MOF catalysis.
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Figure 1-1. Examples of commonly used MOFs in various applications.

1.2 Post-Synthetic Modification (PSM) on MOFs
In the past two decades, the research of MOF catalysis has witnessed significant
progress.>>*? The initial efforts on MOF catalysis focused on the use of coordinatively unsaturated

sites on metal ions or clusters as Lewis acidic sites and modifications of organic linkers to install



Bronsted acid sites (such as sulfonic acids) and basic sites (such as amino groups).***** However,
the reaction scope catalyzed by the simple acid/base sites are quite limited. To unleash the potential
of MOF catalysis, a number of novel synthetic strategies have been developed in the past fifteen
years to construct highly active MOF catalysts. These synthetic strategies can be broadly classified
into three categories: (a) functionalization at MOF linkers/ligands; (b) functionalization at MOF
SBUs; (c) entrapment of catalytically active species (e.g. metal nanoparticles, metal complexes,
and organic molecules) in MOF pores, channels, and cavities (Figure 1-2). These synthetic
strategies can be implemented via either direct synthesis or post-synthetic modification (PSM).*
“8 Different methods could also be combined to afford multifunctional sites for more complicated

tandem, cooperative, and synergistic catalysis.
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Figure 1-2. Schematic showing different strategies toward MOF functionalization:
functionalization at organic linkers (left); functionalization at SBUs (middle), entrapment of
catalytic active species (right).

1.2.1 Functionalization at MOF linkers/ligands
This is the most studied type of MOF functionalization that involves covalent modification

of the organic linker, coordination of a metal center to the organic linker, or other methods of

modifying the organic linker (Figure 1-3).* Functional groups on organic linkers can be tailored



for heterogeneous catalysis. There are a variety of functional groups serving as active sites for
catalysis, such as amino,’*? azide,-** aldehyde,” and others.’*>® Furthermore, the functional
groups on MOF linkers (either neutral or anionic) can be immobilized with metal ions though
dative functionalization.’*%* In general, the active functional groups can be linked to the MOF

ligands, thereby resulting in a stable catalytic system.
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Figure 1-3. Examples of well-studied PSMs on MOF ligands.

1.2.2 Functionalization at MOF Nodes
This method allows the functionalization of SBUs to afford the catalytic centers (Figure

1-4): hydroxyl groups on the SBUs can be used as anchoring sites,%"°¢ SBUs can be grafted with
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pendant ligands,””"*° native metals in SBUs can be substituted with catalytically active metals,

and framework metal centers can be reduced or oxidized to turn on catalytic activities.’!
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Figure 1-4. Examples of well-studied PSMs on MOF nodes.

1.2.3 Functionalization in MOF Cavities
This method refers to the functionalization by confining catalytic species such as metal

nanoparticles in MOF cavities via electrostatic interactions or through cage/channel confinement

72-74 75-76

(Figure 1-5). Metal nanoparticles,’”>’* metal complexes,”””’® and polyoxometalates (POMs)’""8
have all been encapsulated in MOFs for catalytic applications. As highly porous materials, MOFs
provide an ideal platform to encapsulate guest species (e.g. metal nanoparticles, metal complexes,
and polyoxometalates) in their pores via noncovalent interactions. Such guest@MOF composites

combine the advantages of MOF hosts—porous structure, chemical versatility, and structural

tailorability—with those of functional guests to afford new catalytic materials.
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Figure 1-5. Examples of well-developed PSM in MOF cavities.

1.3 MOFs for Catalytic Applications

MOFs have drawn great attention for their catalytic applications as they offer a high density
of catalytic sites in a highly porous solid, and often with good stability at high temperatures.*
MOFs have many properties that endow them unique properties as catalysts. MOF catalysts share
structural similarity to homogeneous catalysts, but the catalytic sites are isolated from each other
in the infinite networks of MOFs. The periodic structures of MOFs ensure that all of active sites
are the same and dispersed uniformly throughout the structures. These active sites are accessible
to substrates via the pores and channels that are on the order of several Angstroms to several
nanometers in dimensions. These channels and pores also allow the transport of the products away
from the catalytic sites to avoid poisoning and inhibition of active sites. As a result, MOF catalysts
possess the advantages conferred by a homogeneous catalyst.”” Meanwhile, one major advantage
of MOF catalysts over homogeneous catalysts is their recyclability, a property that is common to
heterogeneous catalysts. Therefore, MOFs nicely combine the merits and advantages of
homogeneous metal complex catalysts (high density and uniformity of catalytic sites) and

heterogenous catalysts (rigidity, stability, and recyclability).®” Besides, one additional distinct



feature of MOFs is their very high surface areas (BET surface areas ranging from 1000 m?%/g to
10000 m?/g), making MOF materials superior to traditional porous materials (e.g. zeolite, silica).®!
The high surface area enables the adsorption and enrichment of substrates around active sites,
further facilitating reactant activation and catalytic conversion. More importantly, the well-defined
structures throughout the infinite crystalline MOF frameworks are of great importance to study the
reaction mechanisms, which can be very difficult to achieve in other systems. This feature of MOF
catalysts facilitates the identification of the relationships between structures and catalytic
performances.® Therefore, MOF provides a versatile platform for the construction of well-defined
solid catalysts for the study of fundamental catalysis.

Over the past two decades, MOFs have been developed to catalyze a broad scope of organic
reactions. In this chapter, I would like to focus on MOF-catalyzed reductive-type reactions, Lewis
acid promoted reactions, and photocatalytic reactions, as these type reactions will be the subjects
of this Ph.D. thesis.

1.3.1 Reductive Reactions
The active metal sites in MOFs have been extensively used as highly active catalysts in

reductive reactions (Figure 1-6), such as unsaturated bond hydrogenation,5 8385

65,86 and more recently, hydrogenolysis of lignocellulosic C-O bonds.’” ¥ As

hydroborylation,
hydrogenation and hydrofunctionalization reactions are widely used to convert unsaturated
feedstocks into valuable compounds in the chemistry industry, MOF catalysts have the potential
to replace some currently used precious metal catalysts in reductive reactions. Active site isolation

allows MOF catalysts to operate at elevated temperatures which is employed for large scale

processes for engineering reasons.



.- Reductive Reactions

Hydrogenolysis

/" Hydrogenation Hydroboration
l" /\ — [t /\ . ‘I
; R™X R RN R/\/Bpln !
E R—=  — — RT I
i _ AX-Bpin i
| R—=N — R NH, R—= R :
: y i P i
i R-NC — [ RN~ R—=N HEpIn R” “N(Bpin), !
! 2 MOF :
i NO, MOF NO, . :
O +H QO i goon
E N R™OH |
O 40 =
i 0 T R BN m :
! A Z N |
- | — s O N Ny !
: N> N Bpin :
i H |
i :

Figure 1-6. MOF-catalyzed reductive reactions.

1.3.2 Lewis Acid Promoted Reactions

As metal nodes of many MOFs have moderate Lewis acidity, MOFs have been extensively
explored as Lewis acid catalysts for a variety of organic reactions since the report by Fujita and
coworkers on the cyanosilylation reaction between benzaldehyde and cyanotrimethylsilane
promoted by Lewis acidic Cd-centers in a Cd coordination polymer.* In most cases, Lewis acidity
of MOF materials comes from coordinatively unsaturated metal/metal-oxo SBUs. A wide scope

of organic transformations has been catalyzed by Lewis acidic MOFs (Figure 1-7), including



epoxide ring-opening reaction,®® °° Diels-alder reaction,®® *1-? Friedel-Craft acylation,®® ** and

multicomponent Povarov reactions.”
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Figure 1-7. MOFs with Lewis acidic sites catalyzed liqid phase organic transformations.

1.3.3 Photocatalytic Reactions

The ever-increasing global demand for energy has spurred extensive research activities on
the efficient utilization of solar energy.'” ®> As a unique type of heterogeneous catalysis,
photocatalysis can transform solar energy to chemical energy and therefore has attracted extensive
research interest during the past several decades. As a novel platform, MOF can hierarchically
assemble different components to achieve photoresponse for artificial photosynthesis. Compared
to traditional photocatalysts, MOFs have some advantages benefiting from their structure diversity
and tailorability. First, the crystalline and porous structures enable unrestricted diffusion of both
substrates and products. Second, proximity between photosensitizers and catalytic sites

significantly improves reaction efficiency. Moreover, the rigid and robust structures provide high
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stability of the resultant MOF-based photocatalysts, allowing for recycling and reuse of MOF
photocatalysts. The most important advantage of MOFs with respect to other inorganic materials
is their well-defined structure. The uniformity of the active sites allows the elucidation of the
photocatalytic pathway. MOF-based photocatalysts have been examined for many photocatalytic
reactions (Figure 1-8), including hydrogen evolution reaction (HER),?*7 CO reduction reaction

(CO2RR),**% water oxidation,”® 1% and organic transformations.!?!-1%3
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Figure 1-8. MOFs promoted artificial photosynthesis.
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Chapter 2. Metal-Organic Framework Nodes Support Single-Site Nickel (II)-

Hydride Catalysts for the Hydrogenolysis of Aryl Ethers

2.1 Introduction

The rising concerns about global climate change and the depletion of fossil fuels have
stimulated the pursuit of energy and commodity chemicals from renewable sources. Lignin,
composing 15-30 wt % of lignocellulosic biomass and carrying 40% of its energy,' has the
potential to supplement or replace traditional crude oil or coal as a source of arenes. However, due
to the high strength and stability of its aryl ether bonds, selective depolymerization of lignin into
small molecules is a great challenge.”* To date, hydrogenolysis has been examined as one route
to depolymerize lignin,* but most lignin hydrogenolysis reactions require non-sustainable catalysts
based on Pd, Ru, Rh, and Pt and harsh reaction conditions.’” Nickel (Ni)-based catalysts are highly
effective for hydrogenolysis reaction, and have been explored by several research groups for lignin
hydrogenolysis reactions due high earth abundance and low price of Ni compared to other
transition metals. Recently, Hartwig’s group reported an exciting protocol for the cleavage of aryl
ethers under mild conditions based on homogenous Ni catalysts.*” Heterogeneous catalysts with
Ni nanoparticles stabilized on various supports have also been examined for reductive cleavage of
aryl ethers.!®!> However, incomplete utilization of Ni centers on nanoparticles has compromised
the overall reaction efficiency, and nonuniformity of the catalytic centers complicated the
delineation of active catalysts and reaction mechanisms. Thus, it is highly desirable to construct a
truly single-site solid catalyst to improve the catalytic efficiency and illuminate the corresponding
C-O cleavage mechanism.

Metal-organic frameworks (MOFs) have emerged as a highly tunable material platform for
the construction of single-site solid catalysts.!®2° In this chapter, we used Ti-oxo/hydroxo
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secondary building units (SBUs) of MIL-125 (Tis-BDC, BDC is 1,4-benzenecarboxylate) to
support Ni'l-H catalyst for highly effective and selective hydrogenolysis of aryl ethers commonly
found in lignin (Figure 2-1). We further demonstrated that reduction of Tis SBUs tuned the
electronic properties of Ni''-H catalyst to affect the reactivity towards the hydrogenolysis of aryl

ethers.

Figure 2-1. Tis node-supported Ni'-H catalyzes hydrogenolysis of lignin model compounds.
Titanium, nickel, oxygen, carbon and hydrogen atoms are shown in blue, green, red, gray and
white, respectively. Reprinted with permission from ACS Catalysis, 2019, 9, 1578-1583.
Copyright 2019 American Chemical Society.

2.2 Results and Discussion
2.2.1 Synthesis and Characterization of Tis-BDC-NiBr

The Tis-BDC MOF, with the formula TisOs(OH)4(BDC)s was prepared solvothermally
from Ti(OiPr)s, H2BDC, methanol, and dimethylformamide (DMF) according to the literature
procedure.'® This MOF was metalated via first deprotonation with LiCH2SiMes to generate the
TisOs(OL1)s(BDC)s intermediate, and then treated with 1 equiv. of NiBr2 to generate Tis-BDC-
NiBr as a light-yellow solid. The Ni content in the metalated MOF was determined to be 0.37 Ni

per Tis cluster by inductively coupled plasma-mass spectroscopy (ICP-MS).

21



s \
Loy 0 [mil
{ o: /N o:f U
i N0 \\_-0
lo—T H —Ti \
f \ O i i) LICH,SiMe3 (o N|/THF
i o ow ¥
\O\Tj H I O—r;
\ =l - TS
‘\‘ / 0 \ / 0 \
K& © (il 0 il
N p
\\ ,l

Figure 2-2. Structure of Tis-BDC and its metalation with NiBr2 to form Tis-BDC-NiBr. Reprinted
with permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical
Society.

The Tis-BDC-NiBr MOF maintained the crystallinity of pristine Tis-BDC MOF, shown by
powder X-ray diffraction (PXRD) patterns (Figure 2-3a). Transmission electron microscopy
(TEM) imaging showed that Tis-BDC-NiBr particles maintained the plate-like morphology of Tis-
BDC (Figure 2-3b). Nitrogen sorption isotherms of Tis-BDC-NiBr indicated highly a porous
structure with a Brunauer-Emmett-Teller (BET) surface area of 1280 m?/g, which is slightly lower

that of Tis-BDC (1552 m?/g, Figure 2-3c).
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Figure 2-3. (a) PXRD patterns of Tis-BDC (red) and Tis-BDC-NiBr (green) in comparison to the
PXRD pattern simulated from the CIF file of Ti-BDC (black). (b) TEM image of Tis-BDC-NiBr.
(c) Nitrogen sorption isotherms of Tis-BDC (black) and Tis-BDC-NiBr (blue). Adapted with
permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical Society.
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The Ni coordination environment of Tis-BDC-NiBr was optimized by density functional
theory (DFT) calculation using the B3LYP functional.?!?> DFT optimization converged at a
geometry with the octahedral Ni ion sitting in the Tis octagonal plane and coordinated to two
anionic bridging-oxo (12-O) groups in the axial positions and two neutral bridging-oxo (p2-O)

groups at lateral positions (Figure 2-4).

(b)

Figure 2-4. (a) Optimized structure and (b) measured bond distances of Tis-BDC-NiBr. Adapted
with permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical
Society.

The calculated structural model fitted well to the extended X-ray fine structure (EXAFS)
data of Ni in Tis-BDC-NiBr, with experimental average Ni-(p2-O") distance and Ni-(p2-O) distance
of 1.98, and 2.11 A, respectively, which corresponded well with the DFT calculated bond distances

(Figure 2-5).

23



1.2

o
o

.......

IX(R)I(A3)

o
»

0.0

Figure 2-5. EXAFS spectra (black circles) and fit (gray solid line) in R-space at the Ni K-edge
adsorption of Tis-BDC-NiBr. Adapted with permission from ACS Catalysis, 2019, 9, 1578-1583.
Copyright 2019 American Chemical Society.

2.2.2 Synthesis and Characterization of Tis-BDC-NiH

Upon treatment with NaBEt3H, the color of the Tis-BDC-NiBr MOF immediately changed
from light-yellow to black, while vigorously evolving Hz, suggesting Ni-mediated electron transfer
from the hydride to the Tis-Ni system via reductive elimination of H». Several reactivity and
spectroscopic studies were performed to validate the structure and electronic properties of the
proposed Ti">Ti'Vs-BDC-NiH species.

The electron paramagnetic resonance (EPR) spectra of the reduced sample in toluene
displayed one set of intense isotropic signal with a g-value of 1.93, which is consistent with the
EPR signals of reported Ti'" species in the literature.?*>* This assignment is supported by the
disappearance of the isotropic EPR signal when Tis-BDC-NiH was oxidized by ferrocenium
hexafluorophosphate (FcPFs) to afford Ti'Vs-BDC-NiH (Figure 2-6a). The lack of any other
signals in the EPR spectrum is consistent with the EPR silent nature of Ni" species.?® Besides, the

Ti X-ray absorption near-edge spectroscopy (XANES) pre-edge region of Ti",Ti'V6-BDC-NiH
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showed an overall 0.45 eV shift to lower energy compared to those of Ti'Vs-BDC-NiBr and Ti'Vs-
BDC-NiH, because filling one electron to the d orbital lowers its energy and decreases the energy
of the 1s — 3d transition. Furthermore, the pre-edge region of Tis-BDC-NiH has higher overall
intensity than that of Tis-BDC-NiBr, presumably due to the distortion of [Ti™O¢]*" or [Ti'VOs]*

octahedra caused by partial reduction, which leads to higher probability of spin-forbidden 1s —

3d transitions (Figure 2-6b).
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Figure 2-6. (a) EPR spectra of Ti',Ti"V6-BDC-NiH (red), and Ti!Vs-BDC-NiH (blue). (b) Ti K-
edge XANES spectra of Tis-BDC-NiBr (red), Ti">Ti"V6-BDC-NiH (blue), and Ti'Vs-BDC-NiH

(black). Adapted with permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019
American Chemical Society.

Moreover, Ni K-edge XANES spectra of Tis-BDC-NiBr, Ti"Ti'V6-BDC-NiH, and Ti'Vs-
BDC-NiH were compared against Ni(NO3)2, where the pre-edge of the three MOFs aligned well

to that of Ni(NOs3)2, indicating Ni'' centers in all three MOFs (Figure 2-7).
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Figure 2-7. Ni K-edge XANES spectra of Tis-BDC-NiBr (red), Ti'>Ti!V6-BDC-NiH (blue), and
Ti"Vs-BDC-NiH (pink) in comparison to Ni(NO3)2 (black). Reprinted with permission from ACS
Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical Society.

To determine the amount of Ti'" per Tis-BDC-NiH cluster, the reduced MOF was titrated

I jon can

with ferrocenium hexafluorophosphate (FcPFs) (5 mM in CH2Cl2), in which each Ti
reduce one FcPFs molecule to form a neutral ferrocene. Through this titration, 2.13 + 0.08 equiv.
of ferrocene was generated with respect to Ni as determined by gas chromatography (GC) (Figure
2-8a). Since the Ni centers maintained the Ni'! oxidation state in both reduced and oxidized MOFs
as indicated by Ni K-edge XANES analysis (Figure 2-7) and the hydrides of first-row metals (Co,
Ni, etc) are known to be poorly reducing agents through electron transfer reactions.?’-?® Fc* ions

' centers. This analysis indicates the Ti"2Ti'Vs composition in each

must be reduced by the Ti
reduced Tis-BDC-NiH cluster. In addition, EAXFS fitting revealed that the Ni coordination

environment in Ti'Vg-BDC-NiH is similar to that of Ti"’2Ti'V6-BDC-NiH (Figure 2-8b).
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Figure 2-8. (a) Oxidation of Ti'' to Ti!V with FcPFs through electron transfer reaction. (b) EXAFS
spectra (black circles) and fit (gray line) in R space at the Ni K-edge adsorption of Ti'Vs-BDC-

NiH. The scattering paths of Ni to THF-oxygen (pink), axial oxo (orange), equatorial oxo (blue)
hydride (green), and titanium (purple) were shown. Adapted with permission from ACS Catalysis,

2019, 9, 1578-1583. Copyright 2019 American Chemical Society.

The Ni coordination environment and electronic structure

in Ti"LTiVe-BDC-NiH were

studied by DFT calculation using the B3LYP functional (Figure 2-9). The Ni center in Ti"TiV¢-

BDC-NiH maintained a similar coordination geometry to that in Tis-BDC-NiBr, with an average

calculated Ni-(p2-O") and Ni-(u2-O) distances of 2.13 A and 2.39 A, respectively.

27



(@) (b)

(Ti]
Li+/
0
\2.16
) Il THF
NI 1.94
S H

1.48

Figure 2-9. (a) Optimized structure and (b) measured bond distances of Ti'>Ti'V6-BDC-NiH.
Adapted with permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019 American

Chemical Society.

The calculated structural model was used to fit the Ni K-edge EXAFS data, affording the

experimental average Ni-(u2-O") and Ni-(u2-O) distances of 2.03 A, and 2.29 A, respectively. The

bond distances from the EXAFS fitting are given in Figure 2-10.
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Figure 2-10. EXAFS spectra (black circles) and fits (gray solid line) in R-space at the Ni K-edge
adsorption of Ti'',Ti'V6-BDC-NiH. Adapted with permission from ACS Catalysis, 2019, 9, 1578-

1583. Copyright 2019 American Chemical Society.
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2.2.3 Ti'", Ti'Ve-BDC-NiH Catalyzed Hydrogenolysis of Benzyl Phenyl Ether

In order to evaluate the catalytic activity of the obtained materials, we first focused our
attention on model molecules that contain the most common aryl ether linkages found in lignin.
Hydrogenolysis of benzyl phenyl ether as a model for a-O-4 linkage in lignin has been studied to
optimize the reaction conditions. At 140 °C and 1 bar of Hz and in the absence of any base, 1 mol %
loading of Ti',Ti'V6-BDC-NiH (based on Ni) completely cleaved benzyl phenyl ether in 6 h,
affording toluene and cyclohexanol as the only products (Table 2-1). Decreasing the temperature
to 120 °C lowered the conversion to 86%, giving toluene (86% yield) and cyclohexanol (82% yield)
as major products. While phenol was nearly completely hydrogenated to afford cyclohexanol, no
competing hydrogenation of toluene was observed under these conditions. In contrast, Ni
nanoparticles gave no reactivity towards the hydrogenolysis of benzyl phenyl ether, ruling out the
possibility of Ni nanoparticle catalysis in the Ti">Ti'Ve-BDC-NiH system. We also investigated
the impact of Ti oxidation states of the Tis cluster on the catalyst performance of Ni'-H. Ti'Vs-
BDC-NiH, generated from FcPFs oxidation of Ti'">Ti!'V6-BDC-NiH, displayed no catalytic activity
under the same conditions. This experiment showed that the reduction of the Tis cluster to
Ti'">Ti'Vs is essential for the catalytic activity, likely as a result of the fact that Ti">Ti'Ve provides
a more electron-rich Ni"' center to facilitate the activation of Hz for hydrogenolysis of benzyl

phenyl ether.
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Table 2-1. Optimization of Ti",Ti"V6-BDC-NiH Catalyzed Hydrogenolysis of Benzyl Phenyl

Ether.?
o\/© Cat., H, N OH OH
©/ heptane, 140°C * + O/ + O/
1 2 3 4
Ent Cat/ Conv. GC Yield
ntr
Y (Ni loading) (%) 1% 2% 3% 4%
Ti", TiVe-NiH
1° 55 55 0 0 55
(1 mol %)
Ti"L TilVe-NiH
2 100 100 0 0 100
(1 mol %)
Ti", TiVe-NiH
3 34 34 22 0 12
(0.5 mol %)
Ti", TilVe-NiH
4¢ 86 86 4 0 82
(1 mol %)
Ni NPs
5 0 0 0 0 0
(2 mol %)
Ti'Vs-NiH
6 0 0 0 0 0
(1 mol %)

¥Reaction conditions: Parr high-pressure reactor, freshly prepared catalyst (0.5-2 mol %), benzyl

phenyl ether, 1 bar Ha, 140 °C unless specified, heptane, 6 h unless specified. *The reaction time
was lh. ‘The reaction temperature was 120 °C.

Ti">Ti"VsBDC-NiH was reused for at least 5 times for the hydrogenolysis of benzyl phenyl

ether without significant drop in yields, highlighting the robustness and recyclability of this

catalyst (Figure 2-11).
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Figure 2-11. Recycle experiments for the Ti">Ti'V6-BDC-NiH catalyzed hydrogenolysis of benzyl
phenyl ether. Reprinted with permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019
American Chemical Society.

2.2.4 Ti", Ti'V¢-BDC-NiH Catalyzed Hydrogenolysis of Other Benzyl Phenyl Ethers

We then tested the hydrogenolysis of other benzyl ethers including benzyl aryl and benzyl
methyl ethers, which are also present in lignin linkages. Benzyl (p-hydroxylphenyl) ether was
converted to toluene and 1,4-dihydroxylcyclohexane in quantitative yields (Table 2-2). At 140 °C
and 1 bar of Hz, 1 mol % catalyst only gave 11% conversion for the hydrogenolysis of benzyl
methyl ether. Increasing the temperature to 160 °C gave almost complete conversion without
hydrogenating toluene. Under the same condition, benzyl acetate underwent complete

hydrogenolysis to give toluene and acetic acid in quantitative yields.
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Table 2-2. Hydrogenolysis of Various Benzyl Ethers.?

©AOR+ H, Ti"",TiVe-NiH (1 mol %) ©/ + ROH
heptane, 6h

b
Entry Benzyl Ether T (°C) C(%/ISI To(l(%ne R(%I){

o
1 ©/\o 140 100 99 99
2 ©/\O/ 140 11 9 9
3 160 99 98 93
o)
4 ©/\OJ\ 160 100 100 96°

“Reaction conditions: Parr high-pressure reactor, freshly prepared Ti'">TiV6-BDC-NiH (1 mol %),
benzyl ethers, 1 bar Hz, heptane, 6 h. "ROH represents 1,4-cyclohexanediol for entry 1, methanol
for entries 2 and 3, and acetic acid for entry 4. “The yield was determined by HPLC.

We further tested Ti">Ti'V6-BDC-NiH in the hydrogenolysis of more challenging lignin
model compounds, including phenylethyl phenyl ether as a model for the B-O-4 linkage and
diphenyl ether as a model for the 4-O-5 linkage in lignin (Table 2-3). At 160 °C and 1 bar Ha, 1
mol % catalyst converted phenylethyl phenyl ether to give cyclohexanol in 100% yield, ethyl
benzene in 92% yield, and ethylcyclohexane in 8% yield. In order to improve the selectivity, we
lowered the catalyst loading and the reaction temperature to avoid the hydrogenation of ethyl
benzene generated from the hydrogenolysis process. At 140 °C, 1 bar Hz, and 1 mol % catalyst
loading, phenylethyl ether was selectively cleaved to give the cyclohexanol and ethylbenzene as

29 and its

the sole products. The 4-O-5 bond is one of the strongest ether bonds in lignin,
hydrogenolysis was modeled using diphenyl ether. At 140 °C and 1 bar H2, 1 mol % catalyst

converted only 19% diphenyl ether to form cyclohexanol and benzene. Increasing the temperature
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to 160 °C achieved 97% conversion and produced benzene in 80% yield and cyclohexanol 84%
yield. We also observed 4% of cyclohexane resulting from hydrogenation of diphenyl ether under
this condition. In general, Ti">Ti"V-BDC-NiH showed high reactivity and excellent selectivity in
cleaving aryl ethers to give saturated hydrocarbons and hydrogenated phenols. Furthermore,
Ti">Ti"Vs-BDC-NiH catalytic activity towards the three model linkages in lignin agrees with the
trend of bond dissociation energies: 4-O-5 (314 kJ-mol™!) > B-O-4 (289 kJ-mol'") > a-O-4 (218
kJ-mol™).

Table 2-3. Hydrogenolysis of Other Lignin Model Compounds.?

©/OR . H, Ti", TiV-NiH (1 mol %) - e . ©/0l1 O/OH
heptane, 6h
1: R = -CH,CH,Ph 3.R=-CH,CH,Ph 5 .
2.R=-Ph 4.R=.Ph
Entry Substrate T (°C) C(%/Iol;/ GC Yield
3% 4% 5% 6%
1 1 160 100 9 i 5 00
2b 1 160 100 88 . ] 20
3 1 140 9% 9% - 5 ”
4 2 140 19 o 5 >
3 2 160 97 20 5 ”

*Reaction conditions: Parr high-pressure reactor, freshly prepared Ti'"2Ti'V6-BDC-NiH (1 mol %),
aryl ether, 1 bar Ha, heptane, 6 h. *Ti">Ti"V¢-BDC-NiH (0.5 mol%).

Based on the catalytic results, we proposed a plausible reaction pathway for Ti',Ti'Ve-
BDC-NiH catalyzed hydrogenolysis of benzyl phenyl ether (a-O-4) (Figure 2-12). The [Ni]-H
catalyst first reacts with benzyl phenyl ether via four-centered transition state involving a [26-26]
cycloaddition of the [Ni]-H bond with the ‘PhO-CH2Ph’ bond to furnish [Ni]-OPh and toluene.
[Ni]-OPh then undergoes c-bond metathesis with Hz through four-centered transition state to

afford phenol while regenerating the [Ni]-H to finish the catalytic cycle. DFT calculations revealed
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that the transition states of four-centered Ni-H/substrate (TS1) and four-centered H2/[Ni]-OPh
(TS2) have activation energies of Eai=21.28 kJ-mol ™' and Ea>= 58.01 kJ-mol ™!, respectively. DFT
calculations thus show that -bond metathesis between [Ni]-OPh and Hz to form [Ni]-H and phenol

is the rate-determining step (RDS).
i ¥
[Zl]‘\?
@_ Ea, = 21.28 kJ mol’

_L; [NI]-H [Ni]—0®

OH HeH i H,

[riﬁ—éz' :

Ea, = 58.01 kJ mol
Pre-Catalyst Catalytic Cycle

Figure 2-12. Proposed mechanism for the hydrogenolysis of benzyl phenyl ether (a-O-4) by the
Ti'",Ti"V-BDC-NiH. The activation energies for key-bond metathesis are shown. Reprinted with
permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical Society.

2.3 Conclusion

In this chapter, we reported that Tis(p2-O)s(p2-OH)4 SBU of Tis-BDC (MIL-125) provided
as an excellent platform to support a single-site Ni-H catalyst for aryl ether hydrogenolysis. The
C-0 bond linkages of a-O-4, B-O-4, and 4-O-5 model compounds representing typical bonds in
lignin were selectively cleaved by the Ni-H catalyst to produce aromatic molecules as well as
cyclohexanol under relatively mild conditions (140 °C, 1 bar H2). A significant advantage of our
MOF-based catalyst is its high activity without the addition of a base (such as NaO'Bu).

Interestingly, upon treatment with NaBEt;H, the Ti-oxo node of Tis-BDC-NiBr was partially
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reduced via reductive elimination of Hz2 and the electron spillover from Ni to Ti. The resultant
Ti">Ti"Vs-BDC-Ni'"-H is highly reactive towards the hydrogenolysis reactions. The corresponding
oxidized Ti'Vs-BDC-Ni"-H is completely inactive, proving the crucial role of Ti-oxo cluster
reduction on the catalytic property of the supported Ni'-H species. Thus, the high stability, low
cost, and exceptional activity of metal-node supported MOF catalysts make them promising
candidates for potential application in the sustainable synthesis of commodity chemicals,
pharmaceuticals, and agrochemicals.

2.4 Experimental

2.4.1 Material and Methods

All of the reactions and manipulations were carried out under N2 with the use of standard
inert atmosphere and Schlenk technique unless otherwise indicated. All solvents used were dry
and oxygen-free. Toluene and tetrahydrofuran were degassed by sparging with N2, filtered through
activated alumina columns, and stored under Na.

Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Venture
diffractometer using a Cu Ko radiation source (L= 1.54178 A). Transmission electron microscopy
(TEM) images were taken on a TECNAI F30 HRTEM. N2 sorption experiments were performed
on a Micromeritics TriStar I 3020 instrument. Thermogravimetric analysis (TGA) was performed
in air using a Shimazu TGA-50 equipped with a platinum pan and heated at a rate of 1.5 “C per
min. Electron paramagnetic resonance (EPR) spectra were collected with a Bruker Elexsys 500 X-
band EPR spectrometer at 20 K. ICP-MS data was obtained with an Agilent 7700x ICP-MS and
analyzed using ICP-MS MassHunter version B01.03. Samples were diluted in a 2% HNO3 matrix
and analyzed with a '**Tb internal standard against a 12-point standard curve over the range from

0.1 ppb to 500 ppb. The correlation was >0.9997 for all analyses of interest. Data collection was
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performed in Spectrum Mode with five replicates per sample and 100 sweeps per replicate. A
Shimadzu GC-2010 Plus gas chromatograph equipped with a flame ionization detector (FID) was
used for gas chromatographic analysis (GC). Column: SH-Rxi-5Sil MS column, 30.0 m in length,
0.25 mm in diameter, 0.25 pm in thickness. GC conditions: Injection temperature, 220 °C; Column
temperature program, 30 °C hold for 5 min, followed by a ramp of 5 °C/min to 60 °C then a ramp
of 10 °C/min to 300 °C; Column flow, 1.21 mL/min.
2.4.2 Synthesis of Tis-BDC

Tis-BDC was synthesized using a modified literature procedure. 1,4-Benzenedicarboxylic
acid (500 mg, 3.0 mmol) and titanium isoproproxide (0.6 ml, 2 mmol) were charged to a solution
of 9.0 ml of dry dimethylformamide and 1.0 ml of dry methanol. The mixture was stirred gently
for 5 minutes at room temperature and then transferred to a Teflon liner and put into a Stainless
Steel Parr bomb at 150 °C for 24 hours. After cooling to room temperature, the white solid was

recovered by centrifugation.

(@) (b)

Tig-BDC (exp) @ i ‘
' Tig-BDC (simu)
5

10 15 20 25
20

1pm

Figure 2-13. (a) PXRD pattern of freshly prepared Tis-BDC MOF. (b) TEM image of the Tis-
BDC MOF, showing thick-plate morphology. Scale bar is 1 pm.
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2.4.3 Synthesis of Tis-BDC-NiBr

In a Na-filled glovebox, LiCH2SiMes (1.0 M in pentane, 2.3 mL, 10 equiv. relative to per
Tis)was added dropwise to a suspension of Tis-BDC (500 mg, 29% channel solvent by TGA, 0.23
mmol Tis node) in 20 mL hexanes, and the resultant light-yellow mixture was reacted for 6 h at
25 °C. The resulting light-yellow solid was collected through centrifugation and washed with
hexanes six times. ICP-MS analysis showed a Ti/Li ratio of 2.07, indicating complete lithiation
after treatment with LiCH2SiMes. The lithiated Tis-BDC was then transferred to a vial containing
15.6 mL of NiBr2 solution in DMF (20 mM). This mixture was stirred for 12 h at 25 °C and the
light-yellow solid was then centrifuged and washed with DMF five times, with THF three times,
and with benzene three times. Tis-BDC-NiBr was then freeze-dried in benzene and stored in the
glovebox for further use. ICP-MS analysis showed a Ti/Ni ratio of 21.60, indicating 0.37 Ni per
Tis node.
2.4.4 Thermogravimetric Analysis (TGA) of Tis-BDC-NiBr

As shown in Figure 2-14, the first weight loss (26.8%) in the 25 to 270 °C temperature
range corresponds to the removal of adsorbed solvents in the pores of the MOF. The second weight
loss (57.2%) in the 270-550 °C temperature range corresponds to decomposition of the MOF to
metal oxides, consistent with a calculated weight loss of 57.0% based on the conversion of Tis(p2-

0)s(12-OL1)3.26[ (n2-O)2NiBr(THF)Li]o.37(BDC)s to (Ti02)s(NiO)o.35(Li20)1.65.
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Figure 2-14. TGA curve of freshly prepared Tis-BDC-NiBr in the 25-800 °C range. Reprinted
with permission from ACS Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical
Society.

2.4.5 EXAFS Analysis

X-ray absorption data were collected at Beamline 10-BM-A, B at the Advanced Photon
Source (APS) at Argonne National Laboratory. Spectra were collected at the nickel K-edge (8333
eV) in the transmission mode. The X-ray beam was monochromatized by a Si (111)
monochromater and detuned by 50% to reduce the contribution of higher-order harmonics below
the level of noise. A metallic nickel foil standard was used as a reference for energy calibration
and was measured simultaneously with experimental samples. The incident beam intensity (o),
transmitted beam intensity (/t), and reference (/r) were measured by 20 cm ionization chambers
with gas compositions of 93% N2 and 7% Ar, 66% N2 and 34% Ar, and 100% N2, respectively.
Data were collected over six regions: -250 to -30 eV (10 eV step size, dwell time of 0.25 s), -30 to
-12 eV (5 eV step size, dwell time of 0.5 s), -12 to 30 eV (1.1 eV step size, dwell time of 1 s), 30

eV to 6 A1, (0.05 Al step size, dwell time of 2's), 6 A to 12 A1, (0.05 A! step size, dwell time
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of 2s), 12 A1 to 15 A1, (0.05 Al step size, dwell time of 4 s). Multiple X-ray absorption spectra
were collected at room temperature for each sample. Samples were ground and mixed with
polyethyleneglycol (PEG) and packed in a 6-shooter sample holder to achieve adequate absorption
length.

Data was processed using the Athena and Artemis programs of the IFEFFIT package based
on FEFF 6.3%3! Prior to merging, spectra were calibrated against the reference spectra and aligned
to the first peak in the smoothed first derivative of the absorption spectrum, the background noise
was removed, and the spectra were processed to obtain a normalized unit edge step.

Fitting of the EXAFS region was performed using the Artemis program of the IFEFFIT
package. Fitting was performed in R space, with a k-weight of 2 for Ni samples. Refinement was
performed by optimizing an amplitude factor So? and energy shift AEo which are common to all
paths, in addition to parameters for bond length (AR) and Debye-Waller factor (o?).

2.4.6 Typical Procedure for Ti'"';Ti'V6-BDC-NiH Catalyzed Hydrogenolysis
Scheme 2-1. Hydrogenolysis of Benzyl Phenyl Ether.

0v© Ti", Ti'V-BDC-NiH (1 mol % Ni) OH
> +
©/ 1 bar H,, heptane ©/ O/

140 °C, 6h

In a N2-filled glove box, Tis-BDC-NiBr (3 umol of Ni) in 1.0 mL heptane was charged into
a plastic tube. NaBEt;H (10 equiv. to Ni, 30 uL, 1.0 M in THF) was then added to the tube and the
mixture was reacted for 2 h. The solid was then centrifuged, washed with heptane three times, and
transferred to a Parr reactor with a glass liner using 1 mL heptane, followed by adding benzyl
phenyl ether (110.5 mg, 0.6 mmol). The reactor was sealed in the glovebox, and then charged with
hydrogen to 1 bar. After stirring at 140 °C temperature for 6 h, the pressure was released, and the

MOF catalyst was removed from the reaction mixture via centrifugation. The supernatant was then
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analyzed by GC-MS, revealing a 100% conversion of benzyl phenyl ether, and cyclohexanol and
toluene as the sole reaction products. ICP-MS analysis of the supernatant showed <0.1% leaching

of Ni from the Ti">Ti"Vs-BDC-NiH catalyst.
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Figure 2-15. GC-MS traces for the hydrogenolysis of benzyl phenyl ether to afford toluene and
cyclohexanol as the sole products at complete conversion. Reprinted with permission from 4CS
Catalysis, 2019, 9, 1578-1583. Copyright 2019 American Chemical Society.
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Chapter 3. Multistep Engineering of Synergistic Catalysts in a Metal-Organic

Framework for Tandem C-O Bond Cleavage

3.1 Introduction

The conversion of biomass into chemically or biologically valuable feedstocks is of great
significance due to the abundance and renewable nature of biomass.'> However, the high oxygen
content (typically ~40%) in biomass largely prevents its direct usage, and biomass must be first
processed to reduce the oxygen content before utilization as fuel and commodity chemicals.** Due
to the high binding energy between C and O, efficient hydrodeoxygenation of lignocellulosic
biomass by selective cleavage of C-O bonds (alcohols, ethers, and esters) in biomass still
represents a great challenge.’ New efficient and economical strategies are needed to achieve these
types of transformations to enable the bio-renewable industry and provide “greener” organic
feedstocks.®

In Chapter 2, we discussed a MOF-supported single-site Ni-hydride catalyst for the
cleavage of lignocellulosic C-O bonds. Among many strategies for the catalytic
hydrodeoxygenation of lignocellulosic biomass,” one-pot tandem catalysis has been shown as a
powerful methodology to overcome the strong C-O binding energy and transform biomass into
valuable hydrocarbon fuels.® In particular, Marks and coworkers recently reported the pioneering
work in using coupled tandem catalytic cycles to achieve ether, alcohol, and ester C-O bond
hydrogenolysis.!® Thermodynamic analysis rationalized the reaction pathway: Pd nanoparticle
(NP)-catalyzed exothermic hydrogenation cycle facilitates the preceding acid-catalyzed
endothermic C-O dehydroalkoxylation cycle, making the overall tandem reaction decidedly
exothermic.!"'> However, significant deactivation of metallic Pd NPs at elevated reaction
temperatures presented a barrier for developing a highly efficient catalytic process. The
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homogenous character of M(OTf)n (M =Hf, Al, Zr, etc) Lewis acid catalysts for C-O cleavage also
makes it difficult to recycle and reuse these expensive catalysts. The tendency between for Lewis
acid sites M(OTf)n and Pd NPs to interfere with each other adds an additional challenge for
achieving orthogonal tandem catalysis and ensuring long-term catalyst activities. These problems
also exist in other homogeneous multicentered catalytic reactions.!>!4

The past two decades have witnessed the emergence of metal-organic frameworks (MOFs)
as a highly versatile and tunable platform for the design of structurally uniformed solid catalysts.!*>
16 Compared to other porous materials, the compositions and structures of MOFs have nearly
infinite possibilities. The large number of metal/metal-oxo nodes and functional organic linkers
make MOFs a perfect matrix for designing multifunctional materials.'” The rigid, periodic and
porous characteristics of MOF structures further prevent different catalytically active centers from
interfering with each other, which allows the study and realization of truly orthogonal
multicentered processes. MOF functionalities have historically been introduced via organic linker
functionalization'®!'® or through entrapment of catalytically active species in
pores/cages/channels.??! The diverse inorganic metal/metal-oxo nodes in MOFs have recently
been exploited to construct single-site solid catalysts which do not have homogeneous
counterparts.?>>* Post-synthetic transformation methodologies have also been developed to further
tune the compositions and functions of pre-synthesized MOFs to produce hierarchical MOFs with
micro- and meso-porosity.”* However, stepwise engineering of MOF compositions/structures to
introduce multifunctionalities is still underexplored, due to the lack of reliable methods for highly
selective and precise elaborations of MOFs.

In this chapter, we surmised that MOFs could provide a versatile platform to introduce

multiple catalytic active sites through precise and stepwise manipulations and modifications. The
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catalytically active sites in the rigid MOF structures should facilitate orthogonal multicentered
catalytic process with detrimental interference between different catalysts. Toward these ends, we
targeted m-MOF-253 based on Al-OH chain secondary building units (SBUs) and a mixture of
2,2'-bipyridine-5,5'-dicarboxylate(dcbpy) and 1,4-benzenediacrylate (pdac) ligands to construct a
MOF catalyst with multiple active sites via step-by-steps post-synthetic modifications. The pdac
ligands were first selectively cleaved and removed via post-synthetic ozonolysis to open up the
potentially active metal sites. Triflation of the AlI-OH/OH2 open sites with trimethyl triflate
(MesSi0TH) significantly enhanced the Lewis acidity for dehydroalkoxylation. Coordination of the
dcbpy ligands with PdCl2(MeCN):2 afforded the orthogonal Pd sites which were reduced in situ to
generate metallic Pd NPs as the hydrogenation catalyst (Figure 3-1). In-depth characterization of
each step of MOF manipulations indicated highly selective and precise transformations, providing
great insight into MOF engineering. Benefiting from the well-defined active centers that were
installed via sequential post-synthetic engineering of m-MOF-253, the MOF catalyst 1-OTf-Pd""
demonstrated outstanding catalytic performance in apparent hydrogenolysis of various etheric,
alcoholic, and esteric C-O bonds to generate deoxygenated saturated alkanes under relatively mild
conditions via a tandem dehydroalkoxylation-hydrogenation process. The reactivity of C-O bonds
displayed an obvious trend of 3° > 2° > 1° Control experiments further confirmed the
heterogeneous nature and recyclability of 1-OTf-Pd™’ catalyst and its superiority over

homogeneous analogues.
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Figure 3-1. Schematic representation of sequential post-synthetic engineering of MOF 1.
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882.
Copyright 2020 American Chemical Society.
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3.2 Results and Discussion
3.2.1 Synthesis of Mixed-Ligand MOF 1 and Removal of pdac Ligands via Ozonolysis

MOF 1 was synthesized solvothermally by heating a mixture of AI(NO3)3-9H20, dcbpy,
pdac and dimethylformamide (DMF) based on a modified literature procedure.?>-*® The formula
of the as-synthesized MOF 1 was determined to be AI(OH)(dcbpy)o.si(pdac)o.19 based on 'H NMR

of digested m-MOF-253 (Figure 3-2), where the ratio between dcbpy and pdac was determined to

be about 4:1.
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Figure 3-2. '"H NMR spectrum of digested 1 in DMSO-ds. Red and blue circles correspond to
dcbpy and pdac ligands, respectively. Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.

Thermogravimetric analysis (TGA) of MOF 1 (Figure 3-3) showed the first weight loss of
7.9% in the 25 to 230 °C temperature range, corresponding to the removal of adsorbed solvents in

the MOF. The second weight loss (82.0%) in the 230 - 800 °C temperature range corresponds to

48



decomposition of the MOF to metal oxides, consistent with a calculated weight loss of 81.8%

based on the conversion of AI(OH)(dcbpy)o.si(pdac)o.io to 0.5 ALOs.
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Figure 3-3. TGA curve of freshly prepared 1 in the 25-800 °C range. Reprinted with permission
from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American
Chemical Society.

Scanning electron microscopy (SEM) and transmission electron microscopy (TEM)
images showed MOF 1 adopted plate-like morphology (Figure 3-4), which is similar to that of

Al(OH)(bpdc) (DUT-5).2
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(b) _—

Figure 3-4. (a) SEM and (b) TEM images of as synthesized MOF 1. Reprinted with permission

from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American
Chemical Society.

Powder X-ray diffraction (PXRD) studies revealed that MOF 1 was isostructural to DUT-

5 with excellent crystallinity (Figure 3-5).

MOF 1

JL J . DUT-5-simu

5 10 15 20 25
20

Figure 3-5. PXRD pattern of the freshly prepared MOF 1 (red) compared to that of DUT-5 (black).
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The porosity of 1 was evaluated by nitrogen sorption isotherms and showed a type I
isotherms with a Brunauer-Emmett-Teller (BET) surface area of 1499 m*/g, which is in agreement

to that of DUT-5 (1613 m*/g, Figure 3-6).
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Figure 3-6. N2 sorption isotherm of MOF 1.

Post-synthetic transformations have recently been used to fine-tune micro- and meso-
porosity of MOFs.?* 27 In particular, Maspoch and coworkers used ozonolysis to remove olefin-
containing ligands from a mixed-ligand UiO-type MOF to afford both micro- and meso-porosity.
MOF 1 was treated with gaseous O3 (0.42 mol/h @ 6 L/min Oz flowing rate) to selectively remove

the pdac ligands by cleaving the olefinic groups (Scheme 3-1).
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Scheme 3-1. Schematic representation of ozonolysis treatment for the removal of pdac ligands.
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Further washing with DMF/HCI (1M) (10:1 v:v) removed the residual organic fragments

trapped in the pores to afford 1-OH with Al2(OH)(OH2) defect sites as a white solid (Scheme 3-

2). '"H NMR of digested 1-OH revealed complete removal of pdac ligands after ozonolysis (Figure

3-7).

Scheme 3-2. Chemical equation showing ozonolysis of 1 to afford 1-OH with Al.(OH)(OH2)
defect sites. Reprinted with permission from Journal of the American Chemical Society, 2020, 142,
4872-4882. Copyright 2020 American Chemical Society.
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Figure 3-7. '"H NMR spectrum of digested 1-OH in DMSO-ds. Red circles correspond to dcbpy
ligands. No signals corresponding to pdac ligand are seen in the '"H NMR spectrum, indicating
complete removal of pdac ligands during ozonolysis. Reprinted with permission from Journal of
the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical
Society.

Figure 3-8 showed the TGA analysis of 1-OH. The first weight loss (23.3%) in the 25 to
220 °C temperature range corresponds to the removal of adsorbed solvents in 1-OH. The second
weight loss (78.7%) in the 220 - 800 °C temperature range corresponds to the decomposition of 1-
OH to metal oxides, consistent with a calculated weight loss of 79.5% based on the conversion of
Al(OH)(dcbpy)o.s1(OH)o.38(H20)0.38 to 0.5 Al2O3. Therefore, NMR and TGA analyses afforded a

formula of AI(OH)(dcbpy)o.s1(OH)o.38(H20)0.38 for 1-OH.
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Figure 3-8. TGA curve of 1-OH in the 25-800 °C temperature range. Reprinted with permission
from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American
Chemical Society.

The crystallinity of 1 was maintained after ozonolysis as demonstrated by the similarity of
PXRD patterns between 1 and 1-OH (Figure 3-9). TEM imaging showed that 1-OH maintained

the plate-like morphology of 1, with evenly distributed spongy cleavages (Figure 3-10).
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Figure 3-9. The similarity of PXRD patterns of 1 (red) and 1-OH (blue) to the simulated pattern
of DUT-5.

Figure 3-10. TEM image of 1-OH. Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.

1-OH showed a BET surface area of 1190 m?/g with the hysteresis characteristic of meso-

porosity (Figure 3-11). The removal of pdac ligands slightly reduced the BET surface area but
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increased pore sizes in the 13 - 32 A range (Figure 3-12). Ozonolysis of 1 thus generated

mesopores which should facilitate substrate and product transport in catalytic reactions.
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Figure 3-11. Comparison of N2 sorption isotherms of 1 (black) and 1-OH (blue).
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Figure 3-12. Pore size distributions of (a) 1 and (b) 1-OH. Reprinted with permission from Journal
of the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical

Society.
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3.2.2 Triflation of 1-OH and Lewis Acidity Determination for 1-OTf

Although MOF nodes have been widely used as Lewis acidic sites to catalyze a large broad
of organic transformations, including dehydrations,?® cyclizations,*® and hydrolysis,?! the Lewis
acidity of this MOF node-based metal sites is generally lower than the homogeneous benchmark
Sc(OTf)3.% In order to improve the Lewis acidity in MOFs, we recently reported a strategy of
triflating MOF nodes to develop strong Lewis acidic sites.>> The resultant materials have
comparable Lewis acidity to that of Sc(OTf)3, and exhibited high catalytic reactivity. 1-OH was
sequentially activated with Me3SiOTf in benzene at room temperature for 12h, giving 1-OTf as a
light-yellow solid (Scheme 3-3).
Scheme 3-3. Chemical equation showing triflation of 1-OH to afford 1-OTf. Reprinted with

permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.
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MesSiOTf readily removed all metal-bound OH/OH2 moieties due to the formation of

stronger bond between oxophilic MesSi groups and oxygen, which was confirmed by the
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quantification of (Me3Si)20 base on 'H NMR (Figure 3-13). The amount of (Me3Si);O was

measured to be 1.93 equiv. w.r.t. OH/OHzsites, agreeing well with the proposed activation process.
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Figure 3-13. '"H NMR spectrum of the supernatant from 1-OH activation with Me3SiOTf. The
amount of (Me3Si1)20 was determined to be 1.93 equiv. w.r.t. to the Al2(OH)(OH>) sites. Reprinted

with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.

Diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) was further used to
support the removal of Al2(OH)(OH2) moieties. The increased absorption at 1231 — 1266 cm™ in
1-OTf corresponded to the v(S=0°T") band (Figure 3-14a). The sharp stretching band at 3708 cm™
!'was observed for bridging p2-OH groups in both 1 and 1-OH,** but this band shifted significantly
to 3687 cm™! for 1-OTf (Figure 3-14b). Electron-withdrawing OTf groups weaken the O-H bonds

of n2-OH groups in 1-OTT{, leading to a shift to lower energy. The broad peak centered at 3689 cm’
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in 1-OH was attributed to hydrogen bonding interactions between neighboring Al-OH and Al-

OH2 moieties.>
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Figure 3-14. (a) DRIFT spectra of 1 (blue), 1-OH (red), and 1-OTf (black). (b) Zoomed-in view
of the DRIFT spectra show a significant red shift of v(p2-OH) from 3708 cm™ in 1 (blue) and 1-
OH (red) to 3687 cm™!' in 1-OTf (black). Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.

We quantified Lewis acidity enhancement in 1-OTf by fluorescence spectroscopy of MOF-
bound N-methylacridone (NMA).** Free NMA has an emission maximum (Amax) at 433 nm when
excited at 413 nm. Upon coordination to 1-OTfT, the Lewis acid adduct of NMA displayed a Amax
at 470 nm (Figure 3-15). The energy shift of NMA emission was previously established to be
linearly related to the Lewis acidity of metal centers.**3” Using the reported empirical equation,
we calculated the AE value of 1-OTfto be 0.93 eV, which is almost identical to the value measured
by superoxide EPR spectroscopy. In comparison, 1-OH only shifted the Amax of NMA emission to
463 nm, with a calculated AE of 0.84 eV. Triflation of Al2(OH)(OH2) moieties thus significantly

enhanced Lewis acidity of 1-OTf for catalytic applications.
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Figure 3-15. Fluorescence spectra of 1-OTf (black), 1-OH (red), and free NMA (dashed).
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882.
Copyright 2020 American Chemical Society.

3.2.3 Synthesis and Characterization of 1-OTf-PdCl, and 1-OTf-Pd?

1-OTf was further metalated with PdClo(MeCN)2in THF to prepare the pre-catalyst 1-OTf-
PdClL2 (Scheme 3-4). Inductively coupled plasma-mass spectroscopy (ICP-MS) indicated a ratio
of Al/Pd to be 2.10, which refers to the formula of 1-OTf-PdCl> to be
AI(OH)(dcbpy)o.s1[PdCI2(MeCN)2]o.48(OTf)o3s. This formula was supported by TGA analysis,
which gave a residual weight of 27.8% (expected 28.6%) after ramping the temperature to 800 °C

(Figure 3-16).
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Scheme 3-4. Chemical equation showing metalation of 1-OTf with Pd(MeCN)2Cl: to afford 1-
OTf-PdClz and in situ reduction of 1-OTf-PdCl> to generate 1-OTf-Pd™’.
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Figure 3-16. TGA curve of 1-OT{-PdClz in the 25-800 °C range. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American
Chemical Society.

TEM imaging showed that 1-OT{-PdClL: still maintained the plate-like morphology (Figure

3-17), whereas PXRD studies indicated that 1-OT{-PdCl> maintained crystalline structure of 1

(Figure 3-18).
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100 nm

Figure 3-17. TEM image of 1-OTf-PdCl.. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.
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Figure 3-18. The similarity of PXRD patterns of 1 (red), 1-OH (blue), 1-OTf (green), 1-OT{-PdCl>
(purple), and 1-OTf-Pd™? (khaki) to the simulated pattern of DUT-5 (black) indicates the
crystallinity of the MOF was maintained after multi-step post-synthetic manipulations. Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.
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Pd coordination environment of 1-OT{-PdCl> was studied by extended X-ray absorption
fine structure (EXAFS) spectroscopy. The EXAFS data was collected at Pd K-edge and fitted with
reported crystal structure of (bpy)PdCl2.*® The EXAFS feature of Pd centers in 1-OTf-PdCl> was
well fit with the structure to afford nearly identical coordination geometry and bond lengths
(Figure 3-19). Specifically, the Pd centers in 1-OT{-PdClz coordinate to two chlorides and one
bpy ligand in a near square planar geometry with an average Pd-N bond length of 2.04 + 0.01 A

and an average Pd-Cl bond length of 2.30  0.02 A.
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Figure 3-19. EXAFS spectrum (gray solid line) and fit (black circles) in R-space at the Pd K-edge
adsorption of 1-OTf-PdClz2, with the fragment structure of (bpy)PdClz for EXAFS fitting of the Pd
coordination environment in 1-OTf-PdCl.. H atoms were omitted for clarity. Adapted with
permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.

Upon treatment with H» in the catalytic reaction, the Pd"! centers in 1-OTf-PdCl> were
readily reduced to form metallic Pd NPs in 1-OTf-Pd™P. To investigate the true catalytic active
species during the reaction process, we characterized the MOF materials recovered from catalytic

C-O cleavage reactions by PXRD, TEM, and XANES.
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PXRD studies showed that the MOF after catalysis remained crystalline (Figure 3-18),
whereas TEM imaging indicated the formation of Pd NPs which were dispersed evenly in the MOF

matrix (Figure 3-20).

Figure 3-20. TEM image of 1-OT{-Pd"" shows evenly distributed Pd NPs in the MOF matrix after
in situ reduction in catalytic reactions. Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.

Furthermore, XANES spectra at Pd K-edge of 1-OTf{-PdClz, 1-OTf-Pd"?, PdCl>, and Pd
foil are shown in Figure 3-21. The first oscillations of Pd metal appear immediately after the edge,
positioned at 24367 and 24391 eV, correspond to 1s = S5p and 1s — 4f electronic transitions,
respectively. PACl: features the absorption peak at 24380 eV.*>* As compared to the peak positions
of Pd(0) in Pd foil and Pd(II) in PdCl2, XANES spectrum of 1-OTf-Pd™? contained features of

both Pd(0) and Pd(II).
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Figure 3-21. XANES Spectra of 1-OT{-PdCl>, 1-OTf-Pd"*, Pd foil, and PdCl>. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.

We conducted the linear combination fitting of the XANES spectrum of 1-OT{-Pd"? (the
Pd-K edge: -20 eV to 60 eV) using the spectra of Pd foil and PdCl: as basis functions. The fitting
gave ~48% Pd’ species in the recovered MOF (Figure 3-22); it is likely that surface Pd centers of
1-OT{-Pd™? were oxidized by air to afford Pd"! species when the samples were processed for

XANES studies.
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Figure 3-22. Linear combination fitting of 1-OTf-Pd™* XANES feature using those of Pd foil and
PdCl: as the basis functions. Reprinted with permission from Journal of the American Chemical
Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.

3.2.4 1-OTf-PdCl; Catalyzed Tandem Ether/alcohol C-O Bond Cleavage

Etheric and alcoholic C-O linkages widely exist in biomass-based feedstocks, which
presents a major challenge in transforming biomass into chemicals and hydrocarbon fuels with
low oxygen content.*>*! The effective cleavage of such C-O bonds is of great importance and has
drawn significant research interest during the past decade decade.!®*? Acid catalysts have been
proved to actively participate in the C-O bond formation from hydroalkoxylation between alcohols

and alkenes,’>*3

as well as its reversible form, dehydroalkoxylation to cleavage an alkyl ether to
an olefin and alcohol.'!"'? Through coupling the exothermic alkene hydrogenation reaction with
the dehydroalkoxylation process, which is endothermic with AH = + 10~20 kcal/mol, the overall
C-0 bond cleavage reaction becomes exothermic to provide a saturated alkane and alcohol as the

product.'>* However, the key to realizing such a tandem process lies in the design of a catalytic

system with both acid catalyst and hydrogenation catalyst without interference.
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Multifunctional catalyst systems containing hydrogenation catalysts and acid catalysts,
including homogeneous mineral acids, Lewis acids, or heterogeneous acidic materials, have been
studied in such tandem processes.*>® In particular, Marks and coworkers demonstrated that metal
triflate salts and supported Pd metallic catalysts effectively catalyzed ether and alcohol (3°, 2°, and
1°) C-O bond hydrogenolysis to generate saturated hydrocarbons in a tandem manner.'*!!
However, these solution-based catalysts typically suffered from rapid catalyst deactivation, and
required relatively harsh conditions with elevated reaction temperatures and high Hz pressures,
especially for difficult substrates like 2° and 1° alcohols/ethers. Furthermore, some dimerization
or aromatization side products were usually detected after these reactions.

With isolated catalytic sites confined by the MOF framework, in situ generated 1-OTf-
Pd™P catalyst is expected to significantly stabilize strongly Lewis acidic Al2(u2-OTH) sites and
evenly distributed Pd NPs to realize highly effective tandem catalysis. At the same time, the pore
restriction in the 1D channels of 1-OTf-Pd™’ can prevent undesired dimerization and aromatization
to improve product selectivity.

1,8-cineole was used as a model compound to optimize the reaction conditions for tandem
C-O bond cleavage (Table 3-1). Initial screening of solvents revealed that 1,8-cineole could be
quantitatively converted to menthane in 1,2-dichloroethane at 0.2 mol% loading of 1-OT{-PdCl2
[w.r.t. Lewis acidic Al2(u2-OTY) sites] and 100 °C under 20 bar of H> for 24 h (Table 3-1, entry
4). Nonpolar solvents such as octane and coordinating solvents such as THF gave lower catalytic
performance, likely due to poor substrate solubility and poisoning of Lewis acidic metal sites,
respectively. The highest TON of 800 was obtained when the catalyst loading was lowered to 0.1
mol%; this level of catalytic activity significantly outperformed previously reported catalytic

systems. 1-OTf-PdCl: is also advantageous to the well-studied homogeneous metal triflate plus
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supported Pd NP system by avoiding the use of substoichiometric amounts of expensive metal
triflates such as Hf(OTf)4, Sc(OTf)3, and Yb(OTf)s.

Table 3-1. Screening of reaction conditions for 1-OTf{-PdClz Catalyzed Tandem Etheric/Alcohol
C-O Bond Cleavage.?

Catalyst (mol % Yield of

Entry Loading) Solvent Temp./ °C manthane / % TON
1 1'%_§%C12 Octane 130 74 148
2 1'%2%&2 THF 130 31 62
3 1'%§%C12 neat 130 40 400
4 : -O(gg‘igaz dichlolr’géthane 100 =99 =300
fffffff s o doetane 0 %0 w0
6 i dichlolr’géthane 100 N.D )
7° 1-OTf (0.2 %) dichk}r’i thane 100 <1 -
8 1_(()()}.12_2/21;j " Gichlonaethane 100 22 1o
9 Al(?(fzﬂ 343 e dichlolr’géthane 100 ? 45
10°  HOTF+Pd(02%) 012" 100 3 15

®Reaction conditions: 1-OTf-PdCl: (loading w.r.t. Al2(pn2-OTf), 0.6 mmol 1,8-cineole, 20 bar Ha,
I mL solvent or neat condition, 24 h; Yield of menthane was determined by GC-MS analysis.
®Catalysts: 0.2 mol% of 1-OTf. “Catalysts: 0.2 mol% of 1-OH-PdCl> (w.r.t. Al(OH)(OH2)).
dCatalysts: 0.2 mol% of AI(OTf)s + 0.25 mol% Pd(MeCN)2Clo. Catalysts: 0.2 mol% of HOTf +
0.25 mol% Pd(MeCN)2Cla.

We next examined the substrate scope of 1-OTf-PdCl: catalyzed tandem etheric/alcoholic
C-O bond cleavage. A broad scope of substrates including tertiary (3°), secondary (2°), and
primary (1°) alcohols/ethers were readily converted to alkanes by 1-OTf{-PdCl> under similar
conditions (Table 3-2). Quantitative conversion of 3° alcohol (1-methylcyclohexanol) and 3° ether
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(1,8-cineole) to saturated alkanes was achieved at 0.1-0.2 mol% loading of 1-OTf-PdCl: and at
100 °C (Table 3-2, entries 1 and 2). Reaction temperatures as high as 150 °C were needed to
quantitatively convert 2° alcohols and ethers (cyclohexanol, 2-octanol, dicyclohexyl ether, and
cyclohexyl phenyl ether) to corresponding saturated alkanes (Table 3-2, entries 4-7). 1° alcohol
(1-heptanol) required even higher reaction temperatures of up to 200 °C and 0.5 mol% loading of
1-OTf-PdCl: to afford heptane in 92% yield (Table 3-2, entry 8). High product selectivity was
observed for different kinds of substrates with 1-OT{-PdCl. as the precatalyst without detection of
any undesired dimerization or aromatization product. The outstanding product selectivity of 1-
OT{-PdCl: is attributed to the pore size exclusion by the uniform MOF channels and well-defined,
site-isolated Lewis acids and Pd NPs in the MOF. Notably, 1° ethers with active B-hydrogen atoms,
i.e., phenethoxybenzene and (2-methoxyethyl)benzene, underwent C-O bond cleavage at 150 °C
and 130 °C, respectively, to produce ethylbenzene as the main product with a high selectivity over

the over-hydrogenated product methylcyclohexane.
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Table 3-2. Substrate Scope for 1-OTf-PdCl> Catalyzed Tandem Etheric/Alcoholic C-O Bond
Cleavage.?

Catalyst Reaction Conversion
Entry Substrate Loading Temperature Product (Yield)
OH
I O/ 0.1 mol% 100 °C O/ 100% (>99%)
2 0.2 mol% 100 °C 100% (>99%)
AA
3 0.1 mol% 100 °C 80% (80%)

O\
8 ©/\/ 0.2 mol% 130 °C ©/\ 70% (61%)°

aUnless noted, all reactions performed with indicated amount of cayalyst, 0.6 mmol of substrate,
and 20 bar H> in 1.0 mL of 1,2 -dichloroethane for 24 h. Conversions and yields determined by

GC-MS integrals with mesitylene as the internal standard. Isolated yields for selected products

were determined by 'H NMR. *Reaction performed in 1 bar Ha.

3.2.5 1-OTf-PdCI2 Catalyzed Tandem Ester C-O Bond Cleavage
Ester functionalities also widely exist in bio-derived molecules such as triglycerides, fats,
and oil components and are a promising source of renewable biodiesel fuel.*’-*® Traditional

decarboxylation methods usually required high reaction temperatures up to 500 °C to thermally
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crack the C-O bond followed by the CO: release.**->° Metal triflates + Pd/C systems have also been
used in the tandem ester C-O bond cleavages, with moderate to good selectivities and yields.>!->
1-OTf-PdCl2 was also proved highly active for tandem ester C-O bond cleavage with a
reactivity trend of 3° carbon > 2° carbon > 1° carbon (Table 3). The 3° ester terpinyl acetate was
effectively cleaved to produce menthane at 0.2 mol% loading of 1-OT{-PdClz at 100 °C, affording
a TON of 440 (Table 3-3, entry 1). The 2° ester L-menthyl acetate was decarboxylated in the
presence of 0.5 mol% 1-OTf-PdClz at 150 °C to afford menthane in quantitative yield (Table 3-3,
entry 2). Other 2° acetate or propionate esters, i.e., cyclohexyl acetate, and cyclohexyl propionate,
readily underwent C-O cleavage at 0.5 mol% 1-OT{-PdClz at 150 °C to afford decarboxylated
products in 62 to 84% yields (Table 3-3, entries 4-5). For the 1° ester octyl acetate, a higher
temperate of 200 °C was needed to afford octane in 79% yield (Table 3-3, entry 6). Interestingly,
1° ester with active B-hydrogen atoms, i.e., phenethyl acetate, readily underwent C-O cleavage at
0.2 mol% loading of 1-OTf-PdCl2 and 130 °C to afford ethylbenzene in 94% yield (Table 3-3,
entry 7). Moreover, the lactone-5-hexanolide also underwent tandem C-O cleavage to generate the

saturated carboxylic acid (hexanoic acid) in 61% yield (Table 3-3, entry 8). Such a MOF-based

tandem catalyst system thus provided a potential solution for cleavage of esteric C-O bonds.
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Table 3-3. Substrate Scope for 1-OTf-PdCl» Catalyzed Ester C-O Bond Cleavage.?

Catalyst Reaction Conversion
Entry Substrate Loading Temperature Product (Yield)
O
1 )J\o><©\ 0.2 mol% 100 °C \O\‘/ 100% (88%)°
O

2 0.5 mol% 150 °C 100% (>99%)
3 @\ 0.1 mol% 150 °C 45% (45%)

4 @ /\4 0.5 mol% 150 °C
O

84% (78%)
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, o
(@)

5 O/ \g/ 0.5 mol% 150 °C 91% (84%)"
_______________________ S
6 O/ Tol/\ 0.5 mol% 150 °C 87% (62%)"
_________________________ . .———
7 CO\/\ 0.5 mol% 200 °C 100% (79%)
,,,,,,,,,,,,,,,,,,,,,,,,,,,, S
8 ©/\/ \g/ 0.2 mol% 130 °C 100% (94%)¢
,,,,,,,,,,,,,,,,,,,,,,, T i
9 U 0.2 mol% 130 °C 100% (61%)

aUnless noted, all reactions performed with indicated amount of catalyst, 0.6 mmol of substrate,
and 20 bar H» in 1.0 mL of 1,2-dichloroethane for 24 h. Conversions and yields were determined
by GC-MS integrals with mesitylene as the internal standard. Isolated yields for selected products
were determined by '"H NMR PReaction performed for 36 h. Reaction performed in 1 bar H for
6 h.
3.2.6 Heterogeneity of 1-OTf-PdN?

Several lines of evidence support the heterogeneity of 1-OTf-PdCl2 in tandem C-O bond

cleavage reactions. The catalysts recovered from C-O bond cleavage reactions exhibited identical
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PXRD patterns to pristine 1, indicating structural stability of 1-OTf-PdCl2 in catalytic reactions
(Figure 3-18).

Lewis acidity quantification on the MOF recovered from the catalytic reaction confirmed
the maintenance of Lewis acidity in the catalytic process (Figure 3-23). ICP-MS analysis showed

minimal leaching of Al (0.6%) and Pd (0.02%) into the supernatant after the first reaction run.

' 470 nm

—1-0Tf
——— 1-0OTf-Pd"" (after reaction)

435 450 465 480 495
Wavelength (nm)

Normalized Emission Intensity

Figure 3-23. NMA fluorescence spectra upon binding to 1-OTf (black) and 1-OTf-Pd™’ recovered
from C-O bond cleavage of 1-methylcyclohexanol (red). Reprinted with permission from Journal
of the American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical
Society.

In order to determine the amount of leached OTf groups, we separated the MOF from the
supernatant after 1-OT{-PdCl: catalyzed C-O cleavage of 1-methylcyclohexanol. We performed
F NMR analysis of both the supernatant and the digested MOF (digested with D3PO4). From the
YF NMR spectra (Figure 3-24), the sample taken from the supernatant showed no '°F peak
(maroon) while the digested MOF gave an OTf °F signal at -78 ppm (green). This result indicates

negligible leaching of OTf groups during the catalytic reaction.
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Figure 3-24. ’F NMR spectra of the supernatant (maroon) and the digested MOF (green).
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882.
Copyright 2020 American Chemical Society.

“Hot filtration” test was performed to rule out the possibility of leached Lewis acidic metal
species, soluble Bronsted acidic species, and homogeneous metal species contributing to the
tandem C-O bond cleavage activity (Figure 3-25). Specifically, 0.2 mol% of 1-OTf-PdCl> was
first used to catalyze tandem C-O cleavage of 1,8-cineole to give menthane (a mixture of cis/trans
isomers) in 97% yield in 10 hours. Then, under inert atmosphere, the MOF and supernatant were
separated via centrifugation and used as catalysts, respectively, for the tandem C-O bond cleavage
reaction of cyclohexanol without further treatment. The recovered 1-OTf-PdClz catalyst afforded
cyclohexane in 99% yield in 10 hours, while less than 0.5% of the C-O cleavage product was
detected in the reaction catalyzed by the supernatant. This result excludes the possibility of leached

metal species or soluble acids contributing to the catalytic reactivity.

74



MOF OH 150 °C
’—> O/ —_— 99% Yield
H,

0.2 mol% 1-OTf-PdCl,
> 97% Yield
o 100 °C, H,

OH 150 °C
O’ EE— <0.5% Yield

Supernatant H,

Figure 3-25. The “hot filtration” test of 1-OTf-PdClz catalyzed tandem C-O bond cleavage
reaction.

Impressively, 1-OT{-PdCl2 was readily recovered by simple centrifugation and reused for
at least 5 times without significant drop in catalytic activity (Figure 3-26). Moreover, 1-OT{-PdClz
catalyzed tandem C-O cleavage of 1,8-cinole at ~2 g scale (20 times larger scale) afforded
menthane in 75% yield in 24 h under standard reaction conditions. The excellent thermal stability
and recyclability make 1-OTf-PdCl: a potential catalyst for practical tandem etheric/alcoholic C-

O bond cleavage.
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Figure 3-26. Recycle experiments for 1-OTf-PdCl> catalyzed C-O bond cleavage of 1-
methylcyclohexanol. Plots of methylcyclohexane yields (%) in six consecutive runs with 3 h of
reaction time. Reprinted with permission from Journal of the American Chemical Society, 2020,
142, 4872-4882. Copyright 2020 American Chemical Society.

Recycle Run

3.2.7 Proposed Tandem Pathway

Several control experiments were conducted to gain insights into the tandem catalytic
pathway of 1-OTf-PdCl> mediated C-O bond cleavage. In the absence of the MOF catalyst, 1,8-
cinole was totally unreactive under the reaction condition (Table 3-1, entry 6). At a loading of 0.2
mol% 1-OTf, a negligible amount of menthane was detected (Table 3-1, entry 7). The lack of
activity of 1-OTf is likely due to the unfavorable thermodynamics of the dehydroalkoxylation
reaction. 0.2 mol% loading of 1-OH-PdCl2> gave a much lower menthane yield of 22% (Table 3-
1, entry 8), consistent with much lower Lewis acidity of Al2(OH)(OHz2) sites than Alx(u2-OTY)
sites. Under identical conditions, homogenous controls with Al(OTf)3 plus Pd(MeCN)2Cl2 and
HOTTf plus Pd(MeCN)2Cl2 gave very low menthane yields of 9% and 3%, respectvely (Table 3-1,

entries 9 and 10). These results suggest that C-O bond cleavage by 1-OT{-PdCl2 occurs in a tandem
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manner, where strong Lewis acidic Al(u-OTf) sites on the SBUs catalyze the
dehydroalkoxylation of etheric/alcoholic C-O bonds to afford C=C bonds which are hydrogenated
by nearby Pd NPs confined in the MOF channels. The hydrogenation reaction pushes the

equilibrium to the right to form saturated hydrocarbons (Figure 3-27).

R
R
AR )
R4
H

Figure 3-27. Proposed tandem pathway for 1-OT{-PdClx-mediated C-O bond cleavage. Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.

3.3 Conclusion

In this chapter, we demonstrated a strategy to construct an orthogonal tandem catalyst
based on m-MOF-253 with infinite AI-OH chain SBUs and a mixture of debpy and pdac bridging
ligands. Step-by-step post-synthetic engineering generated a highly active and selective tandem
catalyst for apparent hydrogenolysis of various etheric, alcoholic, and esteric C-O bonds to
generate deoxygenated saturated alkanes. First, post-synthetic ozonolysis selectively cleaved and
removed the pdac ligands. Triflation of the AI-OH/OH: open sites significantly enhanced the
Lewis acidity for dehydroalkoxylation whereas coordination of the dcbpy ligands with
PdCI2(MeCN): afforded the orthogonal Pd sites which were reduced in situ to generate metallic

Pd NPs as the hydrogenation catalyst. The resultant MOF catalyst 1-OTf-Pd™" showed outstanding

77



catalytic performance in apparent hydrogenolysis of various etheric, alcoholic, and esteric C-O
bonds to generate deoxygenated saturated alkanes under relatively mild conditions via a tandem
dehydroalkoxylation-hydrogenation process. The reactivity of C-O bonds displayed an obvious
trend of 3° > 2° > 1°. Control experiments further confirmed the heterogeneous nature and
recyclability of 1-OTf-Pd"F catalyst and its superiority over homogeneous analogues.

3.4 Experimental

3.4.1 Material and Methods

All the reactions and manipulations were carried out under N2 with the use of a glovebox
or Schlenk technique, unless otherwise indicated. Tetrahydrofuran and toluene were purified by
passing through a neutral alumina column under N2. Benzene, de-benzene, and n-octane were
distilled over CaHa. Substrates including alcohols, ethers and esters were purchased from Fisher
or Aldrich, and dried over freshly activated 4A molecular sieves and degassed by freeze-pump-
thaw methods before storage in a glovebox for further use.

Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Venture
diffractometer using Cu Ko radiation source (4 = 1.54178 A). N2 sorption experiments were
performed on a Micrometrics TriStar II 3020 instrument. Thermogravimetric analysis (TGA) was
performed in air using a Shimazu TGA-50 equipped with a platinum pan and heated at a rate of
1.5 °C per min. Fourier-transform infrared (FT-IR) spectra were collected using a Nexus 870
spectrometer (Thermo Nicolet) installed with Diffuse Reflectance Infrared Fourier Transform
Spectroscopy (DRIFTS) system. Transmission electron microscopy (TEM) images were taken on
a TECNAI F30 HRTEM. Scanning electron microscopy (SEM) images were take on the Carl Zeiss
Merlin, with the detectors of In-Lens, EsB, AsB, & SE2. Ozonolysis was performed on an Azcozon

RMU-DG3 ozone generator, which produces up to ~0.42 mol/h ozone at a 6 L/min Oz gas flow
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rate. Inductively coupled plasma-mass spectrometry (ICP-MS) data was obtained with an Agilent
7700x ICP-MS and analyzed using ICP-MS MassHunter version B01.03. Samples were diluted in
a 2% HNOs3 matrix and analyzed with a '>Tb internal standard against a 12-point standard curve
over the range from 0.1 ppb to 500 ppb. The correlation was >0.9997 for all analyses of interest.
Data collection was performed in Spectrum Mode with five replicates per sample and 100 sweeps
per replicate. EPR spectra were recorded on a Bruker Elexsys 500 X-band EPR spectrometer under
irradiation of a white-light lamp (Fiber-Lite MI-150) by focusing the lamp on the sample cell in
the ESR cavity at 15 K. Fluorescence measurement was performed using a Shimazu RF-5301PC
spectrofluorophotometer.

"H NMR spectra were recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz and
referenced to the proton resonance resulting from incomplete deuteration of CDCIl3 (& 7.26),
DMSO-ds (5 2.50), or CsDs (6 7.16). The following abbreviations are used herein: s: singlet, d:
doublet, t: triplet, q: quartet, m: multiplet, br: broad, app: apparent. The conversions of reactions
were determined by gas chromatography-mass spectrometry (GC-MS) using a Shimadzu GCMS-
QP2010 Ulta equipped with SH-Rxi-5Sil MS 30 m % 0.5 mm % 0.25 um column.

3.4.2 Synthesis and Characterization of MOF 1

The synthetic procedure was based on literature reports for DUT-5 and MOF-253.% In a
typical synthesis, 2,2'-bipyridine-5,5'-dicarboxylic acid (dcbpy, 19.5 mg, 0.08 mmol) and 1,4-
benzenediacrylic acid (pdac, 4.4 mg, 0.02 mmol) were dissolved in 3 mL DMF. AI(NO3)3-9H20
(52 mg, 0.14 mmol) was added. The mixture was transferred to an 8-mL vial and heated at 120 °C
for 12 h under stirring. After cooling to room temperature, the white solid was recovered by

centrifugation and then sequentially washed with DMF three times, THF three times, and benzene
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three times. This solid was then freeze-dried in benzene. After that, the white powder was further
heated at 100 'C under vacuum to remove the trapped solvents in the pores (Scheme 3-5).

Scheme 3-5. Synthetic procedure for MOF 1. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 4872-4882. Copyright 2020 American Chemical Society.
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3.4.3 Synthesis and Characterization of 1-OH

We used ozonolysis to selectively cleave and remove the pdac ligand.?® To ensure a
continuous flow of ozone through the sample, we first mixed 1 (200 mg) with 2 g Ottawa sand
(20-30 mesh) to improve O3 permeability. We then pack the solid mixture into a thin glass column,
which was later connected to the ozonator with a gas flow. The excess O3 was quenched by KI
aqueous solution. The reaction was run at room temperature for 15 min to ensure complete
cleavage of pdac ligands. The resulted sample was washed with DMF/HCI (1M) (10:1, v:v) three
times to remove the organic and inorganic fragments trapped in the pores of ozonized 1, and
washed with THF three times and benzene three times, followed by freeze-drying in benzene, and

stored in a glovebox for further use.
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3.4.4 Synthesis and Characterization of 1-OTf

In a Na-filled glovebox, 1-OH (0.10 mmol of -OH/OH2) was weighed out in a 20 mL glass
vial and dispersed in 10 mL of benzene. Trimethylsilyl trifluoromethanesulfonate (Me3SiOTT, 0.18
mL, 1.0 mmol) was then added slowly to the suspension. The vessel was sealed with a Teflon cap
and stir at room temperature for 12 h. The suspension was then washed with dry toluene 5 times.
The resultant MOF was further extracted with hexane in a Sohxlet extractor to remove the trapped
HOTT inside the MOF channels. 10 equiv. of LiCH2SiMes was added to the receiving flask to
quench extracted HOTf during the Sohxlet extraction.*® After solvent exchange with dry benzene,
1-OTf was freeze-dried under vacuum overnight and stored inside a glovebox for further use.
3.4.5 Synthesis and Characterization of 1-OT{-PdCl

In a Na-filled glovebox, 1-OTf (0.2 mmol of bpy) was weighed out in a 20 mL glass vial.
10 mL of Pd(MeCN)2Cl: solution in THF (20 mM) was then added. The mixture was stirred at
room temperature for 12 h. The brown solid was then centrifuged and washed with THF three
times and benzene three times. 1-OTf-PdCl> was then freeze-dried in benzene and stored in a
glovebox for further use. ICP-MS analysis showed a Al/Pd molar ratio of 2.10, indicating ~60%
of dcbpy ligands were metalated.
3.4.6 X-ray Absorption Study

X-ray absorption data of 1-OTf-PdClz were collected at Beamline 10-BM at the Advanced
Photon Source (APS) at Argonne National Laboratory. Spectra were collected at the palladium K-
edge (24350 eV) in the transmission mode. The X-ray beam was monochromatized by a Si(111)
monochromator and detuned by 15% to reduce the contribution of higher-order harmonics below
the level of noise. A metallic palladium foil standard was used as a reference for energy calibration

and was measured simultaneously with experimental samples. The incident beam intensity (lo),
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transmitted beam intensity (Ii), and reference (Ir) were measured by 20 cm ionization chambers
with gas compositions of 38% N2 and 62% Ar, 5% N2 and 95% Ar, and 100% Nz, respectively.
Data were collected over three regions: -200 to -50 eV (5 eV step size, dwell time of 1 s), -50 to
100 eV (1 eV step size, dwell time of 2 s), 100 to 850 eV (0.05 eV step size, dwell time of 6 s).
Multiple X-ray absorption spectra were collected at room temperature for each sample. Samples
were grounded and mixed with polyethylene glycol (PEG) and packed in a 6-shooter sample holder
to achieve adequate absorption length.

Data was processed using the Athena and Artemis programs of the IFEFFIT package based
on FEFF 6.5** Prior to merging, spectra were calibrated against the reference spectra and aligned
to the first peak in the smoothed first derivative of the absorption spectrum, the background noise
was removed, and the spectra were processed to obtain a normalized unit edge step.

Fitting of the EXAFS region was performed using the Artemis program of the IFEFFIT
package. Fitting was performed in R space, with a k-weight of 3 for palladium samples. Refinement
was performed by optimizing an amplitude factor So*> and energy shift AEo which are common to
all paths, in addition to parameters for bond length (AR) and Debye-Waller factor (¢°). The fitting
model for 1-OTf-PdCl, was based on the single crystal structure JIPGAR obtained from CCDC.?8
3.4.7 Quantification of Lewis Acidity by N-methylacridone Fluorescence

The fluorescent indicator N-methylacridone (NMA) was purchased from Sigma-Aldrich.
The fluorescence measurement was performed wusing a Shimazu RF-5301PC
spectrofluorophotometer with an excitation wavelength of 413 nm. NMA was dissolved in MeCN
to form an NMA solution with a concentration of 10 uM to give a reference emission wavelength
that was measured to be 433 nm (Figure S14, dashed line). For the measurement of MOF Lewis

acidity, 0.1 mmol of 1-OH or 1-OTf [by the amount of Al2(OH)(OH2) or Al2(OTf)] was added to
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a 2-dram vial in an N2-filled glovebox. 4 mL of NMA solution (10 uM in MeCN) was then added
to the vial. The resulting mixture was sonicated for 2 min until the MOF was well suspended, and
then the suspension was transferred to a fluorescence cuvette for measurement using an excitation
wavelength of 413 nm. The emission maxima for NMA-bound 1-OH and 1-OTf were measured
to be 463 nm and 470 nm, respectively, which are correspond to AE values of 0.84 eV and 0.93
eV, respectively (Figure S14).3¢37
3.4.8 A typical procedure for 1-OT{-PdCl, catalyzed tandem ether/alcohol C-O bond
cleavage
Scheme 3-6. 1-OTf-PdCl: catalyzed 1,8 cineole C-O bond cleavage.
Catalyst Catalyst

o} -H,0 H,

In a nitrogen-filled glovebox, 1-OT{-PdCl> (2.0 mg, 1.2 umol Alz(p2-OTY) sites), 1,8-
cineole (100 puL, 0.6 mmol), and1.0 mL of 1,2-dichloroethane were transferred to a Parr reactor to
make an even suspension. The Parr reactor was then sealed under nitrogen, purged with hydrogen
several times and charged with hydrogen to 20 bar. After stirring at 100 °C for 24 hours, the
pressure was released, and the MOF catalyst was removed from the reaction mixture via
centrifugation. The supernatant was analyzed by GC-MS to give menthane (a mixture of cis/trans
isomers) in >99% yield with 100% conversion of 1,8-cineole. After one reaction run, ICP-MS

analysis showed the leaching of 0.6% Al and 0.02% Pd into the solution.
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Figure 3-28. GC-MS spectrum of 1-OTf-PdCl: catalyzed tandem ether/alcohol C-O bond cleavage
of 1,8-cineole (The two MS spectra correspond to the cis/trans isomer of menthane). Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.

3.4.9 Condition optimization for 1-OT{-PdCl, catalyzed tandem ester C-O bond cleavage

Scheme 3-7. 1-OTf-PdCl: catalyzed terpinyl acetate C-O bond cleavage.

0]

)]\ Catalyst Catalyst
o e ——— D —_—
-CH;COOH H,

In a N2-filled glovebox, 1-OTf-PdClz (5.0 mg, 3.0 pmol Alx(p2-OTH) sites), terpinyl acetate
(123 pL, 0.6 mmol), and 1.0 mL of 1,2-dichloroethane was transferred to a Parr reactor to make
an even suspension. The Parr reactor was then sealed under nitrogen, purged with hydrogen several
times and charged with hydrogen to 20 bar. After stirring at 100 °C for 24 hours, the pressure was
released, and the MOF catalyst was removed from the reaction mixture via centrifugation. The

supernatant was analyzed by GC-MS to give menthane (a mixture of cis/trans isomers) in 88%
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yield with 100% substrate conversion. After one reaction run, 0.6% of Al and 0.15% of Pd are

detected in the solution by ICP-MS analysis.
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Figure 3-29. GC-MS spectra of 1-OTf-PdClz catalyzed tandem ester C-O bond cleavage of
terpinyl acetate (The two MS spectra correspond to the cis/trans isomers of menthane). Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 4872-4882. Copyright
2020 American Chemical Society.

3.4.10 Condition optimization for 1-OTf-PdCl,

Early trials of 1-OTf-PdCl: catalyzed tandem ether/alcohol C-O bond cleavage were

conducted using 1,8-cineole as the substrate at 0.5 mol% of catalyst loading (w.r.t. Al2(n2-OTf)

sites), 20 bar of Hz pressure, and 130 °C for 24 h. Several different kinds of solvents, including n-

octane, n-hexane, 1,2-dichloroethane, 1,4-dichlorobutane, THF and neat conditions, were tested.

1,2-dichloroethane and 1,4-dichlorobutane outperformed other solvents, with quantitative

substrate conversions and >99% yield of menthane by GC-MS. Further lowering the catalyst
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loading to 0.2 mol% and reaction temperature to 100 °C in 1,2-dichloroethane still gave
quantitative conversion (Table 3-4, Entry 4). The maximum TON at 100 °C was achieved at 0.1
mol% catalyst loading, with a TON of 800 (Table 3-4, Entry 5).

Table 3-4. Condition optimization for 1-OTf-PdCl: catalyzed tandem ether/alcohol C-O bond
cleavage of 1,8-cineole

QH Catalyst - Catalyst
) -H,0 H,
Cat.
Entry Loading Solvent p(H2) / bar Temp./ °C Yield / %
!/ %
1 0.5 Octane 20 130 74
2 0.5 Hexane 20 130 61
3 0.5 1,2-dichloroethane 20 130 >99
4 0.5 1,4-dichlorobutane 20 130 >99
5 0.2 1,2-dichloroethane 20 100 >99
6 0.1 1,2-dichloroethane 20 100 80
7 0.5 THF 20 130 31
8 0.1 neat 20 130 40

Reaction conditions: 1-OT{-PdCl2 (catalyst loading w.r.t. Al2(u2-OTf)), 0.6 mmol 1,8-cineole, 20
bar H2, 1 mL solvent or neat condition, 24 h; Yield was determined by GC-MS analysis.

3.4.11 Background reactions and control experiments

As shown in the substrate study, we have demonstrated this tandem strategy in catalyzing
various C-O bonds, which includes etheric, alcoholic, and esteric C-O bonds. We attributed the
excellent reactivity to the generation of truly orthogonal Lewis acidic and Pd nanoparticle sites in

86



one artificial engineered mosepores in facilitating this transformation. In order to better understand
the reaction pathway, several additional experiments were carried out to compare the catalytic
performance of homogeneous analogues and determine tandem reaction pathways of 1-OTf-PdCl:
catalyzed C-O bond cleavage.

Both HOTT acid and AI(OTf)s were tested together with Pd source [Pd(MeCN)2Cl2] in
tandem C-O bond cleavage of 1,8-cineole, with the same active site loadings as 1-OT{-PdCl..
Strong Bronsted acid (HOTf) produced 3% menthane along with significant amounts of
unsaturated alkenes isomers (Table 3-5, Entry 2), while homogeneous metal triflates gave a
slightly better menthane yield of 9% (Table 3-5, Entry 3). Additionally, a combination of Pd/C
(10 %) and Al(OTY)3 gave only slightly higher yield than [Pd(MeCN)2Cl2] plus Al(OTf)s (Table
3-5, Entry 4). These results indicated undesired deactivation of homogeneous species and possible
interference between the homogeneous acids and Pd sources [Pd(MeCN)2Clz].

While 0.2 mol% of 1-OT{-PdCl: catalyzed nearly quantitative conversion of 1,8-cineole to
menthane, no target product was detected without adding the MOF catalyst (Table 3-5, entry 1)
or using the same loading of 1-OTf (MOF catalyst with only strong Lewis acidic Al2(u2-OT¥) sites
but no Pd sites, Table 3-5, entry 4). However, unsaturated alkenes isomers were detected with the
1-OTf catalyst, demonstrating the ability of Lewis acidic sites to catalyze the reverse reaction of
the alkene hydroalkoxylation process. When combined with the hydrogenation catalyst (Pd NPs
in the MOF), such C-O cleavage proceeded smoothly (Table 3-5, entry 7). Furthermore, when 1-
OH-PdCl: catalyst (MOF catalyst with weak Lewis acidic Al2(OH)(OH>) sites and Pd sites, see
below for detailed synthesis and characterization) was used (Table 3-5, entry 6), menthane was
detected in a much lower yield (22%), indicating the significant contribution of Lewis acidity to

C-O bond cleavage.
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Table 3-5. Background and control experiments for 1-OTf-PdCl. catalyzed tandem ether/alcohol
C-O bond cleavage of 1,8-cineole.?

Catalyst Catalyst
_— SN R
o] -H0 H,

Cat. & Loading Yield of
Entry Temp./ °C Other Products

! % menthane
3% OH 2%
(iso)
0.2 mol% of HOTf
9% 42%
2¢ +0.25 mol% 100 3% N
(is0) (is0)

PdCI,(MeCN),

1° - 100 N.D.

0.2 mol% of

Al(OTf); +0.25 28%
3d 100 9%
mol% (iso)

PACI,(MeCN),

0.2 mol% of

1% 3%
4¢ AI(OTH); +0.25 100 20% o

(iso)
mol% Pd/C

£ o 48% 44%
5 0.2 mol% of 1-OTf 100 <1% X
(is0) (iso)
0.2 mol% of 1-OH- oH 2%
68 100 22
PdCl,

0.2 mol% of 1-
7 100 >99% N.D.
OTf-Pd

aReaction conditions: 0.6 mmol 1,8-cineole, 20 bar Hz, 1 mL 1,2-dichloroethane, 100 °C, 24 h;
Yields of different product and related isomers(iso) were determined by GC-MS analysis.
®Reaction was conduct w/o. catalyst. 0.2 mol% of AI(OTf)3 + 0.25 mol% PdCl2(MeCN)2 was used
as catalysts. Catalysts: 0.2 mol% of HOTf + 0.25 mol% PdCl2(MeCN)2 was used as catalysts.
°0.2 mol% of AI(OTf)3 + 0.25 mol% Pd/C (10%) was used as catalysts. '1-OTf was used as catalyst,
0.2 mol% loading (w.r.t. Al2(p2-OTY) sites). #1-OH-PdCl2 (synthesized by Pd metalation of 1-OH,
similar Pd loading with 1-OTf-PdCl2) was used as catalyst, 0.2 mol% loading (w.r.t.
Al2(OH)(OH>) sites).
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3.4.12 Synthesis and Characterization of 1-OT{-Pd"?

In order to test the effects of Lewis acidity on C-O bond cleavage, 1-OH (0.1 mmol of bpy)
was weighed out in a 20 mL glass vial in a N2-filled glovebox. 5 mL Pd(MeCN)2Cl2 solution in
THF (20 mM) was then added. The mixture was stirred under room temperature for 12 h. The
brown solid was then centrifuged and washed with THF three times and benzene three times. 1-
OH-PdCl> was then freeze-dried in benzene and stored in a glovebox for further use. In situ
hydrogenation further afforded 1-OH-Pd"",

3.4.13 Recycle and reuse experiments in 1-OT{-PdCl; catalyzed tandem C-O bond cleavage

In a No-filled glovebox, 1-OTf-PdCl> (2.0 mg, 1.2 umol Al(p-OTf) sites), 1-
methylcyclohexnaol (75 pL, 0.6 mmol), and 1.0 mL of 1,2-dichloroethane was transferred into a
Parr reactor to make an even suspension. The Parr reactor was then sealed under nitrogen, purged
with hydrogen several times and charged with hydrogen to 20 bar. The reaction was stopped after
stirring at 100 °C for 3 h to ensure an incomplete substrate conversion with a kinetic yield. The
pressure was released, and the reaction slurry was then centrifugated to recover the MOF catalyst.
The supernatant was analyzed by GC-MS to give menthane (a mixture of cis/trans isomers) in 84%
yield.

The recovered MOF was washed with 1,2-dichloroethane 3 times before being used for
another catalytic round. A new solution of 1-methylcyclohexnaol (75 pL, 0.6 mmol) in 1,2-
dichloroethane (1.0 mL) was then added. The reaction mixture was stirred at 100 °C for another 3
h, and then worked up and recycled using the same procedure. The catalyst was recycled and

reused for at least 5 times without a significant drop of catalytic activity.
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Chapter 4. Metal-Organic Framework with Dual Active Sites in Engineered

Mesopores for Bioinspired Synergistic Catalysis

4.1 Introduction

Functionalization of azaarene derivatives is of great significance due to their prevalence in
bioactive and drug molecules ranging from antihistamine drugs to anticancer drugs,'** Transition
metal catalysts are typically ineffective for the modification of azaarene derivatives owing to
strong coordination of azaarenes to metal centers.>® Photoredox catalysis presents an alternative
solution to functionalizing azaarene derivatives by generating active open-shell species via single
electron transfer.” For example, the addition of photoredox-generated radicals to vinylpyridines
has provided access to new functionalized pyridines.®® Despite the potential of azaarene
derivatives as “privileged” scaffolds in drug discovery,” photocatalytic transformations of
azaarenes have not been widely studied.

As a versatile family of porous molecular materials, metal-organic frameworks (MOFs)

10-11

have been explored for many applications, including gas storage and separation,'? drug

13-14 sensing, '® solar energy conversion,'® and heterogeneous catalysis.!” Although MOFs

delivery,
have been extensively explored as single-site solid catalysts,'3"! few multi-functional MOFs with
two or more catalytic centers have been rationally designed.?**! The ability to hierarchically install
multiple active sites in a MOF structure provides a unique opportunity to engineer enzyme-inspired
cooperative catalysts that cannot be obtained in homogeneous solutions or on traditional
heterogeneous supports.?>2

Enzymes use active sites in three-dimensional grooves or pockets to catalyze chemical
transformations.?*2° The active sites typically comprise multiple functional units that are broadly

categorized as binding centers and catalytic centers.?’?® Binding centers anchor substrates or
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intermediates to facilitate their conversion to products by catalytic centers. Synergistic cooperation
between these functional units is responsible for the extremely high activity and selectivity of
enzymes.

In Chapter 3, we discussed the design and synthesis of 1-OT{-PdCI2 through hierarchical
installation of orthogonal strong Lewis acid and bpy-PdCI2 catalysts for highly efficient cleavage
of etheric, alcoholic, and esteric C-O bonds in a tandem pathway. Chapter 3 demonstrated the
potential of sequential engineering of multiple catalytic sites in MOF 1 to address outstanding
challenges in sustainable catalysis. In this chapter, we further take advantage of the framework of
MOF 1 to hierarchically assemble synergistic strong Lewis acidic sites as binding centers and Ir-
based photosensitizers as catalytic centers in mesopores for bioinspired synergistic catalysis
(Figure 4-1). Ozonolysis of AI-MOF (1) with mixed 2,2’-bipyridyl-5,5-dicarboxylate (dcbpy) and
1,4-benzenediacrylate (pdac) ligands followed by triflation generated Lewis acidic Al-OTf sites in
the mesopores. Subsequent installation of [Ir(ppy)2(dcbpy)]Cl (L1, ppy = 2-phenylpyridine) sites
afforded 1-OTf-Ir with both Lewis acidic sites and photoredox sites. 1-OTf-Ir effectively catalyzed
reductive cross-coupling of N-hydroxyphthalimide esters or aryl bromomethyl ketones with vinyl-
or alkynyl-azaarenes to afford new azaarene derivatives. 1-OTf-Ir also provided alternative routes

to anticholinergic drugs Pheniramine and Chlorpheniramine.
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Binding
center

Catalytic
center

Figure 4-1. Comparison between an enzyme active site with binding center and catalytic center
(left) and an engineered mesopore in 1-OTf-Ir with Lewis acid as binding center and Ir-
photosensitizer as catalytic center (right). Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American Chemical Society.

4.2 Results and Discussion
4.2.1 Synthesis and Characterization of 1-OT{-Ir

1-OTf was synthesized and characterized according to Chapter 3.2*! In a Na-filled
glovebox, 1-OTf (0.1 mmol of bpy) was weighed out in a 75 mL high pressure glass vessel. 20
mL of [Ir(ppy)2Cl]2** solution in DMF (10 mM) was then added. The mixture was stirred at 100
°C for 3 days (Scheme 4-1). The bright-orange solid was then centrifuged and washed with DMF
three times, THF three times, and benzene three times. The resultant solid was freeze-dried and
stored in a glovebox for further use. ICP-MS analysis showed an Al/Ir molar ratio of ~10:1,

indicating ~13% of dcbpy ligands were metalated.
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Scheme 4-1. Synthetic route to 1-OTf-Ir. Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American Chemical Society.

[Ir(ppy)2Cl];
DMF, 100 °C

Treatment of 1-OTf with [Ir(ppy)2Cl]2 afforded 1-OTf-Ir with Ir-photosensitizer (Ir-PS)
loadings of 10.4 mol% as determined by 'H NMR spectra of digested 1-OTf-Ir (Figure 4-2). The
highest Ir-PS loading of 17.3 mol% is slightly lower than the density (20.0 mol%) of mesopores

(Figure 4-3), supporting the installation of Ir-PSs inside the mesopores.
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Figure 4-2. "H NMR spectrum of digested 1-OTf-Ir in DMSO-ds. Red circles correspond to dcbpy
ligands, while blue circles correspond to L ligands. Reprinted with permission from Journal of
the American Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American Chemical
Society.
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Figure 4-3. "H NMR spectrum of digested 1-OTf-Ir-high in DMSO-ds. Red circles correspond to
dcbpy ligands, while blue circles correspond to Lj ligands. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American
Chemical Society.

We further examined the crystallinity of the as-synthesized 1-OTf-Ir. PXRD studies
showed that 1-OTf-Ir retained the crystallinity of 1 by their similarity of PXRD patterns (Figure
4-4). UV-Vis and luminescence spectra (Figure 4-5) of 1-OTf-Ir exhibited characteristic
absorption, excitation, and emission properties of Ir(Me2dcbpy)(ppy)2Cl (Me2L1), which supports

the successful introduction of Ir-based photosensitizers into 1-OTf.
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Figure 4-4. PXRD patterns of 1 (red), and 1-OT{-Ir (blue) in comparison to the simulated pattern
for DUT-5. Reprinted with permission from Journal of the American Chemical Society, 2020, 142,
8602-8607. Copyright 2020 American Chemical Society.
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Figure 4-5. Normalized UV-vis spectra and emission spectra (with 368 nm excitation) of 1-OTf-
Ir in comparison to Me:L ligands in DMF with a concentration of 20 uM based on Ir. Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright
2020 American Chemical Society.
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The extended X-ray absorption fine structure (EXAFS) feature of Ir centers in 1-OTf-Ir
was well fit to the Ir(bpy)(ppy)2" structure to afford nearly identical coordination geometry (Figure

4-6).

exp
o fit
- - window
——C,P

NPPY
NPbPY

—_— PPy
C,

IX(RIA*)

bpy
c,

Figure 4-6. EXAFS spectrum (gray solid line) and fit (black circles) in R-space at the Ir L3-edge
adsorption of 1-OTf-Ir, with the fragment structure of Ir(bpy)s for EXAFS fitting of the Ir
coordination environment in 1-OTf-Ir. H atoms were omitted for clarity. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright
2020 American Chemical Society.

4.2.2 1-OTf-Ir Catalyzed Reductive Cross-Coupling Reactions

We proposed the confinement of the in-situ generated active species in nano pockets®
could accelerate the cross-coupling reactions while suppress side reactions. We tested this
bioinspired photocatalytic strategy on reductive cross-coupling of N-hydroxyphthalimide (NHP)
esters with vinyl- or alkynyl-azaarenes. At 0.5 mol% 1-OTf-Ir loading (based on Lewis acid sites),
pentanyl N-hydroxyphthalimide ester (1a) and 4-vinylpyridine (2a) coupled in the presence of
Hantzsch ester (HEH) reductant in CH3CN under blue LED irradiation (400-500 nm) at room
temperature to afford 1¢ in 90% yield in 6 h (standard condition, Table 4-1, entry 1). At the same
Lewis acid loading, 1-OTf-Ir with low (4.5 mol%) and high (17.3 mol%) Ir-PS loadings produced

1c in lower yields (Table 4-1, entries 2 and 3). Reactions in 1,2-dichloroethane (DCE), toluene,

102



and dimethoxyethane (DME) afforded 1c in lower yields (Table 4-1, entries 4-6). Reducing the
amount of 1a to 1.5 equiv gave 1c¢ in 77% yield (Table 4-1, entry 7). Without light or 1-OTf-Ir,
no product was observed (Table 4-1, entries 8 and 9). The use of Me:L; and Al(OTH); as the
homogeneous control generated 1c¢ in 16% yield (Scheme 4-8, experimental part).

Table 4-1. Optimization of reaction conditions.?

O O A ; .
>_C5H11 MOF 1-OTf-Ir (0.5 mol%) CsH1 S CO,Et
N-O + 7 | . \/\G ! | '
- HEH (2.0 equiv) ~N N :

o} N .

CH;CN/Blue LED/6 h ! H .

1a (2.0 equiv) 1b (1.0 equiv) 'standard’ conditions 1c L HEH H
Entry Variations from the ‘standard’ conditions 1c (%)
1 No variation 90
2 MOF 1-OTf-Ir-low instead of MOF 1-OTf-Ir 38
3 MOF 1-OTf-Ir-high instead of MOF 1-OTf-Ir 61
4 DCE instead of CH3CN 50
5 Toluene instead of CH;CN 45
6 DME instead of CH3;CN 58
7 1a (1.5 equiv) 77
8 Without light none
9 Without MOF 1-OTf-Ir trace
10 MOF 1-OH-Ir instead of MOF 1-OTf{-Ir 10
11 MOF 1-OTf instead of MOF 1-OTf-Ir 8

¢ Reactions were conducted at 0.1 mmol scale. ® GC yields.

A variety of redox-active NHP esters were examined for reductive cross-coupling reactions

under standard conditions. As shown in Table 4-2, primary, secondary, and tertiary alkyl NHP
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esters underwent cross-couplings with 4-vinylpyridine to afford 1¢-4¢ in 85%-90% isolated yields.
Sterically demanding adamantyl group was tolerated to afford Sc in 71% yield. NHP esters bearing
heterocycles (tetrahydrofuran and pyrrolidine) worked well to afford 6¢ and 7¢ in 79% and 88%
isolated yields, respectively. Cyclopentenyl group was also tolerated to afford 8c in 70% yield.
Different vinyl-azaarenes were also tested. Cross-coupling between 2-vinylpyridine and
proline-derived NHP ester gave 9¢ in 51% yield. 2-(1-Phenylvinyl)pyridine and 4-(1-
phenylvinyl)pyridine served as competent coupling partners to produce 10¢ and 11¢ in 78% and
94% isolated yields, respectively. The use of 2-vinylquinoline afforded 12¢ in 71% yield.
Table 4-2. 1-OTf-Ir catalyzed reductive cross-coupling of vinylazazrenes with NHP esters.?

Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 8602-8607.
Copyright 2020 American Chemical Society.

Q
R R3  MOF 1-OTf-Ir (0.5 mol%) R3
NO e RZ  HEH (2.0 equiv) RUA g2
o) CH5CN/Blue LED/6 h
1a-12a 1b-12b 1c-12¢
H3C(H2C)4 \/\O O\/\O O\/\@ O</\©
¢ (85%, 170) c (88%, 176) (90%, 180) (90%, 180)
5¢ (71%, 142) 6c (79%, 158) (88%, 176) (70%, 140)

N o N
Boc NP2 \

%
9c¢ (51%, 102) 10c (78%, 156) 11c (94%, 188) 12¢ (71%, 142)

/
<Z /é
\ ~

2 Reactions were conducted at 0.1 mmol scale, yield of isolated products.

We also investigated reductive cross-coupling of NHP esters with alkynyl-azaarenes under
standard conditions (Table 4-3). 3-Ethynylpyridine reacted with adamantyl and cyclohexyl NHP
esters to afford 13¢ and 14¢ in 50% and 73% isolated yields, respectively. Cross-couplings of
proline-derived NHP ester with 3-ethynylpyridine, 2-ethynylpyridine, and 5-ethynylpyrimidine
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afforded 15¢, 16¢, and 17¢ in 95%, 87%, and 91% isolated yields, respectively. The highest
turnover number of 190 was achieved for 15¢. Both Z and E isomers formed in these reactions,
likely due to rapid isomerization of the vinyl radical intermediate. The Z/E ratio of cross-coupling
products depended on both coupling partners and varied from 1.9/1 to 10/1. It is worth noting that
several coupling products such as 5S¢, 7¢, 10¢ and 17¢ are important scaffolds in drug molecules.

Table 4-3. 1-OTf-Ir catalyzed reductive cross-coupling of alkynylazaarenes with NHP esters.?

Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 8602-8607.
Copyright 2020 American Chemical Society.

O O

YR R MOF 1-OTHr (05 mol%)
NO | HEH (2.0 equiv) RFpe
CH4CN/Blue LED/6 h

0]
13a-17a 13b-17b 13c-17c
Boc / Boc _— Boc

13c (50%, 100) 14c (73%, 146) 15¢ (95%, 190) 16¢ (87%, 174) 17¢ (91%, 182)
(ZIE = 10/1) (ZIE = 1.9/1) (Z/IE =3.3/1) (Z/IE = 3.8/1) (Z/IE =5.3/1)

2Reactions were conducted at 0.1 mmol scale, yield of isolated products.

Aryl bromomethyl ketones were also used as radical precursors for reductive cross-
coupling reactions (Table 4-4). Bromoacetophenone reacted with 4-vinylpyridine, 1-phenyl-1-(4-
pyridyl)ethene, and 2-isopropenylpyridine to give 18c¢-20¢ in 53%-84% isolated yields. p-
Methoxyphenacyl bromide and 2-naphthacyl bromide served as competent coupling partners to
afford 21¢ and 22c¢ in 78% and 76% isolated yields, respectively.

Table 4-4. 1-OTH-Ir catalyzed reductive cross-coupling of aryl bromomethyl ketones.* Reprinted

with permission from Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright
2020 American Chemical Society.
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o) o)
Br R®  MOF 1-OTf-Ir (0.5 mol%) R3
* /I\Rz HEH (2.0 equiv) R?
18a-22a 18b-22p CHsCN/Blue LED/18 h 18¢-22¢
Q)I\?j@)\% QJ\% MeOQ)‘\/EE E ;
18¢ (67%, 134 19¢ (53%, 106 20c (84%, 168) 21c (78%, 156) 22c (76%, 152)

4 Reactions were conducted at 0.1 mmol scale, yield of isolated products.

We further tested the use of the photocatalytic reductive coupling in drug molecule
synthesis. As shown in Table 4-5, dimethylglycine-derived NHP ester coupled with 2-(1-
phenylvinyl)pyridine under standard conditions to afford Pheniramine in 38% yield.
Chlorpheniramine was similarly synthesized in 36% yield.

Table 4-5. 1-OTf-Ir catalyzed the synthesis of marketed drug molecules. Reprinted with

permission from Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright
2020 American Chemical Society.

\N/
\
O 0 N—
s N. MOF 1-OTf-Ir (0.5 mol%) N
N-O + | HEH (2.0 equiv) |
5 R® CH3CN/Blue LED/6 h  R5 Z

RS = H, Pheniramine (Avil) (38%, 76)
R® = CI, Chlorpheniramine (Piriton) (36%, 72)

4.2.3 Mechanistic Studies
1-OTf-Ir was stable under catalytic conditions as indicated by the retention of the PXRD
pattern for the recovered MOF (Figure 4-7) and the leaching of <0.1% Al and <0.1% Ir into the

supernatant.
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Figure 4-7. PXRD patterns of 1 (red), 1-OTf-Ir (blue), and 1-OTf-Ir (after reaction) (pink) in
comparison to the simulated pattern for DUT-5.

1-OTf-Ir was recovered and used in five runs of reductive cross-coupling between 4-vinyl-
pyridine and pentanyl NHP ester with no decrease in catalytic activity (Figure 4-8), where
Pentanyl N-hydroxyphthalimide ester (52.3 mg, 0.20 mmol, 2.0 equiv), 4-vinylpyridine (10.5 mg,
0.10 mmol, 1.0 equiv), Hantzsch ester (50.7 mg, 0.20 mmol, 2.0 equiv), and 1-OT{-Ir (0.50 pumol,
0.5 mol%, based on Lewis acid site) were mixed in dry CH3CN (0.5 mL) in a closable flask. The
resulting mixture was stirred under blue LED irradiation at room temperature in an N2 atmosphere
for 6 hours. After reaction, the MOF catalyst was recovered via centrifugation, washed with dry
CH3CN (1.0 mL x 3), and then used for subsequent cycles of reactions. The aforementioned

procedure was repeated four times.
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Figure 4-8. Yields of 1¢ with recovered MOF 1-OTf-Ir in five consecutive runs. Reprinted with

permission from Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright
2020 American Chemical Society.

The optimal Lewis acid to Ir-PS ratio of 3.8 in 1-OTf-Ir is similar to those of binding
centers to catalytic centers in enzymes,?’ but much lower than those of homogeneous catalytic
systems (> 10/1).® The excellent catalytic activity of 1-OTf-Ir may be attributed to the pore
confinement effect, which facilitates the reaction of reactive radicals and activated azaarenes in an
enzyme-inspired fashion.?*

Several control experiments were conducted to shed light on the reaction mechanism. 1-
OH-Ir containing only Ir-PS gave the coupling product 1¢ in 10% yield (Figure 4-9). 1-OTf with
only Lewis acidic sites catalyzed the reductive cross-coupling to afford 1c¢ in 8% yield (Figure 4-

9). These results indicate the crucial role of both PSs and strong Lewis acids.
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Figure 4-9. Time-dependent yields of 1¢ with different catalysts. Reprinted with permission from

Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American
Chemical Society.

Pentanyl N-hydroxyphthalimide ester (52.3 mg, 0.20 mmol, 2.0 equiv), 4-vinylpyridine
(10.5 mg, 0.10 mmol, 1.0 equiv), Hantzsch ester (50.7 mg, 0.20 mmol, 2.0 equiv), 1-OH-Ir (0.13
pumol, 0.13 mol% based on Ir site) and 1-OTf (0.50 pmol, 0.5 mol% based on Lewis acid site) were
mixed in dry CH3CN (0.5 mL) in a closable flask (Scheme 4-2). The resulting mixture was stirred
under blue LED irradiation at room temperature in an N2 atmosphere for 6 hours. After reaction,
the suspension was filtered, and the filtrate was then subjected to GC-MS analysis, affording 23%
yield for product 1c. The catalytic result using combination of 1-OH-Ir and 1-OTf as the catalyst
supports the advantage of integrating both active centers in the mesopores.
Scheme 4-2. Control reaction catalyzed by 1-OTf and 1-OH-Ir.

O O 1-OH-Ir (0.13 mol%)
>‘C5H11 V AN 1-OTf (0.5 mol%) H3C(HoC)4 N
N-O + | _N HEH (2.0 equiv) \/\Q
CH,CN/Blue LED/6 h ey N
(0]
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Upon excitation at 365 nm, luminescence of 1-OTf-Ir was quenched by both HEH and 1a,
but not 1b (Figure 4-10). Luminescence quenching by HEH and 1a were well fitted to the Stern-
Volmer equation to give a Ksv(HEH) 0f 0.232 £ 0.011 and a Ksv(1a) of 0.164 + 0.018, suggesting

preferential quenching of [Ir'"]* species by HEH over 1a.

500 450
Y = (0.23240.011)X + 1 Y = (0.16410.018)X + 1

8 —0 116 .
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Figure 4-10. Emission spectra of 1-OTf-Ir (10 uM based on Ir component, CH3CN) after the
addition of different amounts of HEH (left) or 1a (right) with 365 nm excitation. Insets show the
plots of 1o/l of 1-OTf-Ir as a function of equivalents of HEH (left) or 1a (right). Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright
2020 American Chemical Society.

In addition, radical capture by (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) or 1,1-
diphenylethene completely shut down the formation of 1¢ but generated 1-pentyloxy-2,2,6,6-
tetramethylpiperidine (1d) or 1,1-diphenylheptane (1e) in 26% and 91% yields, respectively
(Schemes 4-3 and 4-4). This result suggests the presence of pentanyl radical in the reaction.

Radical capture experiment with TEMPO. Pentanyl N-hydroxyphthalimide ester (52.3
mg, 0.20 mmol, 2.0 equiv), 4-vinylpyridine (10.5 mg, 0.10 mmol, 1.0 equiv), Hantzsch ester (50.7
mg, 0.20 mmol, 2.0 equiv), (2,2,6,6-tetramethylpiperidin-1-yl)oxyl (TEMPO) (31.3 mg, 0.20
mmol, 2.0 equiv), and 1-OTf-Ir (0.50 umol, 0.5 mol%, based on Lewis acid site) were mixed in
dry CH3CN (0.5 mL) in a closable flask. The resulting mixture was stirred under blue LED

irradiation at room temperature in an N2 atmosphere for 6 hours. After reaction, the suspension
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was filtered, and the filtrate was then subjected to GC-MS analysis. 1-Pentyloxy-2,2,6,6-
tetramethylpiperidine (1d) was detected in 26% yield without the observation of product 1c.

Scheme 4-3. Radical capture experiment with TEMPO.

0 0
>\;C H MOF 1-OTf-Ir (0.5 mol%)
5M11 = X = HaC(HaClany
N-O + N HEH (2.0 equiv) TEMPO
& CH5CN/Blue LED/6 h 1d (26%)
© TEMPO (2.0 equiv)

Radical capture experiment with 1,1-diphenylethene. Pentanyl N-hydroxyphthalimide
ester (52.3 mg, 0.20 mmol, 2.0 equiv), 4-vinylpyridine (10.5 mg, 0.10 mmol, 1.0 equiv), Hantzsch
ester (50.7 mg, 0.20 mmol, 2.0 equiv), 1,1-diphenylethene (36.1 mg, 0.20 mmol, 2.0 equiv), and
1-OTH-Ir (0.50 pmol, 0.5 mol%, based on Lewis acid site) were mixed in dry CH3CN (0.5 mL) in
a closable flask. The resulting mixture was stirred under blue LED irradiation at room temperature
in an N2 atmosphere for 6 hours. After reaction, the suspension was filtered, and the filtrate was
then subjected to GC-MS analysis. 1,1-Diphenylheptane (1e) was detected in 91% yield without
the observation of product 1c.

Scheme 4-4. Radical capture experiment with 1,1-diphenylethene.

0O O
M—CsHig _~_~,  MOF 1-OTFIr (0.5 mol%) Ph
N-O + | N HEH (2.0 equiv) HsC(HzC)4\%Ph
= CH30N/B|U8 LED/6 h 1e (91%)
o) Ph _
=< (2.0 equiv)
Ph

On the basis of these experimental results and literature precedents,®* 3

we propose a
reaction mechanism as shown in Figure 4-11. Reduction of photoexcited [Ir'']* in by HEH
furnishes HEH * radical cation and strongly reducing [Ir"] center, which competently reduces

substrates a to give alkyl radical and regenerate the [Ir'!'] species. In the meantime, substrates b

coordinates to the Lewis acidic site in the same mesopore to afford electron-deficient pyridine
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derivative A which is susceptible to attack by alkyl radical. Subsequent radical addition generates
radical intermediate B, which undergoes hydrogen atom transfer with HEH* to afford Lewis acid-
bound product C and EH* cation. An incoming substrate releases product P and restarts the
catalytic cycle on the right. As the active centers are engineered into the same mesopore, the
reactive intermediates are confined in the mesopore, resulting in high local concentrations to

facilitate the coupling reaction.

4\

9 o]
EtOZC COzEt / \
| . | _ / [AI] - Quie-[Al]
y "/ \ Hd ]
e o °
HEH )
¢ \CF3
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Figure 4-11. Proposed reaction mechanism for 1-OTf-Ir catalyzed reductive cross-coupling of
azaarenes with esters. Reprinted with permission from Journal of the American Chemical Society,
2020, 142, 8602-8607. Copyright 2020 American Chemical Society.
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4.3 Conclusion

In this chapter, we have engineered mesopores in an AI-MOF for the installation of strongly
Lewis acid sites and Ir-PSs to perform bioinspired synergistic catalysis. 1-OTf-Ir effectively
catalyzed reductive cross-coupling of N-hydroxyphthalimide esters or aryl bromomethyl ketones
with vinyl- or alkynyl-azaarenes to afford functionalized azaarene derivatives with turnover
numbers of up to 190. 1-OTH{-Ir was also used to synthesize anticholinergic drugs Pheniramine and
Chlorpheniramine. 1-OTf-Ir significantly outperformed homogeneous and other controls as a
result of the close proximity of both binding centers and catalytic centers in the mesopore which
facilitates the coupling between activated vinyl- or alkyny-azaarenes and alkyl radicals. This work
highlights the potential of enzyme-inspired multifunctional MOFs in synergistic catalysis.

4.4 Experimental
4.4.1 Material and Methods

All the reactions and manipulations were carried out under N2 with the use of a glovebox
or Schlenk technique, unless otherwise indicated. All the solvents were dried by standard
procedures. N-Hydroxyphthalimide esters, 2-(1-phenylvinyl)pyridine, 2-vinylquinoline, 4-(1-
phenylvinyl)pyridine, 2-isopropenylpyridine and 2-(1-p-chlorophenylvinyl)pyridine were
prepared according to literature methods.*33° All other chemicals were purchased from Fisher or
Aldrich and used directly unless otherwise indicated.

Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Venture
diffractometer using Cu Ka radiation source (1 = 1.54178 A). N2 sorption experiments were
performed on a Micrometrics TriStar II 3020 instrument. Thermogravimetric analysis (TGA) was
performed in air using a Shimazu TGA-50 equipped with a platinum pan and heated at a rate of

1.5 °C per min. Transmission electron microscopy (TEM) images were taken on a TECNAI F30
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HRTEM. Scanning electron microscopy (SEM) images were take on the Carl Zeiss Merlin, with
the detectors of In-Lens, EsB, AsB, & SE2. Ozonolysis was performed on an Azcozon RMU-DG3
ozone generator, which produces up to ~0.42 mol/h ozone at a 6 L/min Oz gas flow rate.
Inductively coupled plasma-mass spectrometry (ICP-MS) data was obtained with an Agilent
7700x ICP-MS and analyzed using ICP-MS Mass Hunter version B01.03. Samples were diluted
in a 2% HNOs3 matrix and analyzed with a °*Tb internal standard against a 12-point standard curve
over the range from 0.1 ppb to 500 ppb. The correlation was >0.9997 for all analyses of interest.
Data collection was performed in Spectrum Mode with five replicates per sample and 100 sweeps
per replicate. EPR spectra were recorded on a Bruker Elexsys 500 X-band EPR spectrometer under
irradiation of a white-light lamp (Fiber-Lite MI-150) by focusing the lamp on the sample cell in
the ESR cavity at 15 K. Fluorescence measurement was performed using a Shimazu RF-5301PC
spectrofluorophotometer.

"H NMR and "*C NMR spectra were recorded on a Bruker NMR 500 DRX spectrometer
at 500 MHz and 126 MHz, respectively. The following abbreviations are used herein: s: singlet, d:
doublet, t: triplet, q: quartet, m: multiplet, br: broad, app: apparent.
4.4.2 Synthesis of 1-OT{-Ir

In a N2-filled glovebox, 1-OTf (0.1 mmol of bpy) was weighed out in a 75 mL high pressure
glass vessel. 20 mL of [Ir(ppy)2Cl]2* solution in DMF (10 mM) was then added. The mixture was
stirred at 100 °C for 3 days. The bright-orange solid was then centrifuged and washed with DMF
three times, THF three times, and benzene three times. The resultant solid was freeze-dried and
stored in a glovebox for further use. ICP-MS analysis showed an Al/Ir molar ratio of ~10:1,

indicating ~13% of dcbpy ligands were metalated.
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4.4.3 X-ray Absorption Study

Data collection. X-ray absorption data of 1-OTf-Ir was collected at Beamline 10-BM at
the Advanced Photon Source (APS) at Argonne National Laboratory. Spectra were collected at the
iridium Ls-edge (11215 eV) in transmission mode. The X-ray beam was monochromatized by a
Si(111) monochromater and detuned by 50% to reduce the contribution of higher-order harmonics
below the level of noise. A metallic platinum foil standard was used as a reference for energy
calibration and was measured simultaneously with experimental samples. The incident beam
intensity (lo), transmitted beam intensity (It), and reference (Ir) were measured by 20 cm ionization
chambers with gas compositions of 44% Nz and 56% Ar, 5% N2 and 95% Ar, and 100% N2,
respectively. Data were collected over six regions: -250 to -30 eV (10 eV step size, dwell time of
0.25s), -30 to -12 eV (5 eV step size, dwell time of 0.5 s), -12 to 30 eV (1.1 eV step size, dwell
time of 1 s), 30 eV to 6 A-1, (0.05 A-1 step size, dwell time of 2 s), 6 A-1 to 12 A-1, (0.05 A-1
step size, dwell time of 4 s), 12 A-1 to 15 A-1, (0.05 A-1 step size, dwell time of 8 s). Multiple X-
ray absorption spectra were collected at room temperature for each sample. Samples were ground
and mixed with polyethyleneglycol (PEG) and packed in a 6-shooter sample holder to achieve
adequate absorption length.

Data processing. Data was processed using the Athena and Artemis programs of the
IFEFFIT package based on FEFF 6. Prior to merging, spectra were calibrated against the reference
spectra and aligned to the first peak in the smoothed first derivative of the absorption spectrum,
the background noise was removed, and the spectra were processed to obtain a normalized unit
edge step.

EXAFS fitting of 1-OT{-Ir. Fitting of the EXAFS region was performed using the Artemis

program of the IFEFFIT package. Fitting was performed in R space, with a k-weight of 3 for
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iridium samples. Refinement was performed by optimizing an amplitude factor So*> and energy
shift AEo which are common to all paths, in addition to parameters for bond length (AR) and
Debye-Waller factor (¢%). The fitting model for 1-OTf-Ir was based on the single crystal structure
QUSQIG obtained from CCDC.
4.4.4 Synergistic Catalytic Reactions

General procedure for reductive cross-coupling of N-hydroxyphthalimide esters with
vinylpyridines. N-Hydroxyphthalimide ester (0.20 mmol, 2.0 equiv), vinyl-pyridine (0.10 mmol,
1.0 equiv), Hantzsch ester (0.20 mmol, 2.0 equiv), and 1-OTf-Ir (0.50 umol, 0.5 mol%, based on
Lewis acid site) were mixed in dry CH3CN (0.5 mL) in a closable flask. The resulting mixture was
stirred under blue LED irradiation at room temperature in an N2 atmosphere for 6 hours. After the
reaction, the solvent was removed under vacuum. The residue was then subjected to column
chromatography on silica gel using n-hexane, ethyl acetate and triethylamine as eluent to give
products 1e-12c.
H3C(HoC)4 N 1c: Yield 85%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.49 (s,

\/\@‘ 2H), 7.12 (d, /= 5.7 Hz, 2H), 2.63 — 2.57 (m, 2H), 1.62 (p, J = 7.4 Hz,

2H), 1.35 — 1.22 (m, 8H), 0.88 (t, J = 7.0 Hz, 3H). '3C NMR (126 MHz, CDCl3) § 152.2, 149.5,
124.2, 35.4, 31.9, 30.4, 29.3, 29.2, 22.8, 14.2. Characterization data matched that reported in the

literature.*

2¢: Yield 90%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.48 (d, J =

| \N 6.0 Hz, 2H), 7.13 (d, J = 6.0 Hz, 2H), 2.66 — 2.59 (m, 2H), 1.79 — 1.61 (m,

g 5H), 1.55—1.47 (m, 2H), 1.29 — 1.11 (m, 4H), 0.98 — 0.88 (m, 2H). 1*C NMR

(126 MHz, CDCl3) 6 153.0, 149.2, 124.2, 38.2, 37.4, 33.3, 32.8, 26.7, 26.4. Characterization data

matched that reported in the literature.*!
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3c: Yield 88%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.46 (s,

(E“j\/\@ 2H), 7.12 (d, J = 19.3 Hz, 2H), 3.91 — 3.66 (m, 1H), 3.47 — 3.22 (m, 2H),
Boc _N

2.67—2.46 (m, 2H), 2.18 — 1.90 (m, 2H), 1.89 — 1.54 (m, 4H), 1.43 (s, 9H).

13C NMR (126 MHz, CDCl3) § 154.8, 151.7,151.2, 149.7, 124.0,79.4, 79.2, 57.1, 56.8, 46.7, 46.3,

34.8,32.2,30.7,30.2, 28.7, 23.9. Characterization data matched that reported in the literature.*?

%\/CN 4c: Yield 71%. White oil. "TH NMR (500 MHz, Chloroform-d) & 8.49 — 8.43
/

N~ (m, 2H), 7.11 (d, J= 6.1 Hz, 2H), 2.57 — 2.51 (m, 2H), 1.98 (s, 3H), 1.76
1.61 (m, 6H), 1.53 (d, J= 2.9 Hz, 6H), 1.39 — 1.32 (m, 2H). '*C NMR (126 MHz, CDCl3)  153.2,

149.6, 124.1,45.7, 42.5, 37.3, 32.6, 28.8, 28.8. HRMS (ESI) calcd for Ci7H23N [M+H] 242.1864,

found 242.1935.

5c: Yield 90%. White oil. '"H NMR (500 MHz, Chloroform-d) § 8.47 (d, J =

©</\© 5.0 Hz, 2H), 7.12 (d, J = 5.6 Hz, 2H), 2.57 — 2.49 (m, 2H), 1.54 — 1.41 (m,
_N

7H), 1.37 - 1.27 (m, 5H), 0.94 (s, 3H).. 3C NMR (126 MHz, CDCl3) § 157.5,

130.6, 129.5,129.4, 128.9, 127.9, 126.3, 124. 7, 123.2, 114.5, 77.1, 69.2, 34.2, 26.2. HRMS (ESI)

calcd for C14H21N [M+H] 204.1701, found 204.1885.

6¢: Yield 79%. White oil. "H NMR (500 MHz, Chloroform-d) & 8.49 (d, J =

/Oj\/\@ 5.8 Hz, 2H), 7.17 (d, J = 6.1 Hz, 2H), 3.92 — 3.70 (m, 3H), 2.83 — 2.62 (m,
N

2H), 2.04 — 1.73 (m, SH), 1.53 — 1.4 (m, 1H). *C NMR (126 MHz, CDCl3)

o 152.1, 149.2, 124.2, 78.3, 67.9, 36.3, 32.3, 31.5, 25.9. Characterization data matched that

reported in the literature.*!
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7c¢: Yield 88%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.56 — 8.39

O\/\O (m, 2H), 7.11 (d, J = 6.0 Hz, 2H), 2.66 — 2.57 (m, 2H), 1.84 — 1.71 (m, 3H),
_N

1.67 — 1.47 (m, 6H), 1.18 — 1.06 (m, 2H). >C NMR (126 MHz, CDCl;) 5

152.3,149.5, 124.1,39.7, 37.0, 34.6, 32.7, 25.3. HRMS (ESI) calcd for Ci12H17N [M+H] 176.1395,

found 176.1683.

8c: Yield 70%. White oil. "TH NMR (500 MHz, Chloroform-d) § 8.49 (d, J =

@\/\@ 5.2 Hz, 2H), 7.15 (d, J = 6.0 Hz, 2H), 5.67 (s, 2H), 2.68 — 2.60 (m, 2H), 2.51
_N

(dd, J = 14.1, 8.7 Hz, 2H), 2.29 — 2.18 (m, 1H), 2.02 (dd, J = 13.6, 6.5 Hz,

2H), 1.77 — 1.69 (m, 2H). >C NMR (126 MHz, CDCls) § 152.5, 149.3, 129.9, 124.2, 39.0, 37.2,

37.2,34.2.4

9c: Yield 51%. White oil. "H NMR (500 MHz, Chloroform-d) & 8.51 (d, J =

M 4.9 Hz, 1H), 7.73 - 7.58 (m, 1H), 7.37 - 7.10 (m, 2H), 3.98 — 3.75 (m, 1H),
Boc N~

3.48 —3.26 (m, 2H), 2.94 — 2.71 (m, 2H), 2.27 — 1.70 (m, 6H), 1.44 (s, 9H).

3C NMR (126 MHz, CDCl3) § 161.7, 161.3, 154.9, 148.9, 147.6, 138.1, 137.1, 123.7, 123.0,

121.6,121.4,79.2,79.1, 57.2, 57.0, 46.7, 46.3, 35.2, 35.0, 34.6, 34.2, 30.8, 30.1, 28.7, 23.9, 23.2.

Characterization data matched that reported in the literature.**

10c: Yield 78%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.56 (d, J

=3.9 Hz, 1H), 7.55 (t, J= 7.7 Hz, 1H), 7.37 - 7.32 (m, 2H), 7.28 (t, J= 7.7
N
|| Hz, 2H), 7.20 - 7.14 (m, 2H), 7.07 (dd, J = 7.5, 4.9 Hz, 1H), 4.23 (t, /= 7.9
=
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Hz, 1H), 2.14 — 2.04 (m, 1H), 2.02 — 1.93 (m, 1H), 1.77 (t, J = 14.3 Hz, 2H), 1.68 — 1.55 (m, 3H),
1.16 — 1.06 (m, 4H), 1.02 — 0.88 (m, 2H). 3C NMR (126 MHz, CDCls) § 164.5, 149.3, 144.2,
136.5, 128.6, 128.2, 126.4, 122.8, 121.3, 50.7, 42.9, 35.1, 33.7, 33.3, 26.7, 26.3, 26.3.

Characterization data matched that reported in the literature.**

11c: Yield 94%. White oil. 'H NMR (500 MHz, Chloroform-d) § 8.48 (d, J

=5.1 Hz, 2H), 7.32 - 7.27 (m, 2H), 7.24 - 7.18 (m, 3H), 7.17 - 7.14 (m, 2H),

| \N 4.04 (t,J=8.0 Hz, 1H), 1.97 - 1.87 (m, 2H), 1.75 (t, J=13.8 Hz, 2H), 1.69

g — 1.57 (m, 3H), 1.19 — 1.06 (m, 4H), 1.01 — 0.88 (m, 2H). '3C NMR (126

MHz, CDCI3) 6 154.6, 149.9, 143.5, 128.8, 128.0, 126.7, 123.4, 47.6, 42.9, 34.9, 33.5, 33 .4, 26.6,

26.2, 26.2. Characterization data matched that reported in the literature.*!

12¢: Yield 71%. White oil. '"H NMR (500 MHz, Chloroform-d) & 8.32 —

| ™S 8.09 (m, 2H), 7.82 (d, /= 8.1 Hz, 1H), 7.74 (t, J = 7.8 Hz, 1H), 7.54 (t,

J=17.4Hz, 1H), 7.37 (d, J= 8.6 Hz, 1H), 3.08 (s, 2H), 1.96 — 1.74 (m,

5H), 1.70 — 1.58 (m, 2H), 1.58 — 1.45 (m, 2H), 1.24 — 1.14 (m, 2H). '*C NMR (126 MHz, CDCl3)

0 162.7, 127.8, 126.9, 126.4, 124.1, 121.7, 118.0, 40.2, 36.6, 32.8, 25.4. HRMS (ESI) calcd for
CicHioN [M+H] 226.1551, found 226.1710.

General procedure for reductive cross-coupling of N-hydroxyphthalimide esters with
alkynylpyridines. N-Hydroxyphthalimide ester (0.20 mmol, 2.0 equiv), alkynylpyridine (0.10
mmol, 1.0 equiv), Hantzsch ester (0.20 mmol, 2.0 equiv), and 1-OTf-Ir (0.50 pmol, 0.5 mol%,
based on Lewis acid site) were mixed in dry CH3CN (0.5 mL) in a closable flask. The resulting

mixture was stirred under blue LED irradiation at room temperature in an N2 atmosphere for 6
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hours. After the reaction, the solvent was removed under vacuum. The residue was then subjected
to column chromatography on silica gel using n-hexane, ethyl acetate and triethylamine as eluent
to give products 13¢-17c.

13c: Yield 73%. White oil. A mixture of Z and E isomers with a molar ratio
= X

| of Z/E = 1.9/1 as determined by '"H NMR. The E isomer was isolated in the
—
N
pure form via repeated column chromatographic separation on silica gel. 'H

NMR (500 MHz, Chloroform-d) ¢ 8.56 (s, 1H), 8.42 (d, J=4.0 Hz, 1H), 7.70 (dt,J= 7.9, 2.0 Hz,
1H), 7.24 (dd, J=7.9,4.8 Hz, 1H), 6.36 — 6.21 (m, 2H), 2.21 — 2.08 (m, 2H), 1.85 — 1.74 (m, 4H),
1.72 — 1.65 (m, 1H), 1.37 — 1.27 (m, 2H), 1.23 — 1.14 (m, 2H). *C NMR (126 MHz, CDCls) §
147.5, 147.3, 141.3, 139.8, 133.1, 123.7, 123.6, 41.4, 32.8, 26.2, 26.1. Characterization data
matched that reported in the literature.

14c: Yield 50%. White oil. A mixture of Z and E isomers with a molar ratio

=
NN e o | N

of Z/E =10.0/1 as determined by '"H NMR. The Z isomer was isolated in the
pure form via repeated column chromatographic separation on silica gel. '"H NMR (500 MHz,
Chloroform-d) § 8.50 (s, 2H), 7.64 (d, J = 7.8 Hz, 1H), 7.34 (s, 1H), 6.28 (d, J = 12.8 Hz, 1H),
5.55(d,J=12.8 Hz, 1H), 1.94 (d, /J=2.9 Hz, 1H), 1.90 — 1.85 (m, 3H), 1.65 — 1.59 (m, 3H), 1.58
— 1.52 (m, 8H). 3C NMR (126 MHz, CDCl3) § 159.3, 146.4, 138.3, 131.2, 123.6, 122.0, 120.7,

43.4,36.6, 28.5. HRMS (ESI) calcd for Ci7H21N [M+H] 240.1708, found 240.1925.

A 15¢-Z: Yield 73%. White oil. 'TH NMR (500 MHz, Chloroform-d) & 8.64 —
N

N

Boc 8.39 (m, 2H), 7.88 — 7.48 (m, 1H), 7.27 (dd, J= 7.8, 4.7 Hz, 1H), 6.35 (d, J

= 11.6 Hz, 1H), 5.74 (t, J = 10.6 Hz, 1H), 4.75 — 4.56 (m, 1H), 3.56 — 3.36 (m, 2H), 2.34 — 2.07

(m, 2H), 1.98 — 1.78 (m, 2H), 1.60 — 1.12 (m, 9H). '3C NMR (126 MHz, CDCls) 5 154.7, 149.7,
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147.9, 137.4, 135.9, 132.8, 124.2, 123.3, 79.5, 54.9, 46.7, 34.0, 28.5, 24.0. Characterization data

matched that reported in the literature.

15¢-E: Yield 22%. White oil. 'TH NMR (500 MHz, Chloroform-d) & 8.57 (s,

N NN
| 1H), 8.50 — 8.40 (m, 1H), 7.75 — 7.53 (m, 1H), 7.28 — 7.23 (m, 1H), 6.52 —

Bocé N/
5.64 (m, 2H), 4.71 —4.28 (m, 1H), 3.56 — 3.33 (m, 2H), 2.30 - 2.04 (m, 2H),
1.97 — 1.75 (m, 2H), 1.61 — 1.33 (m, 9H). 3C NMR (126 MHz, CDCl3) o 154.7, 148.2, 147.9,

137.6,133.7,133.1, 125.9, 123.7,79.5, 59.1, 46.5, 32.6, 28.6, 23.2. Characterization data matched

that reported in the literature.

7\ 16¢-Z: Yield 69%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.57 (d,
BOC/Q:Q J=4.9 Hz, 1H), 7.86 — 7.56 (m, 2H), 7.22 — 7.05 (m, 1H), 6.48 — 6.32 (m,
1H), 6.03 — 5.74 (m, 1H), 5.50 — 5.25 (m, 1H), 3.58 — 3.39 (m, 2H), 2.40 — 2.31 (m, 1H), 1.96 —
1.77 (m, 2H), 1.55 — 1.15 (m, 9H). '3C NMR (126 MHz, CDCl3) & 154.9, 149.1, 139.9, 136.2,

134.3, 126.6, 124.1, 123.3, 121.4, 79.2, 64.1, 63.8, 56.0, 55.3, 47.4, 46.7, 28.4, 24.6, 24.1.

Characterization data matched that reported in the literature.

16¢-E: Yield 18%. White oil. 'H NMR (500 MHz, Chloroform-d) & 8.71 —

N /I\
Bocé NN~

1H), 6.85 — 6.64 (m, 1H), 4.62 — 4.50 (m, 1H), 3.57 — 3.33 (m, 2H), 2.23 — 2.09 (m, 1H), 2.01 —

8.60 (m, 1H), 8.16 (d, J = 8.5 Hz, 1H), 7.72 — 7.54 (m, 2H), 7.47 — 7.30 (m,

1.86 (m, 3H), 1.50 — 1.35 (m, 9H). 1*C NMR (126 MHz, CDCls) § 154.7, 154.0, 150.0, 137.1,
124.5, 124.0, 123.2, 123.1, 79.8, 59.0, 58.7, 46.9, 46.5, 32.3, 31.4, 28.6, 24.0, 23.2.

Characterization data matched that reported in the literature.
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/N—\\ 17¢-Z: Yield 76%. White oil. 'H NMR (500 MHz, Chloroform-d) & 9.07 (s,
Boc/N ) " 1H), 8.90 — 8.56 (m, 2H), 6.29 (d, J = 11.7 Hz, 1H), 5.86 (t, J = 10.5 Hz,
1H), 4.66 — 4.48 (m, 1H), 3.60 — 3.35 (m, 2H), 2.30 — 2.04 (m, 1H), 2.01 — 1.74 (m, 3H), 1.57 —
1.14 (m, 9H). 13C NMR (126 MHz, CDCl3) & 156.8, 156.5, 156.3, 154.5, 139.7, 130.8, 121.0,
120.5, 79.7, 55.0, 54.7,47.1, 46.7, 33.9, 33.3, 28.5, 24.5, 24.0. Characterization data matched that

reported in the literature.

17¢-E: Yield 15%. White oil. '"H NMR (500 MHz, Chloroform-d) & 9.09 (s,

BO(["‘ | \/)N 1H), 8.76 (s, 2H), 6.47 — 6.26 (m 2H), 4.60 — 4.38 (m, 1H), 3.54 — 3.35 (m,

" 2H), 2.21 —2.04 (m, 1H), 1.99 — 1.74 (m, 3H), 1.44 (s, 9H). 3*C NMR (126

MHz, CDCI3) 6 157.0, 156.6, 154.7, 154.3, 136.1, 130.9, 122.3, 79.7, 58.9, 58.8, 46.9, 46.5, 32.5,
31.8, 28.6, 24.0, 23.2. Characterization data matched that reported in the literature.

General procedure for reductive cross-coupling of aryl bromomethyl ketones with
vinylpyridines. Aryl bromomethyl ketones (0.20 mmol, 2.0 equiv), vinyl-pyridine (0.10 mmol,
1.0 equiv), Hantzsch ester (0.20 mmol, 2.0 equiv), and 1-OTf-Ir (0.50 umol, 0.5 mol%, based on
Lewis acid site) were mixed in dry CH3CN (0.5 mL) in a closable flask. The resulting mixture was
stirred under blue LED irradiation at room temperature in an N2 atmosphere for 6 hours. After the
reaction, the solvent was removed under vacuum. The residue was then subjected to column

chromatography on silica gel using n-hexane, ethyl acetate and triethylamine as eluent to give

products 18c-22c.
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o) 18c: Yield 67%. White solid. 'H NMR (500 MHz, Chloroform-d) & 8.51 (d,

J=4.7Hz, 2H), 7.96 — 7.89 (m, 2H), 7.57 (t, J= 7.4 Hz, 1H), 7.46 (t,J="7.7
=

J

N
2H), 2.11 (dt, J = 14.7, 7.2 Hz, 2H). 3C NMR (126 MHz, CDCl3) § 199.6, 151.4, 149.5, 136.9,

| Hz, 2H), 7.17 (d, J = 5.6 Hz, 2H), 3.00 (t, J = 7.1 Hz, 2H), 2.77 — 2.70 (m,

133.3, 128.8, 128.1, 124.2, 37.5, 34.6, 24.5. HRMS (ESI) calcd for CisHi1sNO [M+H] 226.1187,

found 226.1325.

o) 19¢: Yield 53%. White solid. '"H NMR (500 MHz, Chloroform-d) & 8.51 (d,
Ph
J=5.5Hz, 2H), 7.88 — 7.82 (m, 2H), 7.54 (t, J= 7.4 Hz, 1H), 742 (t, J =
Z
Sy | 7.7 Hz, 2H), 7.35 — 7.29 (m, 2H), 7.26 — 7.21 (m, 5H), 4.04 (t, /= 7.9 Hz,

1H), 2.94 (t, J = 7.3 Hz, 2H), 2.58 — 2.46 (m, 2H). 13C NMR (126 MHz, CDCls) § 199.5, 154.2,
149.6, 142.3, 136.9, 133.3, 129.1, 128.8, 128.1, 128.1, 127.2, 123.5, 50.0, 36.5, 29.1.

Characterization data matched that reported in the literature.

o) 20c: Yield 84%. White oil. '"H NMR (500 MHz, Chloroform-d) & 8.56 (d,

J =48 Hz, 1H), 7.87 (d, J= 7.7 Hz, 2H), 7.62 (t, J = 8.0 Hz, 1H), 7.52 (t,
=
NS

7.09 (m, 1H), 3.06 — 2.98 (m, 1H), 2.96 — 2.81 (m, 2H), 2.26 — 2.02 (m, 2H), 1.35 (d, J= 6.8 Hz,

N
| J=7.5Hz 1H), 7.41 (t, J= 7.7 Hz, 2H), 7.17 (d, J = 7.9 Hz, 1H), 7.15 —

3H). 3C NMR (126 MHz, CDCl3) § 200.3, 165.5, 148.9, 137.1, 137.0, 133.0, 128.6, 128.2, 122.1,

121.6,41.3, 36.7, 31.4, 21.2. Characterization data matched that reported in the literature.

123



o 21c: Yield 78%. White oil. 'H NMR (500 MHz, Chloroform-d) § 8.55

(d,J=4.0 Hz, 1H), 7.85 (d, J = 8.9 Hz, 2H), 7.60 (td, J= 7.7, 1.9 Hz,

MeO =
N

(d, J= 8.9 Hz, 2H), 3.83 (s, 3H), 3.03 — 2.94 (m, 1H), 2.90 — 2.73 (m, 2H), 2.22 — 2.00 (m, 2H),

N
| 1H),7.16(d,J=7.9 Hz, 1H),7.11 (ddd, J="7.5,4.9, 1.2 Hz, 1H), 6.88

1.34 (d, J= 6.9 Hz, 3H). *C NMR (126 MHz, CDCl3) § 199.0, 165.7, 163.4, 149.3, 136.7, 130.4,
130.1, 122.0, 121.5, 113.7, 55.5, 41.6, 36.4, 31.7, 21.2. HRMS (ESI) calcd for Ci17H19NO2 [M+H]

270.1445, found 270.1669.

o) 22c: Yield 76%. White solid. '"H NMR (500 MHz, Chloroform-d) & 8.58 (d,

J=49Hz, 1H), 8.37 (s, 1H), 7.97 (d, J= 8.7 Hz, 1H), 7.91 (d, J = 8.2 Hz,
=
N

1H), 7.53 (t, J= 7.6 Hz, 1H), 7.21 (d, J= 7.9 Hz, 1H), 7.15 (dd, J = 7.6, 4.9 Hz, 1H), 3.08 — 2.96

N
| 1H),7.85(d, J = 8.6 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.57 (t, J = 7.5 Hz,

(m, 3H), 2.31 - 2.10 (m, 2H), 1.38 (d, /= 6.9 Hz, 3H).

3C NMR (126 MHz, CDCIs) § 200.3, 165.6, 149.2, 136.9, 135.6, 134.3, 132.6, 129.8, 129.7,
128.5,127.9, 126.8, 124.0, 122.1, 121.6, 41.5, 36.8, 31.7, 21.3. HRMS (ESI) calcd for C20Hi19NO
[M+H] 290.1500, found 290.1650.

Synthesis of Pheniramine and Chlorpheniramine. Fresh prepared N-
hydroxyphthalimide ester (0.50 mmol, 5.0 equiv), vinylpyridine (0.10 mmol, 1.0 equiv), Hantzsch
ester (0.50 mmol, 5.0 equiv), and 1-OTf-Ir (0.50 pmol, 0.5 mol%, based on Lewis acid site) were
mixed in dry CH3CN (0.5 mL) in a closable flask. The resulting mixture was stirred under blue
LED irradiation at room temperature in an N2 atmosphere for 6 hours. After the reaction, the

solvent was removed under vacuum. The residue was then subjected to column chromatography
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on silica gel using n-hexane, ethyl acetate and triethylamine as eluent to give the products
Pheniramine and Chlorpheniramine.
Pheniramine: Yield 38%. White oil. '"H NMR (500 MHz, Chloroform-d) & 8.56
(dd,J=4.9,09 Hz, 1H), 7.55 (t,J=7.7 Hz, 1H), 7.34 (d, /= 7.8 Hz, 2H), 7.28
| N/\ (t,J=7.6 Hz, 2H), 7.18 (dd, J=17.1, 8.0 Hz, 2H), 7.11 — 7.06 (m, 1H), 4.15 (t,

J=6.3 Hz, 1H), 2.55 - 2.45 (m, 1H), 2.41 — 2.19 (m, 9H). '*C NMR (126 MHz,

CDCl) 6 149.4, 136.6, 128.7, 128.1, 126.7, 123.0, 121.5, 57.8, 51.4, 45.3, 32.6.

Chlorpheniramine: Yield 36%. White oil. 'H NMR (500 MHz,

Chloroform-d) 6 8.55 (d, J = 4.1 Hz, 1H), 7.55 (td, J= 7.7, 1.7 Hz, 1H),
| N 7.33-7.21 (m, 4H), 7.14(d,J=7.8 Hz, 1H), 7.09 (dd, J="7.1, 5.1 Hz, 1H),
cl 4.12 (t,J = 7.2 Hz, 1H), 2.47 — 2.37 (m, 1H), 2.19 (m, 9H). *C NMR (126
MHz, CDCIs) 6 163.2, 149.5, 142.3, 136.6, 132.3, 129.5, 128.7, 122.9, 121.6, 57.8, 50.7, 45.6,
33.0.
4.4.5 Time-dependent Experiment

Time-dependent experiment 1 (T1). Pentanyl N-hydroxyphthalimide ester (52.3 mg, 0.20
mmol, 2.0 equiv), 4-vinylpyridine (10.5 mg, 0.10 mmol, 1.0 equiv), Hantzsch ester (50.7 mg, 0.20
mmol, 2.0 equiv), and 1-OTf-Ir (0.50 umol, 0.5 mol%, based on Lewis acid site) were mixed in
dry CH3CN (0.5 mL) in a closable flask. The resulting mixture was stirred under blue LED
irradiation at room temperature in an N2 atmosphere for 6 hours. The reaction progress was tracked
by GC-MS every two hours.

Time-dependent experiment 2 (T2). The reaction procedure is similar to that of T1. The

only difference is that 1-OTf-Ir catalyst was replaced by 1-OTf catalyst.
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Time-dependent experiment 3 (T3). The reaction procedure is similar to that of T1. The
only difference is that 1-OTf-Ir catalyst was replaced by 1-OH-Ir catalyst.
4.4.6 Synthesis of 1-OTf-Ir-high and 1-OT{-Ir-low

Preparation of 1-OTf-Ir-high. In a Na-filled glovebox, 1-OTf (0.05 mmol of bpy) was
weighed out in a 75 mL high pressure glass vessel. 20 mL of [Ir(ppy)2Cl]2 solution in DMF (10
mM) was then added. The mixture was stirred at 110 °C for 3 days. The resultant solid was freeze-
dried. ICP-MS analysis showed an Al/Ir molar ratio of ~5.5:1. Meanwhile, '"H NMR spectrum of
digested 1-OTf-Ir-high indicated the ratio between vacant dcbpy and metalated dcbpy is ~3.6:1
(Figure 4-12). Based on both ICP-MS and '"H NMR analysis, we concluded the chemical formula

of 1-OTf-Ir-high to be AI(OH)(dcbpy)o.63[L1]o.17(OTH)a.
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Figure 4-12. '"H NMR spectrum of digested 1-OTf-Ir-high in DMSO-ds. Red circles correspond
to dcbpy ligands, while blue circles correspond to L ligands. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American
Chemical Society.
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Preparation of 1-OTf-Ir-low. In a Na-filled glovebox, 1-OTf (0.1 mmol of bpy) was
weighed out in a 75 mL high pressure glass vessel. 5 mL of [Ir(ppy)2Cl]z2 solution in DMF (10 mM)
was then added. The mixture was stirred at 80 °C for 3 days. The bright-orange solid was then
centrifuged and washed with DMF three times, THF three time, and benzene three times. The
resultant solid was freeze-dried and stored in a glovebox for further use. ICP-MS analysis showed
an Al/Ir molar ratio of ~21.2:1, indicating an Ir loading of 4.5%. In addition, 'H NMR spectrum
of digested 1-OTf-Ir-low indicated the ratio between vacant dcbpy and metalated dcbpy is ~16.6:1
(Figure 4-13). Based on both ICP-MS and '"H NMR analysis, we concluded the chemical formula

of 1-OTf-Ir-low to be AI(OH)(dcbpy)o.75[Li1]0.0s(OTf)a.
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Figure 4-13. 'H NMR spectrum of digested 1-OTf-Ir-low in DMSO-ds. Red circles correspond to
dcbpy ligands, while blue circles correspond to Li ligands. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American
Chemical Society.
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4.4.7 Synthesis of 1-Ir and 1-OH-Ir

In a N»-filled glovebox, 1 or 1-OH (0.1 mmol of bpy) was weighed out in a 75 mL high
pressure glass vessel. 20 mL of [Ir(ppy)2Cl]2 solution in DMF (10 mM) was then added. The
mixture was stirred at 100 °C for 3 days. The resultant solid was then centrifuged and washed with
DMF three times, THF three times, and benzene three times. The resultant solid (1-Ir or 1-OH-Ir)
was freeze-dried and then stored in a glovebox for further use. The crystallinity of both 1-Ir and 1-

OH-Ir were confirmed by PXRD analysis (Figure 4-14).

1-OH-Ir

P
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N 1 R DUT-5 (simu)
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20

Figure 4-14. PXRD patterns of 1-Ir and 1-OH-Ir in comparison to the simulated pattern for DUT-
5. Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 8602-
8607. Copyright 2020 American Chemical Society.

"H NMR spectrum of digested 1-OH-Ir indicated the ratio between free dcbpy and
metalated dcbpy is ~7.1:1 (Figure 4-15), corresponding to an Ir loading of 9.8 mol% w.r.t. Al site.
On the other hand, '"H NMR spectrum of digested 1-Ir showed two sets of peaks assignable to

dcbpy and pdac ligands, respectively, with only negligible peaks of L; ligands (Figure 4-16).
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Figure 4-15. '"H NMR spectrum of digested 1-OH-Ir in DMSO-ds. Red circles correspond to dcbpy
ligands, while blue circles correspond to L;j ligands. Reprinted with permission from Journal of
the American Chemical Society, 2020, 142, 8602-8607. Copyright 2020 American Chemical

Society.
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Figure 4-16. 'H NMR spectrum of digested 1-Ir in DMSO-ds. Red circles correspond to dcbpy
ligands and blue circles correspond to pdac ligands. Only negligible peaks of L ligands are
observed. Reprinted with permission from Journal of the American Chemical Society, 2020, 142,
8602-8607. Copyright 2020 American Chemical Society.

4.4.8 Control Experiment

Homogeneous control. Pentanyl N-hydroxyphthalimide ester (52.3 mg, 0.20 mmol, 2.0
equiv), 4-vinylpyridine (10.5 mg, 0.10 mmol, 1.0 equiv), Hantzsch ester (50.7 mg, 0.20 mmol, 2.0
equiv), H2Lj (0.13 pmol, 0.13 mol%) and Al(OTf)3 (0.50 pmol, 0.5 mol%) were mixed in dry
CH3CN (0.5 mL) in a closable flask. The resulting mixture was stirred under blue LED irradiation
at room temperature in an N2 atmosphere for 6 hours. After reaction, the suspension was filtered,
and the filtrate was then subjected to GC-MS analysis. Product 1¢ was detected in 16% yield

(Scheme 4-5).
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Scheme 4-5. Homogeneous control with Ir(Me2dcbpy)(ppy)2Cl and Al(OTf)s.

O O Ir(Me,dcbpy)(ppy),Cl (0.13 mol%)
>~C5H11 = N Al(OTf); (0.5 mol%) HaC(H,C)4 N
N-O + | _N HEH (2.0 equiv) \/\E)
S CH,CN/Blue LED/6 h 1c (16%) ~=N

Control reaction catalyzed by a mixture of 1-OTf and 1-OH-Ir. Pentanyl N-

hydroxyphthalimide ester (52.3 mg, 0.20 mmol, 2.0 equiv), 4-vinylpyridine (10.5 mg, 0.10 mmol,
1.0 equiv), Hantzsch ester (50.7 mg, 0.20 mmol, 2.0 equiv), 1-OH-Ir (0.13 pmol, 0.13 mol% based
on Ir site) and 1-OTT (0.50 pmol, 0.5 mol% based on Lewis acid site) were mixed in dry CH3CN
(0.5 mL) in a closable flask. The resulting mixture was stirred under blue LED irradiation at room
temperature in an N2 atmosphere for 6 hours. After reaction, the suspension was filtered, and the
filtrate was then subjected to GC-MS analysis. Product 1¢ was detected in 23% yield (Scheme 4-
6).

Scheme 4-6. Control reaction catalyzed by 1-OTf and 1-OH-Ir.

1-OH-Ir (0.13 mol%)

0O O
N_O>*C5H11 . = | AN l-OTf(O.Smol%) . H3C(H,C), N
_N HEH (2.0 equiv) | \
_

CH;CN/Blue LED/6 h 1c (23%)
0]

4.4.9 NMR Spectra

The NMR spectra for compounds 1¢-22¢, Pheniramine, and Chlorpheniramine can be found in the
Supporting Information of Metal-Organic Framework with Dual Active Sites in Engineered
Mesopores for Bioinspired Synergistic Catalysis.

Link: https://pubs.acs.org/doi/suppl/10.1021/jacs.0c02966/suppl_file/ja0c02966 si 001.pdf.
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Chapter 5. Titanium Hydroxide Secondary Building Units in Metal-Organic

Frameworks Catalyze Hydrogen Evolution under Visible Light

5.1 Introduction

In Chapter 4, we discussed that metal-organic framework (MOF)-based multifunctional
solid catalyst, 1-OTf-Ir, efficiently photocatalyzed reductive cross-coupling reactions under blue
LED light irradiation. This result suggests several advantages of MOF-based photocatalysts: close
proximity between photosensitizers and catalytic sites facilitates multielectron transfer, well-
defined structures provide a versatile platform for the incorporation of multiple active sites, and
site-isolation avoids the quenching of reactive species. In addition to photocatalytic organic
transformations, many photocatalytic small molecule transformations, including hydrogen
evolution reaction (HER), water oxidation reaction (WOR), and CO: reduction reaction (CO2RR)
have received intense attention due to their importance to solar energy conversion, which has the
potential to avert the depletion of fossil fuels and the rapid global climate change.'*

Visible light driven water splitting has long been considered as a promising pathway for
clean and renewable hydrogen production and exhibits potential in replacing fossil fuels to address
the global energy crisis.’ To date, titanium dioxide (TiO2) has been most widely used as the
photocatalytic materials for hydrogen production due to its outstanding stability, high activity,
nontoxicity, and low cost characteristics.®® TiO2-based materials with cocatalysts (Pt, Au, etc) or
cocatalysts free systems were well established and demonstrated feasible hydrogen production.
However, these photocatalysts are typically active only in the UV region (which just accounts for
3-5% of the total solar energy) owing to its wide HOMO-LUMO gap. The ubiquitous defects on
the surface of TiO2 make it difficult to study the catalytic mechanism at the molecular level.”!°

More recently, titanium-oxo clusters (TOCs) with well-defined structures have been studied for
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photocatalytic hydrogen production.!'!3 However, the difficulty in incorporating efficient
photosensitizers into these systems also leads to only UV-region absorption and limits the
efficiency in hydrogen production process. Additionally, titanium complexes, such as titanium
tetrachloride, have also been reported for photocatalytic HER.'*!> Their HER mechanism was well
studied at the molecular level, but these homogeneous systems are limited by low stability,
absorption in the UV spectrum, and the inability to recycle and reuse.

Over the past decade, titanium-based MOFs (Ti-MOFs) have been studied for artificial
photosynthesis.!®!® For example, amino-functionalized Ti-MOFs have been used as light-
harvesting antenna to drive photocatalytic HER by encapsulated Pt nanoparticles and molecular
Co catalysts.'” However, as photosensitizers, Ti-MOFs are limited by low molar absorptivities,
large HOMO-LUMO gaps, and relatively short excited state lifetimes. We surmised that synthetic
tunability of MOFs could be leveraged to design new Ti-MOFs with much enhanced activities of
and for discovering new fundamental insights into photocatalytic HER.

In this chapter, I will discuss the synthesis of two new MOFs, Ti3-BPDC-Ir and Ti3-BPDC-
Ru, by doping [Ir(ppy)2(dcbpy)]Cl (L1, ppy = 2-phenylpyridine) or [Ru(bpy)2(dcbpy)]Clz (L2, bpy
= 2,2’-bipyridine,) photosensitizers into the Ti3-BPDC (BPDC = biphenyl-4,4’-dicarboxylate)
framework for efficient visible light-driven HER (Figure 5-1).2°2! Experimental and
computational studies reveal the catalytic HER pathway via electron injection into Ti3"V(OH)2

SBUs to generate Ti'!

-OH which is protonated and followed by proton-coupled electron transfer
to afford the key Ti'V-H intermediate. Protonation of the Ti'V-H species produces hydrogen and

regenerates catalytic Ti'V3(OH)2 SBUs.
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Figure 5-1. Schematic showing photocatalytic HER by Ti3-BPDC-Ir via electron injection from
photo-reduced [Ir'"(ppy)2(dcbpy™)]° ligands into Tiz(OH)2 SBUs. Ti, Ir, O, and N atoms are shown
in blue, gold, red, and mazarine, respectively. Reprinted with permission from Journal of the
American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical
Society.

5.2 Results and Discussion
5.2.1 Synthesis of Tiz-BPDC-Ir and Ti;-BPDC-Ru

TisOs(O'Pr)s(abz)s cluster (2.00 mg) (abz = 4-aminobenzoate),””> biphenyl-4,4 -
dicarboxylic acid (3.30 mg), H2L; (1.26 mg) or H2Lz (1.25 mg), glacial acetic acid (60 uL), and
DMEF (1.5 mL) were charged in a 4 mL Pyrex vial. The mixture was heated in a 120 °C oven for 3
days. After cooling to room temperature, gold-orange and deep-red crystalline solids of Ti3-BPDC-
Ir and Ti3-BPDC-Ru were harvested, respectively. The resulting solid was recovered by
centrifugation and then sequentially washed with DMF three times, with THF three times, and
with benzene three times. The solid was then freeze-dried in benzene. The yields for Tis-BPDC-Ir
and Ti3-BPDC-Ru were ~35% and 46%, respectively. ICP-MS analysis of Ti3-BPDC-Ir showed a
Ti/Ir ratio of 3.15, indicating about one Ir per Tiz node. ICP-MS analysis of Ti3-BPDC-Ru showed

a Ti/Ru ratio of 4.82, indicating about 0.6 Ru per Tis node.
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Scheme 5-1. Schematic showing the synthesis of Ti3-BPDC-Ir and Ti3-BPDC-Ru. Reprinted with
permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright

2019 American Chemical Society.
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Optical imaging (Figure 5-2) and scanning electron microscopy (SEM) imaging (Figure

5-3) showed that both Ti3-BPDC-Ir and Ti3-BPDC-Ru adopted the same rhombic morphology as

Ti3-BPDC.

(@)

Figure 5-2. Optical photographs of (a) Ti3-BPDC-Ir and (b) Ti3-BPDC-Ru. Scale bar is 50 pum.
Reprinted with permission from Journal of the American Chemical Society, 2019, 141, 12219-

12223. Copyright 2019 American Chemical Society.
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(b)

Figure 5-3. SEM image of (a) Ti3-BPDC-Ir and (b) Tiz-BPDC-Ru. Reprinted with permission
from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright 2019
American Chemical Society.

Powder X-ray diffraction (PXRD) studies further revealed that Tis-BPDC-Ir and Tis-

BPDC-Ru were highly crystalline and isostructural to Ti3-BPDC (Figure 5-4).

Ti,-BPDC-Ru
Ti,-BPDC-Ir
Ti,-BPDC-simu
A A A P A
1 " 1 1 1 " 1 "
5 10 15 20 25

20

Figure 5-4. PXRD patterns of synthesized Ti3-BPDC-Ir (red) and Tiz-BPDC-Ru (blue) in
comparison to the simulated Ti3-BPDC pattern. Reprinted with permission from Journal of the
American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical
Society.
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5.2.2 '"H NMR Analysis

'H NMR Analysis of Digested Tiz-BPDC-Ir To determine the ratio of Ti and Ir in Tis-
BPDC-Ir, 2.0 mg Ti3-BPDC-Ir was dried under vacuum and then digested in 50 uL. D3POs4, the
mixture was then sonicated for 10 min, followed by addition of 500 uLL. DMSO-ds and 50 pL D20,
and analyzed by 'H NMR. The ratio of Ti and Ir was determined to be approximately 3:1 in molar
ratio by comparing the peaks in each corresponding ligand in 'H NMR analysis (Figure 5-5),
which gave the chemical formula of Tizs(OH)2(BPDC)2(L1)i1(AcO)4, consistent to the ICP-MS

analysis.
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Figure 5-5. '"H NMR spectra of digested Tis-BPDC-Ir in DMSO-ds. Red, blue and green circles
correspond to BPDC, L1 and acetates, respectively. Reprinted with permission from Journal of the
American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical
Society.

"H NMR analysis of digested Tiz-BPDC-Ru To determine the ratio of Ti and Ru in Tis-

BPDC-Ru, 3.0 mg Ti3-BPDC-Ru was dried under vacuum and then digested in 50 pL. D3POs4, the
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mixture was then sonicated for 10 min, followed by adding 500 uL. DMSO-d6 and 50 pL D20,
and analyzed by '"H NMR. The ratio of Ti and Ru was determined to be approximately 5:1 in molar
ration by comparing the peaks in each corresponding ligand in '"H NMR analysis (Figure 5-6),
which gave the chemical formula of Ti3(OH)2(BPDC)2.4(L2)0.6(AcO)a4, consistent to the ICP-MS

analysis.
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Figure 5-6. '"H NMR spectra of digested Tis-BPDC-Ru in DMSO-ds. Red, pink, and green circles
correspond to BPDC, Lz and acetates, respectively. Reprinted with permission from Journal of the

American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical
Society.

5.2.3 Thermogravimetric Analysis
Thermogravimetric analysis of Tiz-BPDC-Ir The first weight loss (11.4%) in the 25 to
190 °C temperature range corresponds to the removal of adsorbed solvents in the pores of the MOF.

The second weight loss (71.7%) in the 190-600 °C temperature range corresponds to
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decomposition of the MOF to metal oxides, consistent with a calculated weight loss of 72.2%

based on the conversion of Ti3(OH)2(BPDC)2(L1)1(AcO)4 to (Ti02)3(IrO2) (Figure 5-7).
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Figure 5-7. TGA curve of freshly prepared Ti3-BPDC-Ir in 25~600 °C range. Reprinted with
permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.

Thermogravimetric analysis of Tiz-BPDC-Ru The first weight loss (14.8%) in the 25 to
250 °C temperature range corresponds to the removal of adsorbed solvents in the pores of the MOF.
The second weight loss (77.5%) in the 250-600 °C temperature range corresponds to
decomposition of the MOF to metal oxides, consistent with a calculated weight loss of 77.6%

based on the conversion of Ti3(OH)2(BPDC)2.4(L2)o.6(AcO)4to (Ti02)3(RuOz2)o.6 (Figure 5-8).
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Figure 5-8. TGA curve of freshly prepared Tiz-BPDC-Ru in 25~600 °C range. Reprinted with
permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.

5.2.4 Visible Light-Driven Hydrogen Evolution Reaction (HER)

Visible light-driven (A > 400 nm) HER activities of Ti3-BPDC-Ir and Ti3-BPDC-Ru were
studied in an Oq2-free acetonitrile (MeCN) solution with H2O as the proton source and 1,3-
dimethyl-2-phenyl-2,3-dihydro-1H-benzo[d]imidazole (BIH) as the sacrificial agent (MeCN:H20
=20:0.5 V/V). Photocatalytic HER was carried out in an external illumination type reaction vessel
with a magnetic stirrer. Samples were prepared in 4.5 mL septum-sealed glass vials. Each sample
was made up to a volume of 2.15 mL including 2.0 mL CH3CN, 0.05 mL H20, 64 mg BIH (0.3
mmol) and 0.1 mL triethylamine (TEA). Samples contained 0.1 mg Ti3-BPDC-Ir or Ti3-BPDC-
Ru. Sample vials were capped and deoxygenated by bubbling nitrogen through for 20 min to ensure
complete air removal. The solution was irradiated by a 230 W solid state light source with a 400

nm filter. After HER, the amount of H> generated was quantified by gas chromatography (GC)
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analysis of the headspace gas in the reactor. The turnover number (TON) [defined as n(1/2H3)]
reached 6632 for Tis-BPDC-Ir and 786 for Tis-BPDC-Ru after 72 h of visible light irradiation,

with the apparent quantum yield of 0.080% and 0.018%, respectively (Figure 5-9).
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Figure 5-9. Time-dependent HER TONs of Tis-BPDC-Ir and Ti3-BPDC-Ru along with
homogenous controls. Reprinted with permission from Journal of the American Chemical Society,
2019, 141, 12219-12223. Copyright 2019 American Chemical Society.

After photocatalytic HER, both Ti3-BPDC-Ir and Ti3-BPDC-Ru maintained their PXRD
patterns (Figure 5-10) with <1% leaching of Ti into the solution, indicating their structural stability
under reaction conditions. In comparison, the homogeneous mixtures of TicOs(OiPr)s(abz)s and
photosensitizing ligands L or L; exhibited modest TONs of 80 and 13, respectively. The
significant enhancement of photocatalytic HER activities of the MOFs over their homogeneous
controls demonstrated the important role of hierarchical assembly of L1 or L2 photosensitizers and

catalytic Ti3(OH)2 SBUs in facilitating multi-electron transfer to drive photocatalytic HER.
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Figure 5-10. PXRD patterns of Ti3-BPDC-Ir and Ti3-BPDC-Ru after photocatalysis in comparison
to the simulated pattern of Ti3-BPDC. Reprinted with permission from Journal of the American
Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical Society.

5.2.5 Photophysical Studies
UV-vis study of Tis-BPDC-Ir and Ti3-BPDC-Ru indicated that both L; and L, were

successfully introduced into the corresponding MOF (Figure 5-11).
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Figure 5-11. Normalized UV-vis spectra of (a) Ti3-BPDC-Ir and (b) Ti3-BPDC-Ru in comparison
to their homogeous photosensitizing ligands in DMF with a concerntration of 20 uM based on

Ir/Ru. Reprinted with permission from Journal of the American Chemical Society, 2019, 141,
12219-12223. Copyright 2019 American Chemical Society.
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We next examined whether the excited photosensitizer was reductively quenched by BIH
or oxidatively quenched by Tiz(OH): SBUs to initiate photocatalytic HER. Luminescence

spectroscopy showed that the emissions of both Ti3-BPDC-Ir and Tiz-BPDC-Ru could be

efficiently quenched by BIH in MeCN (Figure 5-12).
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Figure 5-12. Emission spectra of (a) Ti3-BPDC-Ir and (b) Ti3-BPDC-Ru (20 uM based on Ir/Ru)
after the addition of different equivalents of BIH with 365 or 450 nm excitation, respectively.

Reprinted with permission from Journal of the American Chemical Society, 2019, 141, 12219-
12223. Copyright 2019 American Chemical Society.

To quantitatively assess the quenching process, we determined luminescence intensities of
homogeneous photosensitizers Mez2L.; and MezL; in the presence of BIH and TisOs(O1Pr)s(abz)s
in MeCN. As shown in Figure 5-13, and Figure 5-14, the luminescence of Me:Li1 and Me:L, was

efficiently quenched by BIH but not TisOs(OiPr)s(abz)s cluster.
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Figure 5-13. Emission spectra of MezL1 (30 pmol) after the addition of different amounts of BIH
(a) and Tie cluster (b) in 2 mL of MeCN with 365 nm excitation. Reprinted with permission from
Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American
Chemical Society.
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Figure 5-14. Emission Spectra of Me:2L; (30 uM) after addition of different amount of BIH (a)
and different amount Tis cluster (b) in 2 ml of CH3CN under 450 nm excitation. Reprinted with
permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.

The luminescence quenching of MezL; and Me:L by BIH was fitted to the Stern-Volmer
equation to afford K values of 3.36 mM™! and 0.15 mM, respectively, indicating more efficient

quenching for Ti3-BPDC-Ir (Figure 5-15). These results suggest that photocatalytic HER in Ti3-
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BPDC-Ir initiates via electron transfer from BIH to the excited L1 or L3, and the reduced L;j or L»

transfer electron to the Tiz3(OH)2 SBU to drive HER.
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Figure 5-15. Plots of o/l of Me:L; and Me:L; as a function of the concentration of BIH (mM).
Reprinted with permission from Journal of the American Chemical Society, 2019, 141, 12219-
12223. Copyright 2019 American Chemical Society.

5.2.6 Electrochemical Studies

Cyclic voltammograms (CVs) of TisOs(O1Pr)s(abz)s and Ti3-BPDC were then studied to
provide additional insight into the HER process. With the addition of H2O/H", TisOs(OiPr)s(abz)s
showed an irreversible reduction peak with an onset potential of -0.17 V (Figure 5-16). A similar
CV feature was also observed for Ti3-BPDC, suggesting that the H2 production commences upon

the injection of one electron.
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Figure 5-16. CVs of 0.5 mg Ti3-BPDC coated on electrode surface and SmM Tie cluster in a 20
mL 0.1 M TBAH/CH3CN solution with or without 250 pL H20 and 250 pLL TFA. TBAH =
Tetrabutylammonium hexafluorophosphate. Reprinted with permission from Journal of the
American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical
Society.

Electron paramagnetic spectroscopy (EPR) confirmed the existence of Ti'! centers upon
visible light irradiation of Ti3-BPDC-Ir and Ti3-BPDC-Ru in the absence of a proton source. Upon
irradiation, Ti3-BPDC-Ir and Tiz-BPDC-Ru exhibited an additional peak with the g-value of 1.983
and 1.985, respectively, over the homogeneous Me2Li1 and MezL; ligands (Figure 5-17 and Figure

5-18). These signals are attributed to the Ti'' species.?**
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Figure 5-17. EPR spectra of Ti3-BPDC-Ir in the dark or under light irradiation. Reprinted with

permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.
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Figure 5-18. EPR spectra of Tis-BPDC-Ru in the dark or under light irradiation. Reprinted with

permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.
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The Ti pre-edge peak of Tiz-BPDC-Ru after photoirradiation shifted by 0.58 eV to the
lower energy compared to those of Ti3-BPDC-Ru before photoirradiation and Tiz-BPDC after
photoirradiation (Figure 5-19). The filling of one electron into the d orbitals lowers their energy

and thus decreases the energy of the 1s—3d transition.
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Figure 5-19. XANES analysis demonstrated the generation of Ti"! species after photoirradiation.

Reprinted with permission from Journal of the American Chemical Society, 2019, 141, 12219-
12223. Copyright 2019 American Chemical Society.

CV scans showed the HER catalytic peak of Ti3-BPDC with an onset potential of -0.18 V
vs NHE in a MeCN solution with H20 and trifluoroacetic acid (TFA) (MeCN:H20:TFA =
20:0.25:0.25, V/V/V) (Figure 5-16). The proton concentration of this solution is 107-% higher than

that of photocatalytic HER condition (MeCN:H20 = 20:0.5, V/V).
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Based on the Nernst equation, the proton reduction potential (E) is calculated as follows:
E = E, +0.0591og,o[H™]
In the condition of CV test (250 ul TFA and 250 ul H20 per 20 ml CH3CN):
E; =—0.18V = E; + 0.059l0g,,[H*],
In the condition of photocatalytic HER (500 ul H20 per 20 ml CH3CN):
E, = E, + 0.0590g,,[H"],

As the ratio of [H]1 to [H']2 is approximately equal to the proton concentration of 250 ul

TFA and 250 ul H20 to the solution of 500 ul H20, which is approximately 107,

E, — E, = 0.0591 [A7]) _ =
2 1 — . Oglo m —_ _0.4'5 V, EZ —_ _0.63 V

The energy needed to drive the HER by Ti3(OH)2 SBUs in Ti3-BPDC-Ir or Ti3-BPDC-Ru
under the photocatalytic conditions is estimated to be 0.63 eV (AE”) based on the Nernst equation.
5.2.7 Proposed Reaction Mechanism

On the basis of photophysical and electrochemical results, we propose the photocatalytic
HER cycle for Tis-BPDC-Ir in Scheme 5-2. Under visible light irradiation, the L; ligand
[Ir(ppy)2(dcbpy)]” is excited to the [Ir(ppy)2(dcbpy)]™* state, which is reduced by BIH to generate
[Ir(ppy)2(dcbpy)]. Photo-reduced [Ir(ppy)2(dcbpy)] transfer electron to the Tiz(OH)2 SBU to afford
Ti'" species. CV scans showed that MezL; and Me:L; displayed the first reduction peaks at -0.72
V and -0.67 V, respectively (Figure 5-20, Figure 5-21), which is large enough to drive HER by
Tis(OH): SBUs ( A E’=0.63 ¢V). The smaller energy gap of [Ru(bpy)2(dcbpy)]”
/[Ru(bpy)2(dcbpy)]** (0.67 V) than [Ir(ppy)2(debpy)] / [Ir(ppy)2(decbpy)]* (0.72 eV) also explains

much higher HER activity of Ti3-BPDC-Ir (TON = 6632) over Ti3-BPDC-Ru (TON = 786).

153



Scheme 5-2. Proposed catalytic cycle for the visible-light-driven HER catalyzed by Ti3-BPDC-Ir.
Reprinted with permission from Journal of the American Chemical Society, 2019, 141, 12219-
12223. Copyright 2019 American Chemical Society.
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Figure 5-20. CV of Me;L1in 0.1 M TBAH/CH3CN (Tetrabutylammonium hexafluorophosphate).
Potential sweep rate was 100 mV/s. Reprinted with permission from Journal of the American
Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical Society.
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Figure 5-21. CV of Me;L1in 0.1 M TBAH/CH3CN (Tetrabutylammonium hexafluorophosphate).
Potential sweep rate was 100 mV/s. Reprinted with permission from Journal of the American
Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American Chemical Society.

Based on the well-defined structure of catalytic centers in MOFs, we further propose
photocatalytic HER via a Ti!V-hydride intermediate (Scheme 5-3). The Ti'V-OH site first accepts
one electron from the reduced photosensitizer [Ir(ppy)2(dcbpy)] to form the Ti''-OH species. The

electron-rich Ti™

center makes the hydroxyl group basic which can be protonated by water to
generate a vacant coordination site on the Ti'! center [pKo(Ti'-OH) = 4.14 vs. pKy(Ti'V-OH) =
12.68]. The low-coordinate Ti! center undergoes proton coupled electron transfer (PCET) by
accepting the proton from H20 and the electron from another reduced photosensitizer

[Ir(ppy)2(dcbpy)] to form the Ti'V-hydride intermediate. Protonation of Ti'V-hydride produces

hydrogen and regenerates the Ti'V-OH catalyst.
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Scheme 5-3. Detailed catalytic mechanism on the Ti site via the Ti"V*/Ti'" cycle. Reprinted with

permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright

2019 American Chemical Society.
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In this chapter, we have synthesized two new Ti MOFs by doping [Ir(ppy)2(dcbpy)]Cl- or

5.3 Conclusion

[Ru(bpy)2(dcbpy)]Cla-derived  dicarboxylate ligands into the Ti-BPDC framework and
demonstrated their applications in visible light-driven hydrogen evolution. The proximity of
multiple photosensitizers to the catalytic Ti3(OH)2 SBU facilitates multielectron transfer upon
photoexcitation, leading to 80-fold enhancement in HER activity over the corresponding
homogeneous controls. Photophysical, and electrochemical established the reductive quenching of
the photoexcited photosensitizers by BIH as the initiating step of photocatalytic HER followed by
electron transfer from the reduced photosensitizers to Ti3(OH)2 SBUs. Protonation of Ti"'-OH

11T

generates the Ti'" species with a vacant coordination site which undergoes proton-coupled electron
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transfer to afford the key Ti'V-H intermediate. This work thus provides new insights into the design
of multifunctional Ti MOFs with catalytic SBUs and photosensitizing ligands for photocatalytic
applications.
5.4 Experimental
5.4.1 Material and Methods

All starting materials were purchased from Sigma-Aldrich and Fisher (USA) unless
otherwise noted and used without further purification. Powder X-ray diffraction (PXRD) data was
collected on a Bruker D8 Venture diffractometer using a Cu Ko radiation source (A= 1.54178 A).
N2 sorption experiments were performed on a Micromeritics TriStar II 3020 instrument.
Thermogravimetric analysis (TGA) was performed in air using a Shimazu TGA-50 equipped with
a platinum pan and heated at a rate of 1.5 ‘C per min. Electron paramagnetic resonance (EPR)
spectra were collected with a Bruker Elexsys 500 X-band EPR spectrometer at 20 K. Inductively
coupled plasma-mass spectrometry data was obtained with an Agilent 7700x ICP-MS and
analyzed using ICP-MS MassHunter version B01.03. Samples were diluted in a 2% HNO3 matrix
and analyzed with a '>°Tb internal standard against a 12-point standard curve over the range from
0.1 ppb to 500 ppb. The correlation was >0.9997 for all analyses of interest. Data collection was
performed in Spectrum Mode with five replicates per sample and 100 sweeps per replicate. Cyclic
voltammograms (CVs) were recorded on a CHI420 electrochemistry workstation with regular 3
electrode systems. Measurements were recorded using a glassy carbon disk working electrode (S
= 0.07 cm?) and a platinum wire as the counter electrode. The Ag/AgCl/1 M KCI electrode was
used as the reference electrode in all experiments. 'H and '3C NMR spectra were recorded on a
Bruker NMR 500 DRX spectrometer at 500 MHz referenced to the proton resonance resulting

from incomplete deuteration of CDCIl3 (8 7.26) or in DMSO-ds (8 2.50). Amounts of H2 generated

157



in the photocatalytic experiments were determined by gas chromatography (GC) using an SRI
8610C Gas Chromatograph with the nitrogen carrier gas and a TCD detector. Steady-state and
time resolved emission spectra were recorded on an Edinburgh FLS 920 spectrometer.

5.4.2 Synthesis of Me:L

Scheme 5-4. Schematic representation of the synthetic procedure for Me:L;. Reprinted with

permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.
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Ir2(ppy)4Cl2 (216 mg, 0.2 mmol), dimethyl [2,2'-bipyridine]-5,5'-dicarboxylate (110 mg,
0.4 mmol), methanol (10 mL) and chloroform (10 mL) were added to a 100 mL thick-walled Pyrex
tube. The tube was sealed and heated at 120 °C for 2 days. After cooling to ambient temperature,
the solvent was removed under reduced pressure and the crude product was purified by column
chromatography (Si102, CHCl3/MeOH, 10:1 to 5:1) to yield the product as a light yellow solid (275
mg, 85%). 'H NMR (500 MHz, CDCl3): 6 10.17 (d, ] = 8.5 Hz, 2H), 8.79 (dd, J1 = 8.5 Hz, ] = 2.0
Hz, 2H), 8.45 (d, J =2.0 Hz, 2H), 7.93 (d, J = 8.0 Hz, 2H), 7.77 (td, J1 = 8.0 Hz, J> = 1.5 Hz, 2H),
7.70 (dd, J1=7.0 Hz, Jo=1.0 Hz, 2H), 7.44 (d, J = 5.5 Hz, 2H), 7.08 (td, J1 = 8.0 Hz, J=1.0 Hz,
2H), 7.02 — 6.93 (m, 4H), 6.30 (dd, J1 = 7.5 Hz, J> = 1.0 Hz, 2H), 3.85 (s, 3H). 1*C NMR (125
MHz, CDCl): 6 167.70, 163.20, 158.07, 151.04, 148.89, 148.37, 143.15, 140.80, 138.37, 131.57,

131.01, 130.10, 128.22, 124.96, 123.35, 123.03, 119.89, 53.05.
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Figure 5-22. "H NMR spectrum of Mez2L1 (500 MHz) in CDCls. Reprinted with permission from
Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American

Chemical Society.
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Figure 5-23. 3C NMR spectrum of Me:zL; (500 MHz) in CDCl3. Reprinted with permission from

Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American
Chemical Society.
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5.4.3 Synthesis of Hz>L;

Scheme 5-5. Schematic representation of the synthetic procedure for HaLj. Reprinted with
permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.

i. NaOH, THF/MeOH/H,O, rt, 1 d
il. then con HCl to pH = 1

HoL4

Me:L; (162 mg, 0.2 mmol), MeOH (6 mL) and THF (6 mL) were added to a 50 mL flask.
After the solid was fully dissolved, an aqueous solution of NaOH (80 mg NaOH in 4 mL deionized
water) was added dropwise to the solution while stirring. The solution was stirred at ambient
temperature for 1 d. After THF and MeOH were removed under reduced pressure, the solution was
acidified by adding concentrated HCI until pH = 1. The precipitated solid was filtered under
reduced pressure, washed with deionized water, and ether, and finally dried under vacuum to afford
H>L; as a fine yellow powder (148 mg, 95%). 'H NMR (500 MHz, DMSO-ds): § 8.76 (d, ] = 8.4
Hz, 2H), 8.41 (dd, J1 = 8.2 Hz, J» = 1.8 Hz, 2H), 8.35 (m, 2H), 8.25 (d, J = 7.9 Hz, 2H), 7.90 (m,
2H), 7.57 (dd, J1 = 6.9 Hz, Jo = 1.4 Hz, 2H), 7.15 (t, J = 6.9 Hz, 2H), 6.98 (t, J = 7.5 Hz, 2H), 6.87
(t, J = 7.5, 4H), 6.16 (d, J = 7.7 Hz, 2H). HR-MS (ESI, positive mode): m/z, expected for

[C34H2404NaIr]" [(M-CI)]* 745.1427, found 745.1437.
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Figure 5-24. '"H NMR spectrum of H2L; (500 MHz) in DMSO-ds. Reprinted with permission from
Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American
Chemical Society.

5.4.4 Synthesis of H>L,

Scheme 5-6. Schematic representation of the synthetic procedure for HzL,. Reprinted with
permission from Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright
2019 American Chemical Society.

EtOH/H,0, sealed tube
120°C, 2d
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Ru(bpy)2Cl2 (242 mg, 0.5 mmol), 2,2"-bipyridine-5,5'-dicarboxylic acid (122 mg, 0.5
mmol), ethanol (10 mL) and deionized water (10 mL) were added to a 100 mL thick-walled Pyrex
tube. The tube was sealed and heated at 120 °C for 2 days. After cooling to ambient temperature,
reduced pressure and the crude product was recrystallized from a MeOH/diethyl ether to yield the
product as a brown solid (321 mg, 88%). 'H NMR (500 MHz, DMSO-ds): & 9.03 (d, J = 8.3 Hz,
2H), 8.89 (m, 4H), 8.53 (d, J = 8.4, 2H), 8.21 (m, 4H), 8.00 (s, 2H), 7.86 (d, J1 = 5.6 Hz, 2H), 7.79
(d, J=5.8 Hz, 2H), 7.60 (t, J = 6.6 Hz, 2H), 7.51 (t, J = 6.7, 2H). HR-MS (ESI, positive mode):

m/z, expected for [C32H24NsO4CIRu]" [(M-CI)]* 693.0591, found 693.0584.
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Figure 5-25. "H NMR spectrum of H2L (500 MHz) in DMSO-ds. Reprinted with permission from
Journal of the American Chemical Society, 2019, 141, 12219-12223. Copyright 2019 American
Chemical Society.

5.4.5 Synthesis of Tiz-BPDC-Ir and Tiz-BPDC-Ru
TisOs(O'Pr)s(abz)s cluster (2.00 mg), biphenyl-4,4 -dicarboxylic acid (3.30 mg), H2L;

(1.26 mg) or H2L2 (1.25 mg), glacial acetic acid (60 uL), and DMF (1.5 mL) were charged in a 4
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mL Pyrex vial. The mixture was heated in a 120 °C oven for 3 days. After cooling to room
temperature, gold-orange color (Ti3-BPDC-Ir) or deep-red color (Ti3-BPDC-Ru) crystalline solids
were harvested. The resulting solid was recovered by centrifugation and then sequentially washed
with DMF three times, with THF three times, and with benzene three times. The solid was then
freeze-dried in benzene. Yield: Ti3-BPDC-Ir, 0.96 mg (35%); Ti3-BPDC-Ru, 1.88 mg (46%).
5.4.6 Fitting of Luminescence Quenching by BIH

Fitting of Luminescence Quenching of Me;L; The reductive quenching mechanism was
supported by fitting the data of luminescence quenching of Me:2L; by BIH to the Stern-Volmer

equation,
Iy
7= 1+ Ks,Cpin

where Ksv is the Stern-Volmer constant, and /o/] is the ratio of luminescence intensity in
the absence and presence of BIH. /o»/] showed a good linear relationship with respect to the
concentration of BIH (Car) with R? = 0.999 and Ksv = 3.36 M"!, as shown in Figure 5-15.

Fitting of Luminescence Quenching of Me;L,. The reductive quenching mechanism was
supported by fitting the data of luminescence quenching of Me:2L; by BIH to the Stern-Volmer

equation,
Iy
7 =1+ K5 Cpiy

where Ksv is the Stern-Volmer constant, and /o/1 is the ratio of luminescence intensity in
the absence and presence of BIH. /o// showed a good linear relationship with respect to the
concentration of BIH (Car) with R? = 0.999 and Ksv = 0.15 M!, as shown in Figure 5-15.
5.4.7 Apparent Quantum Yield Determinations

Apparent quantum yield of HER: a Xenon lamp was used as the light source and the

apparent quantum yield was measured using different band-pass optical filters by a standard
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ferrioxalate actinometry.?>26 1 mL of the ferrioxalate (0.15 M, prepared by dissolving 736.9 mg
of potassium ferrioxalate hydrate in 10 mL of 0.05 M H2SO4) was added to a quartz cuvette (1 =
Icm). The actinometry solution was irradiated with Xenon lamp (with certain wavelength band-
pass optical filter, 450 nm + 2 nm for Ti3-BPDC-Ru, and 380 nm + 2 nm for Tiz-BPDC-Ir) for 90
seconds. After irradiation, 175 pL of the phenanthroline solution (50 mg of 1,10-phenanthroline
and 11.25 g of sodium acetate dissolving in 10 mL of 0.05 M H2SOs4) was added to the cuvette.
The solution was kept in dark for 30 min to ensure complete coordination. The absorbance of the
actinometry solution was monitored at 510 nm. The absorbance of a non-irradiated (in dark)

sample was also measured at 510 nm. Conversion was calculated using eq 1:

mol Fe?t = y-ad (1)
1-¢

Where V is the final volume (0.001175 L) after complexation with phenanthroline, AA is
the difference in absorbance at 510 nm between the irradiated and non-irradiated solutions, 1 is the
path length (1 cm) and ¢ is the molar absorptivity at 510 nm (11,100 L-mol-1-cm-1). Therefore,
the photo flux can be calculated using eq 2:

mol Fe?*

photo flux = ot f

(2)

Where @ is the quantum yield for the ferrioxalate actinometer,?’ t is the time (90 s), and f
is the fraction of light absorbed at certain wavelength of band-pass optical filter (~1).

Lastly, after quantifying the amount of H2 under the irradiation of certain wavelength using
band-pass optical filter, the apparent quantum yield was calculated by eq 3:

@ = number of evolved H, molecules X 2 3
B photo fulx -t-f ®

Apparent quantum yields for Tiz-BPDC-Ir and Ti3-BPDC-Ru were calculated to be 0.080%
and 0.018%, respectively.
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Chapter 6. Cerium-Based Metal-Organic Layers Catalyze Hydrogen

Evolution Reaction through Dual Photoexcitation

6.1 Introduction

In Chapter 5, we discussed the synthesis of two new titanium metal-organic frameworks
(MOFs), Ti3-BPDC-Ir and Ti3-BPDC-Ru, by doping [Ir(ppy)2(dcbpy)]Cl or [Ru(bpy)2(dcbpy)]Cl2
into the Ti3-BPDC framework. The proximity of multiple photosensitizers to the catalytic Tiz(OH)2
SBU facilitates multielectron transfer upon photoexcitation, leading to 80-fold enhancement in
hydrogen evolution reaction (HER) activity over the corresponding homogeneous controls. This
result demonstrates the role of hierarchically assembled multifunctional sites in artificial
photosynthesis. Indeed, a number of MOFs have recently been studied for photocatalytic HER, !
a key half reaction for total water splitting that provides a potential solution to renewable energy
production and mitigating the negative impact of rapid fossil fuel consumption.*> The
incorporation of both photosensitizers (PSs) and catalytic sites into MOF structures not only
facilitates multi-electron transfer to drive photocatalytic HER but also stabilizes the PSs and
catalysts via site isolation.®”’

However, MOF particles tend to scatter light and have low light penetration efficiency. The
strict symmetry requirement of MOF building blocks constrains the ability to fine-tune their
compositions for further optimization of photocatalytic activities.®® The restricted diffusion of
active reaction components through MOF channels further compromises the photocatalytic
efficiency.!” To address these issues, metal-organic layers (MOLs) have been developed as a new

class of two-dimensional materials for photocatalytic applications.'!!3
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Earth-abundant, cheap and readily available Ce-based materials (e.g. CeO2, CeCls) have

recently been demonstrated as highly active photocatalysts for a variety of photocatalytic reactions,

14-18 19-20 12,21-25

including proton reduction, water oxidation, and organic photoreactions.
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Figure 6-1. Schematic showing the synthesis of Ces-BTB and Ces-BTB-Ru MOLs and
photocatalytic HER by Ces-BTB-Ru through dual photoexcitation. Ce, Ru, N and O atoms are

shown in orange, pink, blue and red, respectively. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

In this chapter, we will discuss the design and synthesis of the first Ce-based MOL, Ces-
BTB (BTB = 1,3,5-benzenetribenzoate), and its post-synthetic functionalization with
photosensitizing [(MBA)Ir(ppy)2]Cl or [(MBA)Ru(bpy)2]Cl2 capping ligands (MBA = 2-(5'-
methyl-[2,2'-bipyridin]-5-yl)acetate, ppy = 2-phenylpyridine, bpy = 2,2’-bipyridine) to afford Cec-
BTB-Ir or Ces-BTB-Ru, respectively, for photocatalytic HER. The low-lying 4f orbitals of Ce'"

centers in the MOLSs readily accept electrons from photoreduced Ir- and Ru-PSs to generate Ce™”
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species,’®?’” which are then photoexcited to the Ce™ excited states via the spin-allowed

(4)!—(5d)! manifold.?® The Ce''™* species reduce nearby protons for hydrogen production. The
proximity of PSs and Ces SBUs in the MOLs facilitates electron transfers and dual photoexcitation
to drive photocatalytic HER (Figure 6-1).
6.2 Results and Discussion
6.2.1 Synthesis and Characterization of Ces-BTB MOL

(NH4)2Ce(NO3)s (117 mg) or Ces cluster (82 mg) was dissolved in H20 (0.4 mL) at 80 °C
by vigorous stirring and followed by the dropwise addition of a 1,3,5-benzenetribenzoate acid
(HsBTB, 31.3 mg) solution in DMF (1.2 mL) and formic acid (50 pL). The mixture was stirred at
80 °C for 15 minutes and then cooled to room temperature. The mixture was reheated to 80 °C and
kept at that temperature for 15 minutes to afford Ces-BTB as a bright yellow solid (Figure 6-2).

The resultant Cec-BTB MOL was centrifuged and washed with DMF three times, then dispersed

in DMF for further use.
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Figure 6-2. Views of Ces-BTB (a) and Ces SBU (b) along the vertical direction. Views of Cec-
BTB (c) Ces SBU (d) along the lateral direction. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.
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Power X-ray diffraction (PXRD) analysis showed that the as-synthesized Ces-BTB

material adopted the same structure as the reported Hfs-BTB MOL (Figure 6-3).%°

Ce,-BTB

Jl A Hf -BTB-simu
N An ~ A N P

5 10 15 20 25
20

Figure 6-3. PXRD pattern of Ces-BTB MOL in comparison to the simulated pattern of Hfs-BTB
MOL.

To determine the formula of Ces-BTB, 2 mg Ces-BTB was dried under vacuum and then
digested in 50 pL D3POa4. The mixture was sonicated for 10 min, followed by the addition of 500
uL DMSO-ds and 50 uL D20, and analyzed by 'H NMR. No formate peak was observed when
compared to those of BTB ligands, indicating H>O/OH™ capping groups on the Ces SBUs (Figure
6-4). The formula of Cesc-BTB was thus determined to be Ces(13-O)a(p3-OH)a(pu-OH)o(p-

H20)6(BTB)z.
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Figure 6-4. 'H NMR spectra of digested Ces-BTB. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

This formula was supported by thermogravimetric analysis (TGA) (Figure 6-5). The first
weight loss (23.9%) in the 25 to 210 °C temperature range corresponds to the removal of adsorbed
solvents in the MOL. The second weight loss (51.0%) in the 210-600 °C temperature range
corresponds to decomposition of the MOL to metal oxides, consistent with a calculated weight

loss of 50.9% based on the conversion of Ces(113-O)4(p3-OH)4(p-OH)s(p-H20)6(BTB)2 to 6CeO:o.
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Figure 6-5. TGA curve of freshly prepared Ces-BTB in the 25 - 600 °C range. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

Transmission electron microscopy (TEM) imaging showed Ces-BTB as ultrathin

nanoplates of ~500 nm in diameter (Figure 6-6a). High-resolution TEM (HRTEM) imaging

confirmed the topological structure of Ces-BTB MOL with lattice points corresponding to Ces

SBUs and the fast Fourier transform (FFT) revealed a six-fold symmetry that is consistent with

the projection of Ces-BTB down the vertical direction (Figure 6-6b). The distance between two

adjacent spots on the HRTEM was measured to be ~2.0 nm, matching the distance between

adjacent Ces SBUs.
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Figure 6-6. TEM (a) and HRTEM (b) of Ces-BTB. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

The monolayer nature of Ces-BTB was confirmed by atomic force microscopy (AFM)
imaging (Figure 6-7). Nanoplates of Ces-BTB exhibited a thickness of ~1.2 nm, which is similar

to that of Hfs-BTB MOL and consistent to the modeled height of Ces SBUs (Figure 6-8).
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Figure 6-7. AFM topography and height profile of Ces-BTB. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.
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~1.2 nm

Figure 6-8. Schematic showing a Ces SBU with an estimated height of ~1.2 nm. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

6.2.2 Synthesis and Characterization of Ces-BTB-Ir and Ces-BTB-Ru

The photosensitizing capping ligands [(HMBA)Ir(ppy)2]Cl and [(HMBA)Ru(bpy)2]Cl2
were synthesized from the reaction between MeMBA (Methyl 2-(5'-methyl-[2,2'-bipyridin]-5-
yl)acetate) and [Ir(ppy)2Cl]2 or Ru(bpy)2Clz, respectively, followed by mild hydrolysis of the ester
groups.

Ces-BTB-Ru was synthesized by heating a mixture of Ces-BTB and (HMBA)Ru(bpy)2]Cl2
in DMF at 60 °C overnight. The light red precipitate was collected by centrifugation and washed
with DMF three times and acetonitrile three times. The ratio between Ce and Ru was determined
to be ~12:1 by ICP-MS, corresponding to one [(HMBA)Ru(bpy)2]Cl2 for every two Ces SBUs.

Ces-BTB-Ir was similarly synthesized by treating Ces-BTB suspension and

[((HMBA)Ir(ppy)2]Cl at 60 °C. The orange precipitate was collected by centrifugation and washed
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with DMF three times and acetonitrile three times. The ratio between Ce and Ir was determined to
be ~12:1 by ICP-MS, corresponding to one [(HMBA)Ir(ppy)2]Cl on every two Ces SBUs.

The empirical formulae of Ces-BTB-Ir and Ces-BTB-Ru are thus approximated as Ces(s-
0)4(pn3-OH)4(u-OH)s.5(n-H20)s5.5(BTB)2[(MBA)Ir(ppy)2Cl]o.s and Ces(u3-0)a(pn3-OH)a(p-
OH)s.5(u-H20)5.5(BTB)2[(MBA)Ru(bpy)2Cl2]o.s, respectively. These formulae were supported by
thermogravimetric analysis results which showed residual weights of 45.5% (expected 47.1%) and
45.4% (expected 45.9%) for Ces-BTB-Ir and Ces-BTB-Ru, respectively.

In the TGA of Ces-BTB-Ir, the first weight loss (20.7%) in the 25 to 240 °C temperature
range corresponded to the removal of adsorbed solvents in the MOL. The second weight loss
(54.5%) in the 240-600 °C temperature range corresponded to decomposition of the MOL to metal
oxides, consistent with a calculated weight loss of 52.9% based on the conversion of Cee(i3-

0)4(u3-OH)4(u-OH)s.5(u-H20)5.5(BTB)2[ (MBA)Ir(ppy)2Cljos to 6CeO2 and 0.5 IrO2 (Figure 6-9).
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Figure 6-9. TGA curve of freshly prepared Ces-BTB-Ir in the 25 - 600 °C range. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.
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In the TGA of Ces-BTB-Ru, the first weight loss (16.8%) in the 25 to 210 °C temperature
range corresponds to the removal of adsorbed solvents in the MOL. The second weight loss (54.6%)
in the 210-600 °C temperature range corresponds to decomposition of the MOL to metal oxides,

consistent with a calculated weight loss of 54.1% based on the conversion of Cee(p3-O)a(3-

OH)4(n-OH)s.5(u-H20)s.5(BTB)2[ (MBA)Ru(bpy)2Cl2]o.s to 6CeO2 and 0.5 RuOx.

100

Ces-BTB-Ru MOL
90

80 -
70 |

60 -

Weight (%)

50 -

40

30 " 1 " 1 L 1 L 1 " 1 "
100 200 300 400 500 600

Temperature (°C)

Figure 6-10. TGA curve of freshly prepared Ces-BTB-Ru in the 25 - 600 °C range. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

TEM and HRTEM images showed that Cec-BTB-Ir (Figure 6-11) and Ces-BTB-Ru

(Figure 6-12) exhibited similar sizes and morphologies to Ces-BTB.
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Figure 6-11. TEM (a) and HRTEM images (b) of Ces-BTB-Ir. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.

Figure 6-12. TEM (a) and HRTEM images (b) of Ces-BTB-Ru. Reprinted with permission from
Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.

Furthermore, PXRD patterns showed both Ces-BTB-Ir and Ces-BTB-Ru maintained the

same crystalline structure as Ces-BTB (Figure 6-13).
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Figure 6-13. PXRD patterns of Ces-BTB-Ir and Ces-BTB-Ru in comparison to Ces-BTB pattern.

6.2.3 Photocatalytic Hydrogen Evolution Reaction

Photocatalytic HER was carried out in an external illumination type reaction vessel with a
magnetic stirrer. Samples were prepared in 4.5 mL septum-sealed glass vials. Each sample was
made up to a volume of 2.05 mL with 2.0 mL MeCN and 0.05 mL AcOH as proton source, 64 mg
BIH (0.3 mmol) as sacrificial agent. Samples contained Ces-BTB-Ru or Ces-BTB-Ir (0.01 pmol
based on Ru or Ir). Sample vials were capped and deoxygenated by bubbling nitrogen through for
20 min to ensure complete air removal. The solution was irradiated with a 13.9 W 350 — 700 nm
solid state light source. After the hydrogen evolution reaction, the gas in the headspace of the vial
was analyzed by GC to determine the amount of hydrogen generated. The turnover number (TON)
[defined as n(1/2H2)] reached 1357 for Ces-BTB-Ir and 484 for Ces-BTB-Ru after photoirradiation
with a 13.9 W 350—700 nm solid-state plasma light source for 72 h (Figure 6-14). In comparison,

the homogeneous mixtures of [Ces(u3-O)4(u3-OH)4(NH3CH2C0O0)s(NO3)4(H20)6]Clse8H20 (Ces
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cluster) and photosensitizing ligands [(MeMBA)Ir(ppy)2]Cl or [(MeMBA)Ru(bpy)2]Cl2 afforded
much lower TONs of 156 and 52, respectively. The photocatalytic HER activities of the Ces-BTB-
Ir and Ces-BTB-Ru MOLs are thus 8.7 and 9.3 times higher than those of their homogeneous
controls, indicating the important role of hierarchical assembly [(HMBA)Ir(ppy)2]" or
[(HMBA)Ru(bpy)2]** PSs and catalytic Ces SBUs in facilitating electron transfer to drive

photocatalytic HER.
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Figure 6-14. Time-dependent HER TONs of Ces-BTB-Ir and Ces-BTB-Ru along with
homogenous controls. Reprinted with permission from Journal of the American Chemical Society,
2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

After photocatalytic HER, both Ces-BTB-Ir and Ces-BTB-Ru maintained their PXRD
patterns (Figure 6-15) with < 3% leaching of Ce into the solution, indicating their structural

stability under reaction conditions.
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Figure 6-15. PXRD pattern of Ces-BTB-Ir (after reaction), and Ces-BTB-Ru (after reaction) in
comparison to the Ces-BTB pattern. Reprinted with permission from Journal of the American
Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

6.2.4 Photophysical Studies
We then performed UV-vis study of Ces-BTB-Ir and Ces-BTB-Ru. The UV-Vis spectra
indicated that both [(MeMBA)Ir(ppy)2]Cl and [(MeMBA)Ru(bpy):2]Cl> and were successfully

introduced into the corresponding MOL (Figure 6-16).
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Figure 6-16. UV-vis spectra of (a) Ces-BTB-Ru and (b) Ces-BTB-Ir in comparison to their
homogeneous photosensitizing ligands in DMF with a concentration of 20 upM based on Ir/Ru.
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871.
Copyright 2020 American Chemical Society.

We next examined whether the excited PS was reductively quenched by BIH or oxidatively
quenched by Ces SBUs to initiate photocatalytic HER. Luminescence spectroscopy showed that
the emissions of both Ces-BTB-Ir and Ces-BTB-Ru were efficiently quenched by BIH in MeCN

(Figure 6-17).
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Figure 6-17. Emission spectra of Ces-BTB-Ru (a) and Ces-BTB-Ir (b) after the addition of
different equivalents of BIH with 365 or 450 nm excitation, respectively. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.
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To quantitatively assess the quenching process, we determined luminescence intensities of
homogeneous PSs [(MeMBA)Ir(ppy)2]Cl and [(MeMBA)Ru(bpy)2]Cl2 in the presence of BIH and
Ces cluster in MeCN. As shown in Figure 6-18, and Figure 6-19, the luminescence of
[((MeMBA)Ir(ppy)2]Cl and [(MeMBA)Ru(bpy)2]Cl2 was efficiently quenched by BIH but not by

Ces cluster.
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Figure 6-18. Emission Spectra of [(MeMBA)Ir(ppy)2]Cl (30 uM) after addition of different
amounts of BIH (a) and different amounts Ces cluster (b) in 2 ml of MeCN under 365 nm excitation.
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871.
Copyright 2020 American Chemical Society.
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Figure 6-19. Emission Spectra of [(MeMBA)Ru(bpy)2]Cl2 (30 uM) after addition of different
amounts of BIH (a) and different amounts Ces cluster (b) in 2 ml of MeCN under 450 nm excitation.
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871.
Copyright 2020 American Chemical Society.

The luminescence quenching of [(MeMBA)Ir(ppy)2]Cl and [(MeMBA)Ru(bpy):]Cl2 by
BIH was fitted to the Stern-Volmer equation to afford K values of 8.91 mM™! and 1.06 mM!,
respectively, indicating more efficient quenching for Ces-BTB-Ir (Figure 6-20). These results
suggest that photocatalytic HER in Ces-BTB-M (M=Ru or Ir) initiates via electron transfer from
BIH to the excited Ir-PS* or Ru-PS*, and the reduced [Ir-PS] or [Ru-PS]" further transfer electron

to the Ces SBU to drive HER.
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Figure 6-20. Plots of /o/l of [(MeMBA)Ir(ppy)2]Cl and [(MeMBA)Ru(bpy)2]Cl2 as a function of
BIH concentration (mM). Reprinted with permission from Journal of the American Chemical
Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

By comparison to Ce"'Cl3 and (NH4)2[Ce!Y(NO3)s] standards, X-ray absorption near-edge
spectroscopy (XANES) analyses of Ces-BTB-Ir and Ces-BTB-Ru indicated the existence of Ce'™

after photoirradiation (Figure 6-21), with increased intensity for the first peak at around 5726 eV.
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Figure 6-21. XANES spectra of Ces-BTB-Ir and Ces-BTB-Ru before and after photoirradiation.
Reprinted with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871.
Copyright 2020 American Chemical Society.

We performed linear combination fitting of the XANES spectra to quantify the amount of
Ce'" in the MOLSs after photoirradiation. As shown in Figure 6-22a, Figure 6-22b, both Ces-BTB-
Ir and Ces-BTB-Ru contained ~50% Ce'! after photoirradiation. We propose that the Ces SBU
with attached PS can be fully reduced to Ce" after photoirradiation in the presence of BIH. The
presence of 50% Ce'! indicates that half of the Ces SBUs in Ces-BTB-Ru and Ces-BTB-Ir have
been modified with Ru- or Ir-PSs, which matches well with the empirical formula of both Ces-

BTB-Ir and Ces-BTB-Ru.
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Figure 6-22. XANES fitting of (a) Ces-BTB-Ir and (b) Ces-BTB-Ru. Reprinted with permission

from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.

6.2.5 Electrochemical Studies

In order to gain more insights into the HER at the Ces SBU, we carried out cyclic
voltammogram (CV) studies on Ces cluster and Cec-BTB MOL. Under identical condition as HER,
Ces cluster showed an irreversible reduction peak with an onset potential of -1.17 V vs NHE
(Figure 6-23). A similar CV feature was also observed for Ces-BTB MOL, suggesting hydrogen

production commences upon the injection of one electron.
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Figure 6-23. CVs of 5 mM Ces cluster and 0.5 mg Ces-BTB MOL coated on electrode surface
under photocatalytic HER condition (20 mL 0.1 M TBAH/CH3CN solution with 0.5 ml AcOH.
TBAH = Tetrabutylammonium hexafluorophosphate). Reprinted with permission from Journal of
the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical
Society.

Furthermore, CV  scans of [(MeMBA)Ir(ppy)2]Cl1  (Figure 6-24) and
[(MeMBA)Ru(bpy)2]Cl2 (Figure 6-25) displayed the first reduction peaks at -1.01 V and -0.93 V,

respectively.
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Figure 6-24. CVs of [(MeMBA)Ir(ppy)2]Cl1 in 0.1 M TBAH/MeCN (TBAH =
Tetrabutylammonium hexafluorophosphate). Potential sweep rate was 100 mV/s. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.
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Figure 6-25. CVs of [(MeMBA)Ru(bpy)]Cl> in 0. M TBAH/MeCN (TBAH =
Tetrabutylammonium hexafluorophosphate). Potential sweep rate was 100 mV/s. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.
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These energies are not enough to drive Ces SBU-catalyzed HER (1.17 eV). Instead, we
propose that further photoexcitation of Ce is needed to catalyze HER under photocatalytic
conditions. Ce'" can be photoexcited to generate Ce™ species through 4f—5d transitions® to

drive photocatalytic HER.'> ! In order to estimate the excited-state reduction potential (E12*), we

followed the Rehm-Weller formalism:*%-!

Ef;=Ei— Egp+ @
where Ei2 is the ground-state reduction potential; Eoo is the energy difference between
zeroth vibrational states of the ground and electronic excited states and can be approximated as the
emission energy of Ce'*. The work function w is usually a small contribution and is omitted here.
Based on the reduction potential of Ces cluster (Figure 6-26) and luminescence spectra of

previously reported Ce''s-MOF-808 (Figure 6-27),>? we estimated the E12* to be -2.63 eV. This

value is negative enough to drive HER (Figure 4a).
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Figure 6-26. CV of Ces cluster in 0.1 M TBAH/MeCN (TBAH = Tetrabutylammonium
hexafluorophosphate). Potential sweep rate was 100 mV/s. Reprinted with permission from

Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.
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Figure 6-27. Absorption (solid line) and emission (dashed line) spectra of a Ce''-MOF-808
suspension in MeCN. Reprinted with permission from Journal of the American Chemical Society,
2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

We performed several control experiments to support the dual photoexcitation pathway.
As shown in Figure 6-28, when irradiated with a 450 nm light source for 24 h, Ces-BTB-Ru MOL
gave a low HER activity with a TON of 11 under ~450 nm irradiation owing to the inability to
excite Ce' to Ce'™ at 450 nm. On the other hand, irradiation of Ces-BTB MOL with the 350—700
nm solid-state plasma light source for 24 h afforded a low HER activity with a TON of 16, which
shows the requirement of PSs to reduce Ce'" to Ce'! in the photoreduction step. In contrast, Ces-
BTB-Ru showed a much higher HER activity with a TON of 239 under 350—700 nm solid-state

plasma light source irradiation for 24 h.
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Figure 6-28. Photocatalytic activities of Ces-BTB-Ru under 450 nm irradiation and Ces-BTB and
Ces-BTB-Ru under 350 — 700 nm irradiation for 24h. Reprinted with permission from Journal of
the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical
Society.

6.2.6 Proposed Reaction Mechanism

On the basis of photophysical and electrochemical results, we propose the photocatalytic
HER cycle for Ces-BTB-Ru (Figure 6-29). Under photoirradiation, the ((MBA)Ru(bpy)2]*") (Ru-
PS) is excited to the [(MBA)Ru(bpy)2]*"* (Ru-PS*) excited state, which is reduced by BIH to
generate the photoreduced PS [(MBA)Ru(bpy)2]” ([Ru-PS]). Photoreduced [Ru-PS] further
transfers electron to the Ces SBU to afford Ce'! species, followed by a second photoexcitation of
Ce' to generate Ce'™ species through a 4f — 5d transition. The Ce"™* species promoted the HER

to release H2 and was oxidized back to Ce!V.
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Figure 6-29. Proposed photocatalytic cycle for the hydrogen production catalyzed by Ces-BTB-
Ru through a dual photoexcitation pathway. Reprinted with permission from Journal of the
American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American Chemical Society.

With the well-defined structure of catalytic centers in the MOL, we further studied the
photocatalytic HER mechanism and proposed a catalytic HER cycle on the Ces SBUs. As shown
in Figure 6-30a, after photoreduction by the anchored Ru or Ir PS, the Ce™ of the SBUs is

II1*

subsequently photoexcited. The photoexcited Ce™ species, which feature potent reductive

potential, transfers an electron to the nearby proton to generate hydrogen radical. Such a Ce!---H"

species can accept another electron from a photoreduced photosensitizer to generate a Ce!'V-hydride
intermediate. Protonation of Ce'V-hydride produces hydrogen and regenerates the Ce'V-based
catalyst. To support the proposed mechanism, we introduced TEMPO (TEMPO = 2,2,6,6-
tetramethyl-1-piperidinyloxy) as a radical scavenger to photocatalytic HER systems. Under

identical reaction conditions, addition of 1 equiv. of TEMPO (w.r.t BIH) nearly completely shut
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down the photocatalytic HER process with the TON dropping from 230 to 5 in 24 h using Cec-
BTB-Ru as the photocatalyst. This result shows radical quenching intercepts the HER process by

preventing the generation of the key Ce'V-hydride intermediate from the Ce!---H" species for Hz

production (Figure 6-30b).
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Figure 6-30. (a) Proposed photocatalytic HER pathway on the Ce site. (b) Shut down of
photocatalytic HER on the Ce site with TEMPO as a radical scavenger. Reprinted with permission
from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.

6.3 Conclusion

In this chapter, we discussed the synthesis of the first Ce-based MOL and post-synthetically
functionalized Ces-BTB with the photosensitizing capping ligands. The proximity of PSs to the
catalytic Ces SBUs facilitates electron transfer upon photoexcitation, leading to 8.7- to 9.3-fold
enhancement in HER activity over their homogeneous controls. Photophysical and
electrochemical studies revealed a dual photoexcitation pathway whereby the photoreduced PS
convert Ce'" to Ce'" which is further photoexicted to Ce'™* for HER. This work shows the potential
of using multifunctional MOLs to uncover new photochemical processes relevant to artificial

photosynthesis.
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6.4 Experimental
6.4.1 Mateiral and Methods

All the reactions and manipulations were carried out under N2 with the use of a glovebox
or Schlenk technique, unless otherwise indicated. Tetrahydrofuran and toluene were dried by
passing through a neutral alumina column under N2. Benzene, ds-benzene, and n-octane were
distilled over CaHa.

Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Venture
diffractometer using Cu Ko radiation source (I = 1.54178 A). N2 sorption experiments were
performed on a Micrometrics TriStar II 3020 instrument. Thermogravimetric analysis (TGA) was
performed in air using a Shimadzu TGA-50 equipped with a platinum pan and heated at a rate of
1.5 °C per min. Transmission electron microscopy (TEM) images were taken on a TECNAI F30
HRTEM. Atomic force microscopy (AFM) images were taken on a Bruker V /Multimode 8
instrument. ICP-MS data was obtained with an Agilent 7700x ICP-MS and analyzed using ICP-
MS MassHunter version B01.03. Samples were diluted in a 2% HNO3 matrix and analyzed with a
159Tb internal standard against a 12-point standard curve over the range from 0.1 ppb to 500 ppb.
The correlation was >0.9997 for all analyses of interest. Data collection was performed in
Spectrum Mode with five replicates per sample and 100 sweeps per replicate. Cyclic
voltammograms (CVs) were recorded on a CHI420 electrochemistry workstation with regular 3
electrode systems. Measurements were recorded using a glassy carbon disk working electrode (S
= 0.07 cm?) and a platinum wire as the counter electrode. The Ag/AgCl/1 M KCI electrode was
used as the reference electrode in all experiments. 'H and '3C NMR spectra were recorded on a
Bruker NMR 500 DRX spectrometer at 500 MHz, referenced to the proton resonance resulting

from incomplete deuteration of CDCI3 (& 7.26), CsDs (& 7.16), CD3OD (3.31) or DMSO-ds
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(0 2.50). The following abbreviations are used herein: s: singlet, d: doublet, t: triplet, q: quartet, m:
multiplet, br: broad, app: apparent. Amounts of H> generated in the photocatalytic experiments
were determined by gas chromatography (GC) using an SRI 8610C Gas Chromatograph with the
nitrogen carrier gas and a TCD detector.

6.4.2 Synthesis of [[HMBA)Ir(ppy):]Cl and [HMBA)Ru(bpy):]Cl»

Synthesis of MeMBA Methyl 2-(5'-methyl-[2,2'-bipyridin]-5-yl)acetate (MeMBA) was
synthesized in two steps from 5,5'-dimethyl-2,2'-bipyridine according to a modified literature
method. In a pre-dried round flask, di-isopropylamine (0.8 mL, 6.5 mmol) was dissolved in THF
(3 mL) and cooled to -78 °C before the dropwise addition of n-BuLi (3.5 mL 5.6 mmol). The
resulting solution was stirred for 30 mins at —78 °C before the quick addition of a solution of 5,5'-
dimethyl-2,2'-bipyridine (1.0 g, 5.5 mmol) in THF (12 mL) and the resultant mixture was stirred
for 2 h at this temperature. Dry CO2 was then bubbled through at the same temperature for 1 h and
the mixture was warmed to ambient temperature with CO:z still being bubbled through. Ether (100
mL) was added to the resulting semisolid white mass, and the mixture was extracted with 1 M
NaOH aqueous solution (20 mL x 3). The alkaline layer was acidified to pH 1 with concentrated
HCI and then extracted with ether (20 mL x 3). The acidic solution was buffered to pH 5 with
sodium acetate. After removing the solvent, the crude product was directly used for the next step
without purification.

Scheme 6-1. Schematic representation of the synthesis of MeMBA. Reprinted with permission

from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.
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To a methanol solution (40 mL) containing the above crude product was added conc.
H2SO4 (1.0 mL) dropwise, and the solution was stirred at reflux for 24 hours. After being cooled
to room temperature, the solution was neutralized with saturated NaHCO3 aqueous solution and
then extracted with DCM several times. The combined organic layer was washed with water and
saturated NaCl and dried over anhydrous sodium sulfate. After removing the solvent, the crude
product was subjected to column chromatography (SiO2, CH2Cl./MeOH/TEA, 100:5:1) to give
the pure product MeMBA as an off-white solid (930 mg, 70% in two steps). 'H NMR (500 MHz,
Chloroform-d) 6 8.56 (s, 1H), 8.50 (s, 1H), 8.35 (d, /= 8.2 Hz, 1H), 8.28 (d, /= 8.1 Hz, 1H), 7.75
(d, J=8.1 Hz, 1H), 7.63 (d, /= 8.1 Hz, 1H), 3.71 (d, J= 1.4 Hz, 3H), 3.70 — 3.67 (m, 2H), 2.39
(s, 3H) (Figure 6-31). *C NMR (126 MHz, Chloroform-d) § 171.12, 154.89, 153.07, 149.63,
149.37, 137.88, 137.79, 133.60, 129.55, 120.73, 120.71, 52.32, 38.18, 18.38 (Figure 6-32). HR-

MS (ESI, positive mode): m/z calc’d for C1aH1sN202 [M+H]": 243.1034, found 243.1153.
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Figure 6-31. '"H NMR spectrum of MeMBA (500 MHz) in CDCls. Reprinted with permission

from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.
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Figure 6-32. *C NMR spectrum of MeMBA (500 MHz) in CDCls. Reprinted with permission
from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright 2020 American
Chemical Society.

Synthesis of [(HMBA)Ir(ppy):|Cl [Ir(ppy)2Cl]2 (553 mg, 0.51 mmol), MeMBA (250 mg,
1.03 mmol), methanol (18 mL) and chloroform (18 mL) were added to a 100 mL thick-walled
Pyrex tube. The tube was sealed and heated at 110 °C for 2 days. After cooling to ambient
temperature, the solvent was removed under reduced pressure and the crude product was purified
by column chromatography (SiO2, CHCI3/MeOH, 10:1 to 5:1) to yield the product
[(MeMBA)Ir(ppy)2]Cl as a light yellow solid (770 mg, 96%). 'H NMR (500 MHz, Chloroform-d)
09.47 (d, J= 8.4 Hz, 1H), 9.40 (d, /= 8.4 Hz, 1H), 8.16 (dd, J = 8.4, 2.1 Hz, 1H), 8.03 (dd, J =
8.4,2.1 Hz, 1H), 7.91 (d, J = 8.1 Hz, 2H), 7.77 (td, J= 7.8, 1.5 Hz, 2H), 7.71 (d, /= 2.0 Hz, 1H),
7.68 —7.65 (m, 2H), 7.62 (d, J = 2.0 Hz, 1H), 7.46 (ddd, J=17.2, 5.8, 1.5 Hz, 2H), 7.06 — 6.98
(m, 4H), 6.90 (td, J=7.3, 1.3 Hz, 2H), 6.31 — 6.25 (m, 2H), 3.62 (s, 3H), 3.53 (d, /=4.1 Hz, 2H),

2.23 (s, 3H) (Figure 6-33). 3C NMR (126 MHz, Chloroform-d) & 169.73, 167.91, 167.84, 155.04,
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153.40, 150.47, 150.44, 149.98, 149.72, 148.52, 148.43, 143.39, 143.38, 141.13, 140.77, 138.59,
138.02, 137.98, 134.17, 131.67, 131.61, 130.84, 130.80, 126.60, 126.39, 124.76, 123.28, 123.22,
122.60, 122.57, 119.61, 52.51, 37.83, 18.78 (Figure 6-34). HR-MS (ESI, positive mode): m/z
calc’d for CasH30N4O2Ir [M-CI1]": 743.1998, found 743.2003.

Scheme 6-2. Schematic representation of the synthesis of [HMBA)Ir(ppy):]Cl.

OCH,
| 100 °C

Z 1) LioH HZO
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Figure 6-33. '"H NMR spectrum of [(MeMBA)Ir(ppy)2]Cl (500 MHz) in CDCl3. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.
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SCNMR (126 MHz, Chloroform-d) & 169.73, 167.91, 167.84, 155,04, 153,40, 150.47,

150.44, 149.98, 149.72, 148.52, 148.43, 143.39, 143.38, 141,13, 140,77, 138.59, 138.02, [
137.98, 134.17, 131.67, 131.61, 130.84, 130.80, 126.60, 126.39, 124.76, 123.28, 123.22,

122.60, 122,57, 119.61, 52.51, 37.83,18.78 | ! ‘ [
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Figure 6-34. 1°C NMR spectrum of [(MeMBA)Ir(ppy)2]C1 (500 MHz) in CDCls. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

[(MeMBA)Ir(ppy)2]Cl (100 mg, 0.13 mmol) was suspended in THF (13 mL) in a 50 mL
flask. An aqueous solution of LiOH (17 mg LiOH*H20 in 6 mL deionized water) was added
dropwise to the solution while stirring. The solution was stirred at ambient temperature to reaction
completion as monitored by TLC. After MeOH was removed under reduced pressure, the solution
was acidified with concentrated HCI. The precipitated solid was filtered, washed with deionized
water, and ether, and finally dried under vacuum to afford [(HMBA)Ir(ppy)2]Cl as a fine yellow
powder (93 mg, 95%). 'H NMR (500 MHz, DMSO-ds) § 12.63 (s, 1H), 8.78 (d, J = 8.4 Hz, 1H),
8.74 (d, J= 8.3 Hz, 1H), 8.30 — 8.22 (m, 2H), 8.14 (dd, /= 8.4, 2.1 Hz, 1H), 8.12 — 8.09 (m, 1H),
7.96 —7.87 (m, 4H), 7.77 (d, J = 1.9 Hz, 1H), 7.63 — 7.56 (m, 3H), 7.16 (dddd, J=7.4, 5.9, 3.0,

1.4 Hz, 2H), 7.05 — 6.96 (m, 2H), 6.90 (dtd, J = 14.6, 7.4, 1.4 Hz, 2H), 6.17 (ddd, J = 15.2, 7.6,
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1.2 Hz, 2H), 3.61 (s, 2H), 2.20 (s, 3H) (Figure 6-35). HR-MS (ESI, positive mode): m/z calc’d for

C35H2sN4O2Ir [M-CI]*: 729.1842, found 729.1854.

IH NMR (500 MHz=, DMSOd) § 12.63 (s, 1H), 8.78 (d, J = 8.4 H=, 1H), 8.74 (d,J = 83 H=
1H), 8.30 — 8.22 (m, 2H), 8.14 (dd, J = 8.4, 2.1 H=, 1H), 8.12 — 8.09 (m, 1H), 7.96 — 7.87 (m,
4H),7.77 (d,J = 1.9 Hz, 1H), 7.63 — 7.56 (m, 3H), 7.16 (dddd,J = 7.4, 5.9, 3.0, 1.4 Hz, 2H) N
7.05 - 6.96 (m, 2H), 6.90 (dtd, J = 14.6, 7.4, 1.4 H=, 2H), 6.17 (ddd,J = 15.2, 7.6, 1.2 H=, |
2H), 3.61 (s, 2H), 2.20 (s, 3H)
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Figure 6-35. 'H NMR spectrum of [(HMBA)Ir(ppy)2]CI (500 MHz) in DMSO-ds. Reprinted with
permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

Synthesis of [ HMBA)Ru(bpy):]Cl2 Ru(bpy)2Cl2 (484 mg, 1.0 mmol), MeMBA (242 mg,
1.0 mmol), methanol (18 mL) and chloroform (18 mL) were subjected to a 100 mL thick-walled
Pyrex tube. The tube was sealed and heated at 100 °C for 1 days under N2 atmosphere. After
cooling to ambient temperature, the solvent was removed under reduced pressure and the crude
product was carefully poured into a large amount of ether. After filtration and drying under vacuum,
dark red solid of [(MeMBA)Ru(bpy)2]Cl> was obtained in 91% yield. 'H NMR (500 MHz,

Methanol-ds) & 8.74 (dd, J = 8.5, 3.4 Hz, 4H), 8.60 (dd, J = 10.5, 8.4 Hz, 2H), 8.19 — 8.10 (m, 4H),
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8.02 (dd, J=8.4, 1.9 Hz, 1H), 7.97 (dd, J= 8.3, 1.9 Hz, 1H), 7.87 — 7.79 (m, 4H), 7.74 (d,J= 1.9
Hz, 1H), 7.59 (d, /= 1.9 Hz, 1H), 7.55 — 7.46 (m, 4H), 3.70 (d, /= 1.7 Hz, 2H), 3.62 (s, 3H), 2.26
(s, 3H) (Figure 6-36). °C NMR (126 MHz, Methanol-ds) § 172.01, 158.64, 158.57, 157.09,
155.80, 153.09, 152.68, 152.63, 152.52, 152.22, 140.33, 140.26, 140.00, 139.19, 139.18, 139.17,
136.07, 128.91, 128.90, 125.70, 125.68, 125.65, 125.63, 125.01, 124.61, 52.79, 37.70, 18.45
(Figure 6-37). HR-MS (ESI, positive mode): m/z calc’d for C3sH30N¢O2Ru [M-2CI1]**: 328.0737,
found 328.0747.

Scheme 6-3. Schematic representation of the synthesis of [[HMBA)Ru(bpy)]Cl..
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Figure 6-36. 'H NMR spectrum of [(MeMBA)Ru(bpy):2]Cl2 (500 MHz) in CD30OD. Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.
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13C NMR (126 MHz, Methancldl) 5172.01, 158.64, 158.57, 157.09, 155.80, 153.09,
152.68,152.63, 152.52, 152.22, 140.33, 140.26, 140.00, 139.19, 139.18, 139.17, 136.07,

128.91. 128.90, 125.70, 125.68, 125.65. 125.63, 125.01, 124.61. 52.79, 37.70, 18.45
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Figure 6-37. '3C NMR spectrum of [(MeMBA)Ru(bpy)2]Cl2 (500 MHz) in CD30D. Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

[(MeMBA)Ru(bpy)2]Cl2 (120 mg, 0.16 mmol) was suspended in THF (15 mL) in a 50 mL
flask. An aqueous solution of LiOH (21 mg LiOH*H20 in 6 mL deionized water) was added
dropwise to the solution with stirring. The solution was stirred at ambient temperature to reaction
completion as monitored by TLC. After MeOH was removed under reduced pressure, the solution
was acidified by concentrated HCI. The precipitated solid was filtered, washed with deionized
water, and ether, and finally dried under vacuum to afford [([HMBA)Ru(bpy):2]Cl2 as a dark red
powder (102 mg, 87%). '"H NMR (500 MHz, DMSO-ds) & 8.91 (tt,J=12.8, 6.5 Hz, 6H), 8.48 (dd,
J=28.5,1.8 Hz, 1H), 8.26 — 8.16 (m, 4H), 8.06 (d, J = 8.3 Hz, 1H), 7.94 (d, /= 1.8 Hz, 1H), 7.83
(d,J=5.6 Hz, 1H), 7.75 (dd, J= 14.3, 5.6 Hz, 3H), 7.63 — 7.54 (m, 4H), 7.53 — 7.49 (m, 1H), 3.41
(s, 2H), 2.24 (s, 3H). HR-MS (ESI, positive mode): m/z calc’d for C33H23CINsO2Ru [M-CI]*:

677.1006, found 677.1057.
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TH NMR (500 MHz, I)MS()ds) 38.91 (tt, J=12.8. 6.5 Hz. 6H), 8.48 (dd.J = 8.5, 1.8 Hz,
1H). 8.26 — 8.16 (. 4H). 8.06 (d. J = 8.3 Hz, 1H). 7.94 (d.J = 1.8 Hz. 1H). 7.83 (d.J = 5.6
Hz. 1H). 7.75 (dd.J = 14.3. 5.6 Hz. 3H). 7.63 — 7.54 (m. 4H), 7.53 — 7.49 (m. 1H). 3.41 (s,
2H). 2.24 (s. 3H).

2.24

MMM»‘JU’%

G S o

ooooooo

3.04=

vvvvvvv

T T T T T T T T T T T T T T T T T T
1.0 105 100 95 9.0 8.5 8.0 7.5 7.0 6.5 0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
f1 (ppm)

Figure 6-38. 'H NMR spectrum of [(HMBA)Ru(bpy)2]Cl2 (500 MHz) in DMSO-ds. Reprinted
with permission from Journal of the American Chemical Society, 2020, 142, 6866-6871. Copyright
2020 American Chemical Society.

6.4.3 X-ray Absorption Spectroscopy

X-ray absorption data were collected at Beamline 10-BM-A, B at the Advanced Photon
Source (APS) at Argonne National Laboratory. Spectra were collected at the Ce Ls-edge (5723 eV)
in transmission mode. The X-ray beam was monochromatized by a Si (111) monochromater and
detuned by 50% to reduce the contribution of higher-order harmonics below the level of noise. A
metallic chromium foil standard was used as a reference for energy calibration and was measured
simultaneously with experimental samples. The incident beam intensity (o), transmitted beam
intensity (/t), and reference (/r) were measured by 20 cm ionization chambers with gas
compositions of 29% Nz and 71% He, 90% N2 and 10% Ar, and 100% Nz, respectively. Data were

collected over six regions: -250 to -30 eV (10 eV step size, dwell time of 0.25 s), -30 to -12 eV (5
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eV step size, dwell time of 0.5 s), -12 to 30 eV (1.1 eV step size, dwell time of 1 5), 30 eV to 6 A-
1, (0.05 A step size, dwell time of 2's), 6 A to 12 A, (0.05 A! step size, dwell time of 2 s), 12
Al to 15 A, (0.05 Al step size, dwell time of 4 s). Multiple X-ray absorption spectra were
collected at room temperature for each sample. Samples were ground and mixed with
polyethyleneglycol (PEG) and packed in a 6-shooter sample holder to achieve adequate absorption
length.

Data was processed using the Athena and Artemis programs of the IFEFFIT package based
on FEFF 6. Prior to merging, spectra were calibrated against the reference spectra and aligned to
the first peak in the smoothed first derivative of the absorption spectrum, the background noise
was removed, and the spectra were processed to obtain a normalized unit edge step.

XANES analysis of Ce oxidation states of Ces-BTB-Ru and Ces-BTB-Ir before and after
photoirradiation carried out by comparing to the standard edge features of both CeCls and
(NH4)2Ce(NO3)s.

6.4.4 Fitting of Luminescence Quenching

[(MeMBA)Ir(ppy):]|Cl by BIH The reductive quenching mechanism was supported by

fitting the data of luminescence quenching of [(MeMBA)Ir(ppy)2]Cl by BIH to the Stern-Volmer

equation,
I
7= 1+ K5 Cpin

where Ksy is the Stern-Vo6lmer constant, and /o/] is the ratio of luminescence intensity in
the absence and presence of BIH. /o»/] showed a good linear relationship with respect to the

concentration of BIH (Car) with R* = 0.999 and Ksy = 8.91 mM™.
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[(MeMBA)RU(bpy):]Cl2 by BIH The reductive quenching mechanism was supported by
fitting the data of luminescence quenching of [(MeMBA)Ru(bpy)2]Cl2 by BIH to the Stern-Volmer

equation,
Iy
7= 1+ Ks,Cpin

where Ksy is the Stern-Vo6lmer constant, and /o// is the ratio of luminescence intensity in
the absence and presence of BIH. /o»/] showed a good linear relationship with respect to the
concentration of BIH (Car) with R? = 0.998 and Ksy = 1.06 mM.
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