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Abstract

Pengfei Ji: Transforming Hydroxides in Metal-Organic

Framework Nodes for Catalytic Applications

Under Direction of Professor Wenbin Lin

MOFs have provided a highly tunable platform to access site-isolated catalysts that do not
undergo multimetallic decomposition. Such site-isolation effect has allowed the design and
synthesis of a large variety of novel catalysts that do not have homogeneous or heterogeneous
analogues. My research was focused on the hydroxide groups on the MOF nodes, which offer
powerful means for introducing catalytic functionalities.

Chapter 1of this thesis discusses general design strategies for MOFs, with specific focus on
Zr-based MOFs. This class of MOFs offer an ideal platform to create novel and stable catalysts
on the inorganic nodes through different post-synthetic modifications.

Chapter 2 through Chapter 6 of this thesis explore the use of inorganic MOF nodes with
bridging hydroxides as binding sites for generating various single-site solid catalysts. For
example, the Zr3(us-OH) functionality in ZreTPDC was metalated with MgMe2 or CoCl> to
afford highly active catalysts for carbonyl hydroboration or C-H bond borylation reactions. To
increase the electron-donating ability and open space around the Zr3(us-OH) group, three MOFs
including ZrsMTBC, Zr12TPDC and TigBDC with new inorganic nodes were synthesized. These

inorganic nodes were shown to provide superior supports for cobalt catalysts.

Chapter 7 through Chapter 10 of this thesis examine the transformation of inorganic nodes

XX



with terminal hydroxides into competent catalysts for a variety of transformations. For example,
Ces(OH)12-BTC has six terminal hydroxides per Ces node which can be activated by pinacol
borane to afford terminal hydrides that are active for pyridine hydroboration, alkene
hydroboration and alkene hydrophosphination. Other MOFs with terminal hydroxides were
similarly activated to generate highly effective catalysts for olefin polymerization and pyridine

hydrosilylation reactions.
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Chapter 1. Introduction

1.1 Metal-Organic Frameworks (MOFs)

The study of a special class of porous materials known as metal-organic frameworks
(MOFs) has seen explosive growth over the past two decades. MOFs are constructed by connecting
inorganic metal nodes, or secondary building units (SBUSs), with bridging organic linkers to create
single crystalline frameworks with well-defined porosity. MOFs share a similarity to industrially
important zeolites that are characterized by large internal surface areas and uniform pore sizes, but
MOFs can be constructed from a variety of organic linkers and inorganic nodes to afford an infinite

array of structurally defined solids with interesting properties.

N-based Ligands O-based Ligands
Monometallic Nodes Multimetallic Nodes

Figure 1-1 (a) Coordination environments of Cd metal centers and the crystal structure of
Cd(Bpy)(NO3): lattice. (b) Coordination environments of Zns metal nodes and the crystal structure
of MOF-5.
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Figure 1-2. Representative examples of (a) N-based linkers and (b) O-based linkers.

The early development of porous coordination polymers was generally limited to N-donor
based bridging linkers, to assemble 3-D frameworks by linking d*° transition metals (Cu', zn'",
Cd"). Classical examples are the synthesis of a Cu framework with 4,4'4"4"-
tetracyanotetraphenylmethane by Robson in 1989, and a 2-D Cd(Bpy)(NOs): lattices by linking
Cd" with 4,4-bipyridine (Bpy), reported by Fujita in 1994 (Figure 1-1).! The two weakly-
coordinating nitrates on the axial direction expose the Lewis acidic Cd' metal center for catalysing
organic reactions. However, the interations between nitrogen lone pairs and d'° metals are not
strong enough to maintain the framework porosity upon desolvation. The development of
carboxylate coordination-based frameworks has led to the formation of MOFs with permanant
porosity. One notable example is MOF-5 constructed from simple terephthalate linkers and
Zn40(CO2)s SBUs, reported by Yaghi in 1999, which shows higher apparent surface area than

most zeolites.? Follwing these initial discoveries, tens of thousands of MOFs has been developed



in the begining of 21st century. Of particular research interest are those strucutures made from O-

based or anionic N-based linkers, with high framework stability and tunability (Figure 1-2).

MOFs have became a versitile platform for utilizing MOF components or incorporating
molecular functionalities for a broad range of applications. In general, there are three major
strategies to exploit MOF components for applications. First, using MOF pores for gas storage,
gas seperation, *!° enzyme immobilization and drug delivery20-22; Second, anchoring
functionalities to MOF linkers and inorganic nodes for catalysis,?** imaging and solar energy
harvesting35-3¢; Third, using different MOF parts integratively to perform cooperative functions,

such as cooperative catalysis37-38 and synergistic biomedical applications.?: 3%-42
1.2 Zirconium-based MOFs

A great diversity of inorganic nodes have been used to construct MOFs, including divalent,
trivalent, and most importantly, tetravalent metals.***> Among tens of thousands of MOFs
synthesized to date, Zr-based MOFs have distinguished themselves with exceptionally high
thermal and chemical stability, simple and straightforward linker tunability, and relatively low
costs of zirconium precursors.*¢*” Zr nodes with different symmetry and connectivity have been
obtained via judicious choice of linkers and synthetic conditions. The best-known example is the
UiO-type of MOF first reported by Lillerud and coworkers in 2008, which is composed of
Zrs04(OH)4(CO2)12 type of SBUs.®® By utilizing different carboxylate linkers that are tritopic or
tetratopic, Zr-MOFs with other Zrg SBUs, such as ZrsO4(OH)4(CO2)gand ZrsO4(OH)4(CO2)s, have
also been synthesized (Figure 1-3).484° Part of this thesis explores the possibility of activating the

monocarboxylate-capped metal centers in these nodes for catalysis. The straightforward activation



of MOF nodes provides an intriguing opportunity to design single-site solid catalysts that do not

have homogeneous counterparts.

MOF-808

Figure 1-3. Representative examples of Zre-based MOFs, including UiO-67, MOF-545 and
MOF-808.



Besides Zrs SBUs, my work has discovered some other multimetallic Zr-SBUs, including
Zrg0g(OH)4(CO2)12 in the ZrsMTBC MOF,® and Zr120s(OH)14(CO2)1s SBU in the Zri,TPDC
MOF (Figure 1-4).%! These MOFs have expanded the diversity of Zr-MOF families, and provided
novel MOF topology and SBU functionalities. Both of these two SBUs provided an excellent

ligand platform for discovering single-site base metal catalysts without homogenous analogues.

© 2r,,TPDC =

Figure 1-4. Representative examples of Zrg-based and Zri»>-based MOFs.



1.3 Homogeneous versus Heterogeneous Catalysis

Catalysts can be generally divided into homogeneous or heterogeneous types, depending
on whether a catalyst exists in the same phase as the substrate. One important example of
homogeneous transition metal catalyst is the second generation Grubbs catalyst (Grubbs catalyst
I1), which is very efficient for olefin metathesis reactions (Figure 1-5a). This small molecule Ru
complex dissolves in organic solvents before reacting with an olefin substrate. One of the best
examples of heterogeneous catalyst is a type of zeolite named Faujasite, which is a common
heterogeneous catalyst used in refineries (Figure 1-5b). Although Faujasite itself is insoluble in
substrates, hydrocarbons can efficiently diffuse through the pores and are converted to products

by the surface acidic sites.
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Figure 1-5. (a) Chemical structure of Grubbs catalyst Il. (b) Structure of the largest pore in
Faujasite, highlighting the [SiO4] and [AlO4] tetrahedral units.

Homogeneous catalysts have well defined molecular structures and their structures and

functions can be easily tuned through molecular modifications. Moreover, their reaction



mechanism can be easily rationalized through kinetic analysis and computational studies. However,
homogeneous catalysts generally are more expensive, arising from lengthy synthesis of organic
ligands and the inability to reuse the catalyst. On the contrary, heterogeneous catalysts are readily
synthesized from abundant precursors, and are easily recycled through solid-liquid or solid-gas
separations. This allows for their broad applications in industrial processes, including the Harber-
Bosch process for the production of ammonia and the Ziegler-Natta catalyst for olefin
polymerizations. However, heterogeneous catalysts contain multiple types of active sites, thus
prohibiting the characterization of the active species or the fine-tuning of reaction activity and
selectivity. Significant effort has been devoted to address this problem by designing single-site

heterogeneous catalysts.

1.4 Site-Isolation Effect in MOF Catalysts

Sterically-hindered chelating ligands are commonly used in homogeneous base-metal
catalysts to prevent catalyst decomposition pathways, through metal-ligand disproportionation,
oligomerization, or ligand transformation to form deactivated species (Figure 1-6). However, such
steric protecting groups may weaken the ligand-coordination strength, and even worse, impede the
access of substrates to metal centers. These drawbacks are well represented in a homogeneous Co-

based catalyst, which displays limited activity toward the hydrogenation of tetra-substituted olefins.
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Figure 1-6. Common multimetallic decomposition pathways for homogeneous catalysts.

The major way to prevent catalyst deactivation without using bulky ligands is to
immobilize catalysts onto material surface, thus separating the metal centers from direct contact.
Solid materials such as silica, alumina and titania are among the most common supports to anchor
catalytically active metal centers. However, metal oxide surface often generates non-uniform
catalyst species as a result of having multiple kinds of hydroxide functionalities. MOFs provide a
highly tunable platform to access site-isolated catalysts with uniform compositions, benefiting
from their periodic structure and molecularly well-defined functionalities (Figure 1-7). The
synthetic versatility of MOFs allows for the fine-tuning of the electronic and steric properties of
the active sites, whereas the structure regularity greatly facilitates mechanistic studies of MOF-
catalyzed reactions. Prior to my research, many works have been done to generate MOF catalysts
by utilizing pre-metalated organic struts or via postsynthetic metalation of functionalized bridging
linkers. The first part of this thesis explores the use of metal hydroxide clusters in MOFs as oxo-

donor ligands to anchor earth-abundant metal catalysts for organic transformations.



Figure 1-7. Site-isolation of catalysts inside MOF channels avoids bimolecular decomposition
pathways.

MOF nodes are not only utilized as catalyst supports, but are also directly activated to open-
up coordination around metal centers to generate novel catalysts. Such straightforward activation
of MOF nodes provides an intriguing opportunity to design single-site solid catalysts that do not
have homogeneous counterparts. There are examples of directly using MOF nodes for catalysis,
but these works are limited to Lewis acid or Brgnsted acid catalysis. The node-activation part of
this thesis demonstrates the generation of unusual organometallic catalysts with the MOF nodes,
and their application in much broader range of reactions, including olefin polymerization and

hydroelementation reactions.

1.5 Characterization of MOF Catalysts

The uniform composition of MOF active sites facilitates their structural and spectroscopic

characterization. Detailed knowledge of the catalyst structure is essential for understanding their



reaction mechanism, and allows for the further optimization of the catalyst performance (Figure
1-8). X-ray diffraction (XRD) techniques, ether single crystal X-ray diffractions (SXRD) or
powder X-ray diffractions (PXRD), have been essential to the understanding of MOF structures.
Monitoring of MOF structure is crucial at all different stages of MOF catalysis, either right upon
MOF synthesis, activation, or after catalysis. Spectroscopic methods, particularly electron
paramagnetic resonance (EPR), X-ray absorption near-edge spectroscopy (XANES) and X-ray
photoelectron spectroscopy (XPS), are very crucial for understanding the oxidation state and spin
properties of the metal centers. Moreover, extended X-ray absorption fine-structure is very
powerful for determining the metal coordination environment at the active sites.
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Figure 1-8. Structural and spectroscopic techniques used to characterize MOF catalysts. EPR
mechanistic scheme courtesy of Dr. Werner U. Boeglin. XPS mechanistic scheme courtesy of
2018 Physical Electronics, Inc.
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Chapter 2. Zrs MOF Nodes Support Single-Site Magnesium-Alkyl Catalyst for

Hydroboration and Hydroamination Reactions

2.1 Introduction

The Zrs04(0OH)4(CO2)12 SBU in UiO-type of MOF features a unique ps-OH functionality. It
is possible to anchor organometallic catalysts onto the us-OH site to access supported catalyst with
unprecedented electronic and steric properties. Magnesium, one of the most abundant metals on

earth, was anchored to the uz-OH site for catalytic transformations.

Despite their great abundance, alkaline earth metals such as magnesium and calcium have
found limited application in catalytic processes. Developing catalysts that use these metals can be
challenging because heteroleptic complexes tend to undergo Schlenk-type and/or irreversible
ligand redistribution reactions to form catalytically incompetent homoleptic complexes.® To
counter such associative intermolecular ligand redistribution reactions, bulky chelating ligands,
such as B-diketiminate,>* aminotroponiminates,® pybox,® silylamido phenolate,” and
tris(oxazolinyl)borate,” have been explored in the preparation of main group catalysts for a range
of organic transformations, such as hydroamination,*>® hydrosilylation,® hydroboration,°
hydrophosphination, ** and many other reactions. Although sterically encumbered ligands stabilize
the heteroleptic species, they slow down the binding and activation of substrates, thus significantly
impeding the catalytic activity. In contrast, immobilizing heteroleptic alkaline earth metal species
in porous solid supports can provide site isolation without relying on bulky ligands and thus

provide an alternative route to obtaining active catalysts.*?
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Zhang et al. recently showed that highly active base-metal catalysts can be stabilized in
bipyridyl-based MOFs via active site isolation, while analogous homogeneous catalysts undergo
rapid intermolecular deactivation via ligand disproportionation reactions.'® This chapter explores
a simple strategy to stabilize active Mg-alkyl species at SBUs of a UiO-MOF, ZrsQPDCN
(QPDCN is 4,4’-bis-(carboxyphenyl)-2-nitro-1,1’-biphenyl), to afford highly active and reusable
single-site solid catalysts for hydroboration of carbonyl and imine compounds and for
hydroamination of aminoalkenes. Site isolation within the MOF stabilizes catalytically active
heteroleptic Mg-alkyl species by shutting down Schlenk-type intermolecular ligand redistribution

reactions (Figure 2-1).

O
o
T

NO, zrcl,
B ———

TFA, DMF
100 °C

H,QPDCN Zr,QPDCN
l\'/le

P M MgM P

00, ;gOO <L o\o'?oo
\ 0L/ -, XL/
Zr/ er \Zr Zr/ er \Zr
< \O' < \o'
Zry-0-MgMe Zr3-0-H

Figure 2-1. The synthesis of ZrsQPDCN through solvothermal reactions and metalation of its
SBUs with MgMe; to form MgMe-ZrsQPDCN.
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2.2 Results and Discussion

2.2.1 Metalation and characterization of the MgMe-ZrsQPDCN MOF

Scheme 2-1. Active site isolation of MgMe> on uz-OH site of Zrs SBU.

H Y MgMe, fo
: —_— I
/\. 4 /T /\ /
Zr I'
E)/ \ /
Zry-0-H Zr3 0O-Mg Me

The metalation of Zr3(us-OH) sites in SBUs of ZrsQPDCN was performed by the protonolysis
reaction of ZreQPDCN with MgMe> in THF at room temperature to afford Mg-functionalized
MOF material (MgMe-ZrsQPDCN) as a yellow solid (Scheme 2-1). During the metalation
reaction, an equivalent amount of methane was generated, which was identified and quantified by
GC analysis. The disappearance of pu3O-H band (~3629 cm™, KBr) in the infrared spectrum (IR)

of MgMe-ZrsQPDCN indicated that the metalation occurred at Zra(us-OH) sites (Figure 2-2).

Inductively coupled plasma-mass spectrometry (ICP-MS) analysis of the digested MgMe-
ZrsQPDCN revealed four Mg centers per Zrs node, indicating 100% metalation at the Zrs(us-OH)
sites. Crystallinity of ZreQPDCN was maintained upon metalation, as shown by the similarities in

the PXRD patterns of ZreQPDCN and MgMe-ZrsQPDCN (Figure 2-3).
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Figure 2-2. IR spectra of ZreQPDCN (black) and MgMe-ZrsQPDCN (red). The disappearance of
the vuso-n band (~3629 cm™, KBr) suggests postsynthetic metalation at Zrs-pis-OH sites.

MgMe-Zr QPDCN (fresh)
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Figure 2-3. PXRD patterns of MgMe-ZrsQPDCN (green) compared to that of pristine ZrsQPDCN.

SEM images showed that ZreQPDCN has particle sizes of ~2-3 um. The SXRD study

revealed that MgMe-ZrsQPDCN crystallizes in the Fm3m space group, with the Zre(ps-O)a(ps-

OH)4 SBUs connected by the QPDCN bridging linkers to afford the 12-connected structure of fcu
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topology. However, due to crystallographic disorder of the MgMe moiety and the low atomic
weight of Mg atom, the Mg coordination environments in MgMe-ZrsQPDCN could not be
established by X-ray crystallography. The four MgMe moieties are randomly distributed among
the eight ps-oxo positions. In addition, every (Zr3)O-MgMe moiety is in close proximity to six
carboxylate oxygen atoms; one or two of the carboxylate oxygen atoms could possibly tilt the Mg
atom off the Cz-axis through weak coordination. These disorders lead to low site occupancy of 1/6
for the MgMe moiety if we assume Mg coordinates to two carboxylate groups, thus making Mg

atoms impossible to observe in the Fm3m space group.

2.2.2 MgMe-ZrsQPDCN catalyzed hydroboration of ketones.

MgMe-ZrsQPDCN displayed excellent activity in the hydroboration of a wide range of
carbonyl compounds with pinacolborane (Table 2-1). The hydroboration reactions were
performed by treating ketones or aldehydes with equimolar HBpin in the presence of 0.1 — 0.01
mol % MOF-Mg in hexane or THF at room temperature.

At a 0.05 mol % Mg loading, MOF-Mg afforded borate ester products from a range of
carbonyl substrates, including alkyl, halogenated, and alkoxy-functionalized aryl ketones and
aldehydes in essentially quantitative yields. Pure hydroboration products were obtained by simply
removing the solid catalyst via centrifugation followed by removal of the organic volatiles.
Impressively, MgMe-ZrsQPDCN catalysed the hydroboration of acetophenone with a TON of
84,000. Linear and cyclic aliphatic ketones were efficiently reduced in excellent yields. In addition,
a, B-unsaturated carbonyl substrates such as cyclohexenone, trans-crotonophenone, and trans-

cinnamaldehyde were reduced selectively at the carbonyl, leaving the C=C bond intact.

19



Remarkably, at a 0.2 mol% catalyst loading, MgMe-ZrsQPDCN could be recovered and
reused for hydroboration of acetophenone at least 10 times without loss of MOF crystallinity
(Figure 2-4). Excellent yields (95-100%) of boronate ester were obtained consistently in the reuse
experiments with no observation of other byproducts. The PXRD patterns of MOF-Mg recovered
from the 1st and 11th runs remained unchanged from that of pristine MOF-Mg, indicating the

stability of the MOFs under reaction conditions.

Table 2-1. MgMe-ZrsQPDCN Catalysed Hydroboration of Ketones and Aldehydes.

6} O/Bpin
P MOF, HBpin P » |
 — > , R"=H, alkyl or ary!
R R 25 °C R R
Ketones o i Aldehydes Multiple Functionalities
pin

o

3

(|) (|) O/Bpin .
H — /©/\ ' 0 O/Bpm
cl ; C,)'\ —
Cl ' = O
P\ @

0.05 % [Mg], 6h, 100% Yield 0.05 % [Mg], 48h, 100% Yield
0/Bpin (I)
H

0 é
_Bpi '
/©)\ — : ©\)\ . ©f\o pin :
H ' _Bpin
MeO MeO : OMe OMe ; 2 0
0.01 % [Mg], 72h, 100% Yield : 0.05 % [Mg], 48h, 100% Yield : O - @

, 0
_Bpin ' | in |
0 0 5 Q)\H /@/\O/Bp'” ! 0.05% [Mg], 12h, 100% Yield
- > ' !
H MeO !
(O  meo .

: OMe OMe : - _Bpin
0.05 % [Mg], 24h, 100% Yield ; 0.05 % [Mgl, 48h, 100% Yield ; oA P N"0""P

0.05 % [Mg], 24h, 94% Yield

3118

X 0.05 % [Mg], 48h, 100% Yield
O/Bpm

0 5 |
\)\ —_— 1 (0] H
! o BPin
0.1 % [Mg], 24h, 100% Yield ; 0 H — O ' o _Bpin
E)I\/COZMe -

5

o]
0.05 % [Mg], 72h, 88% Yield _K_co,me

o) o/Bpin .
0.05 % [Mg], 24h, 91% Yield

C'j_,

0.05 % [Mg], 12h, 100% Yield

O

[0}
ph\)J\H — Ph\/\o/Bpln

0.05 % [Mg], 48h, 100% Yield ~Bpin

(0]

i o
P —
; Ph)\/\ Ph)\/\

0 _Bpin : F ? F .
| o] - " F o BPin 0.05 % [Mg], 12h, 100% Yield
> ! .
O)\ LOF F F F E
’ F F 5

0.05 % [Meg], 24h, 100% Yield : 0.05 % [Mg], 12h, 100% Yield

3

Reaction conditions: 1.0 mg of MgMe-Zr¢éQPDCN, carbonyl substrate, hexanes, HBpin (1.1 equiv
w.r.t. carbonyl substrate, 23 °C. Yield was determined by 1H NMR with mesitylene as the internal
standard. Isolated yields are in parentheses. cTHF was used as the solvent.
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Figure 2-4. (a) Plot of yields (%) of borate ester at different runs in the reuse experiments of
MgMe-QPDCN (0.2 mol % Mg) for hydroboration of acetophenone. (b) PXRD patterns of MgMe-
ZrsQPDCN recovered after 1% run (run) and 11" run (blue) of carbonyl hydroboration.

The heterogeneity of MgMe-ZrsQPDCN was confirmed by the following experiments.
ICP-MS analyses showed that the amounts of Mg and Zr leaching into the supernatant after the 1st
run were only 1.6% and 0.02%, respectively, and after the 11th run were 1.3% and 0.02%,
respectively. Moreover, no further hydroboration was observed after removal of MOF-Mg from
the reaction mixture, which rules out the role of the leached Mg species in catalysing hydroboration
reactions. An additional control experiment using the unmetalated ZreQPDCN did not afford the
hydroboration product, indicating that the catalysis occurred at the supported Mg centers at the

SBUs.

Two types of pathways were proposed for the Mg-catalysed hydroboration of carbonyls: a) c-
bond metathesis involving insertion of a C=0 into a Mg—H bond or b) zwitterionic mechanism
without involvement of Mg—H bond species. The mechanism of MgMe-ZrsQPDCN catalysed
hydroboration reactions was investigated by spectroscopic techniques, gas quantification, and

kinetic studies. The treatment of MgMe-ZrsQPDCN (1 mol % Mg) with acetophenone followed
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by addition of HBpin (PhCOMe : HBpin = 1.2 : 1.0) in benzene immediately generated MeBpin,
and hydroboration reaction occurred without a detectable induction period. After completion of
the hydroboration reaction, ZrsO-Mg(OCHMePh) was identified the intermediate by quenching
with D20 to detect CH(OD)MePh. In addition, Zr;0-Mg(OMe), prepared by treatment of MgMe-
ZreéQPDCN with 10 equiv. (w.r.t. Mg) of MeOH was also active in catalysing hydroboration of
acetophenone. We thus infer that the rapid reaction between Zr;0-MgMe with one equiv of HBpin
afforded the ZrsO-MgH intermediate, which is likely the active catalyst for hydroboration
reactions. The empirical rate law, determined by the method of initial rates (<10% conversion),
showed that the hydroboration of acetophenone catalyzed by MgMe-ZrsQPDCN has a first-order
dependence on the Mg and acetophenone concentrations and a zeroth-order dependence on the
HBpin concentration. Based on our experimental observations, the proposed pathways for
hydroboration of carbonyls likely involved the insertion of C=0O into the [Mg]-H bond in the
turnover limiting step to give the Zrz-O-Mg(OCHRR’) intermediate. The reaction of ZrsO-
Mg(OCHRR’) species with HBpin furnished the boronate ester product and regenerated ZrsO-

MgH in the cycle (Scheme 2-2).

Scheme 2-2 Proposed catalytic cycle for MgMe-ZrsQPDCN catalyzed ketone hydroboration.

MgMe /H
| .
-MeBpin Mg
27PN+ HBpin e |
Zr Zr// 7, 0
R Zr .
>—OBpin R R
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R step
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Mg R
I
0
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2.2.3 MgMe-ZrsQPDCN catalyzed hydroboration of imines.

Similar to the hydroboration of carbonyls, MgMe-ZrsQPDCN is also an active catalyst in the
hydroboration of imines to give N-borylamines. At a 0.05 mol % Mg loading, MgMe-ZrsQPDCN
catalyzed hydroboration of N-benzylidene-aniline with HBpin in heptane at 70 °C for less than 12
h afforded N-benzyl-N-pinacolborylaniline in quantitative yield (Table 2-2). MOF-Mg recovered
after this reaction remained crystalline as shown by PXRD, and the leaching of Mg and Zr into the
supernatant was 2.2% and 0.07%, respectively. The hydroboration of substituted imines, however,
required higher catalyst loading and longer reaction times, presumably due to the decreased rates

of diffusion of the larger substrates and products through the MOF channels.

Table 2-2. MgMe-ZrsQPDCN Catalyzed Hydroboration of Imines.

@ , o
MOF, HBpin Bpin N

A Ne ——" "7 5 AN

r\& R o Ar l{l Ph

70 °C N~ “R

0.5 % [Mg], 48h, 89% Yield

Bpm Bpm
_—
@\4'\' /N
“Ph

0.05 % [Mg], 48h, 100% Yield 0.5 % [Mg], 48h, 91% Yleld
Cl\@\/ \©\/Bpm @\/ ©\/Bpm
N
~ \P
0.5 % [Mg], 48h, 71% Yield 0.5 % [Mg], 48h, 77% Yield

Reaction conditions: 1.0 mg of MgMe-ZrsQPDCN (0.5 mol % Mg), imine, HBpin, heptane, 70 °C;
Yields were determined by *H NMR with mesitylene as the internal standard. ¢0.05 mol % Mg
was used.

2.2.4 MgMe-ZrsQPDCN catalyzed intramolecular hydroamination reactions.
MgMe-ZrsQPDCN is also an active catalyst for hydroamination/cyclization of aminoalkenes.

Treatment of MgMe-ZresQPDCN with 10 equiv (w.r.t. Mg) of 2,2-bis(2-propenyl)-4-
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pentenylamine in benzene at room temperature generated an equivalent amount of CHa,
presumably due to the formation of Mg-amidoalkene species. Upon heating the reaction mixture
at 80 °C for 2 d, 4,4-diallyl-2-methylpyrrolidine was obtained in essentially quantitative yield
(Table 2-3). ICP-MS analyses of the pyrrolidine product showed very low metal leaching (0.82%
for Mg and 0.02% for Zr). At a 1.0 mol % Mg loading, MOF-Mg also afforded 4,4-diphenyl-2-
methylpyrrolidine and 4-allyl-2-methyl-4-phenyl-pyrrolidine from 2,2-diphenyl-4-penten-1-

amine and 2-allyl-2-phenylpent-4-enylamine, respectively, in excellent yields.

Table 2-3. MgMe-ZrsQPDCN Catalysed Hydroamination of Aminoalkenes.

R R MOE Ph Ph Ph></\'/
R -
NN, NS ANH, Ph NH

80 °C R NH
1.0 % [Mg], 48h, 100% Yield (94% Isolated)

J NH, 7 NH J NH, M

1.0 % [Mg], 48h, 100% Yield (93% lsolated) 1.0 % [Mg], 48h, 96% Yield

Reaction conditions: 1.0 mg of MgMe-ZrsQPDCN (1.0 mol % Mg), aminoalkene, benzene, 80 °C;
Yields were determined by *H NMR with mesitylene as the internal standard and isolated yields
are in the parenthesis.

2.3 Conclusion

In this chapter, we developed the first MOF-supported single-site main group catalyst for
organic transformations. Site isolation of the heteroleptic compounds at MOF-nodes is the key to
affording highly active, robust, and reusable alkaline earth metal catalysts. Due to the diversity of
metal cluster SBUs and the ease of functionalizing SBUs with metal ions, MOFs may offer a
versatile platform for discovering new catalytic transformations and developing earth-abundant

metal catalysts for sustainable synthesis of fine and commodity chemicals.
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2.4 Experimental

2.4.1 Synthesis of H.QPDCN ligand

Scheme 2- 3 Suzuki-Miyaura coupling reaction to synthesize Me.QPDCN.

Pd(PPh), (5 mol%)

Br
‘ co,Me K,CO5 (4 eq)
(HO),B THF / H,0 (4:1)
Br NO,

(2.3 eq) 90°C, 48 h

MeO,C Me,QPDCN

4,4'-dibromo-2-nitro-1,1'-biphenyl (3.00 g, 8.40 mmol) and methyl-4-carboxylphenyl
boronic acid (3.48 g, 19.3 mmol) were charged into a 2-neck round bottom flask fitted with a reflux
condenser, and then THF (210 mL) was added. The solution was degassed for 30 minutes, and
tetrakis(triphenylphosphine)palladium (485 mg, 0.421 mmol) was added. The solution was further
degassed for 30 minutes. K>.COs (4.65 g, 33.6 mmol) dissolved in degassed DI water (50 mL) was
then added under N2. The reaction mixture was then heated under N2 at 90 °C for 48 h. The
solution was cooled to room temperature, and the water layer was removed. The volatiles were
removed in vacuo, and the remaining solids were purified by column chromatography using
chloroform as the eluent, affording dimethyl 2"-nitro-[1,1:4'1":4" 1" -tetraphenyl]-4,4"-
dicarboxylate (Me,QPDCN) as a light yellow solid (1.40 g, 3.00 mmol, 36% yield). *H NMR (500
MHz, Chloroform-d): § 8.18 (d, 3Jun = 8.3 Hz, 2 H), 8.16 — 8.11 (m, 3 H), 7.91 — 7.89 (m, 1 H),
7.77-7.68 (M, 6 H), 7.60 (d, 3Jun = 8.0 Hz, 1 H), 7.47 (d, 334w = 8.4 Hz, 2 H), 3.97 (s, 3 H), 3.96

(s, 3H).
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Figure 2-5. 'H-NMR spectrum of Me2QPDCN in CDCls.

Scheme 2-4 Hydrolysis of Me2QPDCN to synthesize H:QPDCN.
CO,Me
KOH

THF/MeOH
40°C, 16 h

MeO,C HO,C

Me,QPDCN H,QPDCN

A suspension of dimethyl Me2QPDCN (400 mg, 0.856 mmol) in THF (65 mL) was heated

to 40 °C. A solution of KOH (6.17 g, 110 mmol) dissolved in MeOH (20 mL) was then added,
and the reaction mixture was stirred at 40 °C for 16 h. The suspension was cooled to room
temperature, and the resulting precipitate was collected by centrifugation. The solid was washed
with dry THF (20 mL) and collected once more by centrifugation. The solid was suspended in
THF (20 mL) and trifluoroacetic acid (3 mL) was slowly added and stirred for 1.5 h at room
temperature. H>O (15 mL) was then added, and the yellow solid was isolated by centrifugation.

The collected yellow solid was first washed with THF (10 mL), then Et>O (10 mL), then dried in
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vacuo to obtain 2"-nitro-[1,1":4',1":4",1"'-quaterphenyl]-4,4"'-dicarboxylic acid (H.QPDCN) (328
mg, 0.746 mmol, 87% yield) as a light yellow powder. *H NMR (500 MHz, DMSO-dg) & 13.08 (s,
2 H), 8.39 (d, “Jun = 1.9 Hz, 1 H), 8.17 (dd, 3Jnn = 8.0 Hz, *Jun = 2.0 Hz, 1 H), 8.07 (m, 4 H), 7.98
(d,3nn = 8.3 Hz, 2 H), 7.88 (m, 4 H), 7.75 (d, 3Jnn = 8.0 Hz, 1 H), 7.53 (d, 3Jnn = 8.1 Hz, 2 H).
13C NMR (126 MHz, DMSO-ds) 5 167.13, 166.99, 149.49, 143.40, 141.35, 139.55, 138.96, 136.28,
133.85, 132.46, 130.92, 130.73, 130.15, 130.06, 129.95, 128.54, 127.41, 127.17, 126.88, 122.39,

39.52. MS (ESI") exact mass calcd for C2sH17NOs: m/z 438.0978 ([(M - H)]), Found: 438.0985.

§ o

EE LTS

122.39

1‘70 1‘68 1‘66 1‘64 ]‘62 1‘60 1‘58 ]‘56 1‘54 1‘52 ]‘50 1‘48 1‘46 1‘44 1‘42 1‘40 1‘38 1‘36 1‘34 1‘32 ]éO 1‘28 1‘26 ]‘24 1‘22 1‘20 ]‘18 1‘16 1‘14 1‘]2 1‘10
Figure 2-6. *H NMR (top) and *C NMR spectra (bottom) of H,QPDCN in DMSO-ds.
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2.4.2 Synthesis of ZreQPDCN MOF

ZrsQPDCN was synthesized via a solvothermal reaction between ZrCls and H2.QPDCN in the
presence of DMF and trifluoroacetic acid in 95% vyield. ZrCls (10 mg) and H2.QPDCN (20 mg)
were dissolved in 10 mL of DMF in a 5-dram vial, and 0.1 mL of trifluoroacetic acid was added.
The solution was then heated at 100 °C for 5 days to afford small bright yellow crystals as the

MOF product (yield: 21 mg, 84%).

Zr QPDCN (exp)

B T ——

Zr QPDCN (simu)

T T T T T T
5 10 15 20 25
20

Figure 2-7. PXRD patterns of ZrsQPDCN simulated from the CIF file (black) and the
experimental PXRD patterns as synthesized ZrsQPDCN (navy).

2.4.3 Quantification of methane evolved during MgMe-ZrsQPDCN formation.
Quantification of CH4 production in the reaction of ZrsQPDCN with Me>Mg. Preparation
of MgMe-ZrsQPDCN was carried out in THF in a J. Young style NMR tube with a resealable
Teflon valve with 0.9 mg of ZreQPDCN (1.09 umol Mg) and 0.12 mg of MgMe». The headspace
gas (total volume 2.8 mL) was analyzed by gas chromatography after 3 h to give a methane content

of 0.856% (v/v). The total amount of methane in the headspace was calculated to be:
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0.856
100

2.8 mL x x 101 kPa +8.314 Je Mol'eK'+295K = 0.99 umol

The amount of CH4 expected from the reaction of ZreQPDCN and HBpin is 1.09 pmol, which is

close to the experimental value.
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Figure 2-8. GC (FID) trace of CH4 from the headspace gas.
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2.4.4 Quantification of the H2 production during MgBpin-ZrsQPDCN formation.

HBpin HBpin

14-0-Mg-CH3 % 14-O-Mg-H % 14-O-Mg-Bpin

MeBpin H,

The formation of H, was detected upon treatment of HBpin with MgMe-ZrsQPDCN, or in
the catalytic hydroboration reaction if the carbonyl substrate is the limiting reagent. However, no
H> was formed during the catalytic hydroboration reaction if HBpin is the limiting reagent. The
quantification of the H. production in the reaction of MgMe-ZrsQPDCN with HBpin is as follows:
A J. Young style NMR tube with a re-sealable Teflon valve was charged with 5.0 mg of MgMe-
ZrsQPDCN (5.7 umol Mg) in 0.6 mL hexane and an excess of HBpin (9 pL, 57.8 umol) at room
temperature. The headspace gas (total volume 2.8 mL) was analyzed by gas chromatography after
0.5 h to give hydrogen content of 4.6% (v/v). The total amount of H> in the headspace was then
calculated to be

4.60
100

2.8 mL x

x 101 kPa +8.314 Je Mol oK'+ 295K = 5.3 ymol
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The amount of Hz expected from the reaction of ZrsQPDCN and HBpin is 5.7 umol, which is close
to the experimental value. The hydrogen content in headspace after 4 h was remained same and
the formation of B2pinz was not detected as analyzed by GC. A control experiment was performed
by addition of HBpin (9 uL, 57.8 umol) to a J. Young NMR tube containing 0.6 mL of hexane,
which showed a negligible amount of H. in the headspace after 4 h a room temperature. These
experiments suggested that the formation of H>was due to the formation of Zr3O-Mg(Bpin) species
via reaction of Zrs-O-Mg-H with excess HBpin, not due to the decomposition of HBpin or Mg-

mediated dehydrogenation reaction of HBpin to form B2Pin..
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Figure 2-9. GC (TCD) trace of H> from the headspace gas.

2.4.5 Typical procedure for MgMe-ZrsQPDCN catalyzed hydroboration

Scheme 2-5 MgMe-ZrsQPDCN catalyzed hydroboration of methoxyacetophenone.

-Bpi
0 0 pin
0 -
/©)LI\/Ie . e i MgMe Zr6QPDCN; /@)\Me
\ hexanes, 23 °C
MeO @) MeO

A typical procedure for MgMe-ZréQPDCN catalyzed hydroboration of ketones. In a

glovebox, MgMe-ZrsQPDCN (1.0 mg, 0.05 mol % Mg) in 1.0 mL hexanes was charged into a
small vial. Then, 3.0 mL solution of 4-methoxyacetophenone (0.174 g, 1.16 mmol) and

pinacolborane (0.164 g, 1.28 mmol) was added. The resultant mixture was stirred slowly at room
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temperature in the glovebox for 2 d before the solid was centrifuged out of suspension and
extracted with hexanes 2-3 times. The combined organic extracts were concentrated in vacuo to

yield the pure borate ester product (0.317 g, 1.14 mmol, 98.0%).
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Chapter 3. Single-Site Cobalt Catalyst at Zrs MOF Node for C-H Activation

and Hydrogenation Reactions

3.1 Introduction

In the previous chapter, we show that the straightforward metalation of MOF SBUs with
magnesium afforded highly active catalyst for ketone hydroboration and alkene hydroamination
reactions. This chapter discusses the metalation with cobalt to afford highly active and reusable
single-site solid catalysts for more challenging organic reactions, including C-H bond borylation,
silylation, and amination with benzylic selectivity, as well as the hydrogenation and hydroboration
of alkenes and ketones. Our structural, spectroscopic, and Kkinetic studies suggest that
chemoselective organic transformations occur at the site-isolated, electron-deficient, and
coordinatively unsaturated metal centers at the SBUs via 6-bond metathesis pathways. The higher
reaction selectivity results from the steric control of substrate access around the catalytic site.
MOFs thus provide a novel platform for developing highly active and affordable base-metal
catalysts for the sustainable synthesis of fine chemicals.

MOFs provide a highly tunable platform to engineer single-site solid catalysts for many
organic transformations that cannot be performed by traditional porous inorganic materials. 13 This
was achieved by utilizing premetalated organic struts as the functionalized bridging linkers, or via
postsynthetic metalation of the organic ligands. But the lengthy synthesis of functionalized linkers
prohibits the industrial application of these MOFs. The diversity of metal cluster SBUs offers an
alternative strategy for the straightforward installation of active catalysts (Figure 3-1). MOF SBUs
have been only been used as acid catalysts,*® leaving their application in more challenging

reactions or as potential supports for catalysis virtually unexplored.5”’
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Figure 3-1. (a) Crystal structure of ZreTPDC. (b) Co coordination environment in the CoCl-
ZrgTPDC catalyst, featuring funnel-like local steric environment.

3.2 Results and Discussion
3.2.1 Synthesis and characterization of CoCI-ZrsTPDC

CoClI-ZrsTPDC was synthesized by deprotonation of Zrs(us-OH) sites in Zre TPDC SBUs
with nBuL.i, followed by metalation with CoCl; solution to afforded the materials as a deep blue
solid (Scheme 3-1).

Scheme 3-1. Deprotonation and metalation of Zrs SBU to form CoCl-Zrs TPDC.
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Crystallinity of ZreTPDC was maintained upon metalation, as suggested by the similarity
of the PXRD patterns of ZreTPDC and CoClI-ZrsTPDC. (Figure 3-2). CoCIl-ZrsTPDC has 45%

solvent weight based on TGA analysis, and 100% Co-loading with respect to pu3-OH centers based
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on ICP-MS analysis. ICP-MS analysis of the digested CoCl-ZrsTPDC revealed four Co centers
per Zrs node, indicating 100% metalation of all the Zr3(us-OH) sites. The infrared spectrum (IR)
of CoCl-ZrgTPDC showed the disappearance of vuso-+ band (~3640 cm®, KBr), consistent with
the complete metalation of Zr3(ps-OH) sites. In addition, TEM-EDX analysis indicated that cobalt

sites are uniformly distributed throughout the particles (Figure 3-3).
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Figure 3-2. (a) PXRD patterns of CoCI-Zrs TPDC (red) and CoH-Zrs TPDC (blue). (b) N2 sorption
isotherm of CoCl-ZreTPDC (blue) compared to that of pristine ZreTPDC (black).
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Figure 3-3. TEM-EDX analysis of CoCl-Zrs TPDC, indicating the uniform distribution of Co (blue
color) and Zr (yellow color) throughout the whole particle.

A single-crystal X-ray diffraction study revealed that CoCl-ZrsTPDC crystallizes in the

Fm3m space group, with the Zrs(ps-O)(1s-OH)s SBUs connected by the TPDC bridging linkers
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to afford the 12-connected fcu topology. The void space was calculated to be 79.6% by PLATON.
However, due to the crystallographic disorder of the CoCl moiety, the Co coordination
environments in CoCI-ZrsTPDC could not be established by X-ray crystallography.

Instead, we used X-ray absorption spectroscopy (XAS) to investigate the electronic
property and coordination environments of Co. The oxidation states of CoCIl-ZreTPDC was

determined to be divalent by comparing the energies of the pre-edge peaks to the CoCl, standard

(Figure 3-4).
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Figure 3-4. (a) Chemical structure and electron configuration of Co'' centers in CoCI-ZrsTPDC.
(b) XANES spectra of CoCI-ZrsTPDC (blue), CoH-Zre TPDC compared Co metal (red) and
CoCl; (black) controls.

Since the Co center was not observed with SXRD, we rationalize the crystallographic
disorder by proposing a tilting of Co toward the carboxylates. The tilting was validated by DFT
calculations, which indicates the Co was anchored to the uz-O" site while weakly coordinating to
the n-electron of carboxylate groups. The optimized structure indicates Co-carboxylate oxygen

distances of 2.05 A and Co-carboxylate carbon bond distances of 2.28 A (Figure 3-5).
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Co-Cl 2.22 A

Co- u;0 1.91A
Co-0n2-¢=0 2 05 A
Co-Cn2¢=02 28 A

Figure 3-5. DFT calculated structure of CoCl moiety on Zre TPDC SBU and the measured bonding
distances.

Fitting of the Co Ka. EXAFS data of CoCl-Zrs TPDC validated the DFT optimized structure,
indicating the Co center was coordinated to both the us-O™ and the w-electron of carboxylate groups
as shown in the model complexes (Figure 3-6). The bonding distances are in good agreement with

DFT calculated result.
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R(A)
Figure 3-6. EXAFS fitting of Co K-edge X-ray absorption data, and the resulting bond distance
parameters.

37



3.2.2 Synthesis and characterization of CoH-ZrsTPDC

The CoCl-ZrsTPDC was activated with NaBEtsH to cleave the strong Co-Cl bond and
generate Co-H active species for catalysis. The resulting black solid was washed with THF and
benzene before drying to afford a powder for further characterization. To validate the activation
of Co-Cl bond in CoH-ZreTPDC, the Co K-edge EXAFS spectrum was plotted against that of
CoClI-ZreTPDC, which indicates a reduction of peak intensity and lower shift of peak position,
matching well with the absence of Co-Cl scattering pathway. The EXAFS data of CoH-ZrsTPDC
was well fitted with a similar CoH coordination environment to CoCl-ZrsTPDC, where the Co is
coordinated to three SBU oxygen atoms and one hydride (Figure 3-7). XANES analysis indicates
the Co maintained divalency after NaBEtzH treatment by comparing the pre-edge feature with

CoCl; standard.
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Figure 3-7. (a) The activation of CoCI-ZrsTPDC to form CoH-ZrsTPDC. (b) Comparison of the
EXAFS feature of CoCl-ZrsTPDC with that of CoH-ZrsTPDC. (¢) EXAFS fitting of CoH-
Zrs TPDC K-edge X-ray absorption data with proposed structure model.
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3.2.3 CoH-ZrsTPDC-catalyzed undirected benzylic C—H borylation.

CoH-ZresTPDC is a highly active catalyst for undirected borylation of benzylic C—H bonds
using Bopiny as the borylation agents. Borylation of alkyl C—H bonds furnishes the formation alkyl
boronates, which are versatile reagents in organic synthesis. Although selective borylation of
aromatic C—H bonds has been achieved with several homogeneous catalysts, very few examples
have reported for benzylic selective borylation. Moreover, most catalysts are based on precious
metals (e.g. Rh and Ir), while the earth-abundant metal-catalyzed chemoselective C—H borylation
is rare. Recently, a-diimine cobalt catalysts were reported for benzylic C-H borylation at high
catalyst loadings (5-30 mol%), long reaction time, and with the formation of a mixture of
monoborylation and diborylation products. The CoH-Zrs TPDC was shown to catalyze borylation
reactions at much lower catalyst loadings (0.2 mol%) and with exclusive mono-borylation
selectivity. Under optimized reaction conditions, CoH-ZrsTPDC catalyzed the C-H borylation of
m-xylene to afford benzylic boronate esters in excellent yields at 0.2 mol% loading. The borylation
reactions of a broad scope of methylarenes including mesitylene, 3-chlorotolumene and p-xylene
were borylated in good yields with excellent benzylic selectivity over aromatic C-H bonds (Table
3-1).

The CoH-ZrsTPDC recovered from the borylation reaction of m-xylene maintained the
same crystallinity as the freshly prepared CoH-ZrsTPDC by comparing their PXRD patterns
(Figure 3-8), indicating that the MOF frameworks are stable under the catalytic conditions. We
found that the CoH-Zrs TPDC catalyst could be used at least five times in the borylation of p-xylene
ata 1.0 mol% Co loading. This is a significant advantage of using heterogeneous catalysts instead

of homogeneous catalysts which cannot be recycled and reused. Furthermore, the boronate ester
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was easily isolated in high purity simply by removing the solid catalyst and evaporating the organic
volatiles.

Table 3-1. Selected substrate scope for the CoH-Zre TPDC catalyzed olefin hydrogenation.

Me \ , CoH-2reTPDC
/ \ Rl
103 °C

(neat)
0.2 mol% Co
60 h, 92% Yield 0.2 mol% Co 0.2 mol% Co
(Benzyl:Ar =24 : 1) 48 h, 100% Yield 5d, 36% Yield
eo/©ﬁ Me0/©/ /(jA X©ﬁ
0.2 mol% Co
60 h, 83% Yield 0.2 mol% Co 0.2 mol% Co
(Benzyl:Ar=7:1) 48 h, 96% Yield 6d, 76% Yield

For mesitylene, p-xylene, and 4-tert-butyltoluene, benzylic boronates were obtained in
good yields and exclusive selectivity, presumably because the steric hindrance at the aryl C—H
bonds was much greater than benzylic positions. For the borylation of mesitylene, a high TON of
2300 was obtained for the borylation product. However, reactions with electro-deficient
methylarenes (e.g. m-chlorobenzene) were rather slow.

The heterogeneity of CoH-ZrsTPDC was confirmed by several experiments. The leaching
of metal into the supernatant during the course of the borylation reaction was very low as shown
by ICP-MS analysis, with 0.14% and 0.056% for Co and Zr, respectively. Moreover, no further

borylation of p-xylene was detected after the removal of CoH-Zrs TPDC from the reaction mixture.
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Figure 3-8. (a) Recycle experiment of CoH-ZreTPDC catalyzed C-H borylation of p-xylene. (b)
PXRD patterns of CoH-ZreTPDC after catalytic reactions (red) compared to that of freshly
prepared CoH-ZrsTPDC (black).
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Having shown the highly selective benzylic C—H borylation of alkylarenes with the CoH-
ZrsTPDC catalyst, we sought to investigate the nature of the catalytic species and to reveal their
mechanism using structural, Kinetic, and spectroscopic techniques. Treatment of CoCI-ZrsTPDC
with NaEtsBH in THF affords the ZrsO-Co-H. The reaction of CoH-Zrs TPDC with HBpin readily
generates CoH-ZrsTPDC-Bpin and one equivalent of H> (Figure 3-9). The amount of H, was

detected by GC analysis of the head space of the reaction tube.

Figure 3-9. GC trace of the headspace gas with constant amount of Hy in three trials.
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The mechanism for the benzylic C-H borylation was proposed based on kinetics study
(Scheme 3-2). The empirical rate law was determined by the measuring the initial rates (<10%
conversion), which showed that the C—H borylation of p-Xylene catalyzed by CoH-ZrsTPDC has
a first-order dependence on the catalyst and p-xylene concentrations and a zeroth-order
dependence on the B2pin2 concentration. Additionally, the conversion of the deuterated p-xylene
was slower than the proteo-p-xylene. Primary kinetic isotope effects from initial substrate
conversion measurements [K'obs!/k'obs®™ = 1.73(9)] indicated that the C—H bond cleavage of p-
xylene is likely the turnover limiting step. Furthermore, we did not observe any deuterium

incorporation into the benzyl boronate, which suggests that the C—H bond activation is irreversible.

Scheme 3-2. Proposed catalytic cycle for CoH-Zrs TPDC catalyzed benzylic C-H borylation with
Bopiny.
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The oxidative addition of C—H bond to the Co-center is unlikely to occur in the turnover
limiting step because the Co'" center was electron poor and the borylation of the benzylic C—H
bonds was faster than that of the more electron-rich aryl C—H bonds of alkylarenes. Instead, CoH-
Zrs TPDC-catalyzed benzylic borylation likely proceeds via o-bond metathesis pathways. Based
on our experimental observations, we propose the following mechanism: The reaction of ZrzO-
Co-Cl moiety in CoCI-ZrsTPDC with NaEtsBH generates the Zrs0-Co-H active species CoH-
ZrsTPDC in the cycle. The o-bond metathesis between Co-H and Bpinz produces Zr3O-Co-Bpin
species, which then reacts with the alkylarene via a four-centered turnover limiting step involving
[26 + 20] cycloaddition of a Co-Bpin bond with the H-CH2Ar bond of alkylarene to furnish the

benzyl boronates and regenerate CoH-Zrs TPDC.

~ Top View (Ball & Stick) Top View (Space-Filling)

Figure 3-10. Proposed transition state for the rate-limiting o-bond metathesis step, which involves
a sterically-demanding 4-centered structure.

Although the electron-deficient Co catalyst should favor the electron-rich aryl C-H bonds,
the steric hindrance from the three phenyl rings surrounding the Co center directs selective binding
of less hindered benzylic C-H bonds (Figure 3-10). Moreover, the steric hindrance around the Co
center prevents the second borylation of the monoborylated product, avoiding the over-borylation

problem that was observed in homogeneous Co-diimine system.
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3.2.4 CoH-ZrsTPDC-catalyzed hydrogenation and hydroboration.

CoH-ZresTPDC is also highly active for catalyzing olefin hydrogenation at room
temperature. Mono-substituted alkenes, such as 1-octene and styrene, were quantitatively
hydrogenated with TONs of over 1.0x10°. At 0.1-0.01 mol% Co-loading, CoH-ZrgTPDC
catalyzed the hydrogenation of 1,1-disubstituted and cis-1,2-disubstituted alkenes, o-
isopropylstyrene and cyclohexene in quantitative yields (Table 3-2). Additionally, tri-substituted
alkenes (trans-oa-methylstilbene), and carbonyl-functionalized alkenes (dimethyl itaconate) and
dialkenes were readily hydrogenated in excellent yields. Remarkably, CoH-ZrsTPDC displayed a
TON of 3.54x10° within 66 h in hydrogenation of 1-octene, which is the highest TON that has
ever been reported for an earth-abundant metal-catalysed olefin hydrogenation. In addition, the
resulting n-octane product contains only 3.7 ppm Co and 1.7 ppm Zr after simple filtration.
Impressively, at 0.01 mol% Co loading, CoH-ZrsTPDC could be recovered and reused at least
sixteen times for the hydrogenation of 1-octene without any loss of catalytic activity.

Table 3- 2. Selected substrate scope for the CoH-Zrs TPDC catalyzed olefin hydrogenation.
R’

R' CoH-ZrTPDC R NN
> H RII

40 bar  Neat, 25 °C H 0.002 mol% Co
0.5 h, 100% vyield

salllie alllle ol oag

0.01 mol% Co 0.01 mol% Co 0.1 mol% Co 0.1 mol% Co
0.5 h, 100% yield 14 h, 100% yield 15 h, 100% yield 12 h, 100% yield

0 o

0.1 mol% Co 0.1 mol% Co 0.1 mol% Co 0.5 mol% Co
30 h, 100% vyield 48 h, 100% yield 72 h, 93% yield 72 h, 91% yield
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Despite the great activity of CoH-ZreTPDC for hydrogenating a broad scope alkene
substrates, the catalyst is not active for hydrogenating tetrasubstituted alkenes (e.g.
tetramethylethylene), even at 1.0% catalyst loading. This is likely a result of having sterically

conjested environment around the Co metal center.

H,C CH
370 A 1.0 mol% CoH-Zr . TPDC
C:C P + HZ .U mol7 6 -~
/ \ 40 bar neat, 25°C, 12 h
H 3 C C H 3 0% vyield

Figure 3-11. Space-filling model of Co binding site within ZreTPDC, indicating the space
constriction over sterically hindered substrate like tetramethylethylene.

The PXRD patterns of CoH-ZrsTPDC after hydrogenation were identical to those of the
pristine MOF catalysts, indicating the high framework stability under reaction conditions.
Additionally, ICP-MS analyses of the organic product showed negligible metal leaching after the
first run, with only 0.9% for Co and 1.0% for Zr. Furthermore, no conversion of alkene was
observed after the removal of the solid catalyst, demonstrating that the leached-Co species was not

responsible for the catalytic activity.
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The CoH-ZrsTPDC was also evaluated for catalysing the hydroboration of alkenes and
carbonyl compounds (Table 3-3). The hydroboration reactions were performed by treating alkenes,
ketones or aldehydes with HBpin in presence of 0.01-0.4 mol% CoH-Zrs TPDC at 60-100 °C. CoH-
ZreTPDC catalysed the hydroboration of a range of carbonyl substrates, including alkyl and
alkoxy-functionalized aryl ketones and aldehydes in 81-98% yields with TONSs up to 5.4x10% At
0.1-0.4 mol% catalyst loading, the CoH-ZrsTPDC effectively catalysed the anti-Markovnikov
hydroboration of alkenes, including 1-octene, styrene and o-methylstyrene, to afford the
corresponding alkylboronates in excellent yields. Pure hydroboration products were obtained

simply by removing the catalyst via centrifugation followed by evaporation of the organic volatiles.

Table 3-3. Selected substrate scope for the CoH-Zrs TPDC catalyzed hydroboration of carbonyls

and alkenes.
)Xj\ 0 Co-Zr TPDC N
+ H—B
Rl R2 \O Rl)\

2
X = 0, CHR R
OBpin OBpin
OBpin OBpin
Me Me
Ph Me Me
Me MeO
0.01% [Co], 60 °C 0.01% [Co], 60 °C 0.01% [Co], 60°C  0.01% [Co], 60 °C
2 d, 98% vyield 2d, 96% vyield 2 d, 100% vyield 2 d, 86% yield
e Bin  ~_ApBpi 'y
N pin i
Ph)\H Ph > Ph opin
0.01% [Co], 60 °C 0.1% [Co], 70 °C 0.2% [Co], 100 °C 0.4% [Co], 100 °C
1d, 98% yield 3d, 89% yield 3d, 59% yield 3d, 93% yield

Reaction conditions: CoCI-ZrsTPDC, 5 equiv of NaBEtzH (1.0 M in THF) w.r.t. Co, substrate,
HBpin (1.4 equiv w.r.t. substarte), 60 - 100 °C. Yields were isolated yields.
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3.3 Conclusion

In this chapter, we developed a simple strategy of treating Zre MOF nodes with readily
available and cheap earth-abundant metal precursors to afford highly active and selective single-
site solid catalysts for a broad scope of organic transformations, including bezylic-selective
borylation of sp® C-H bonds and the hydrogenation of alkenes. The unique coordination
environment of Co centres of the secondary building units as well as the porous frameworks and
pore structures of ZreTPDC play important roles in controlling the rate and chemoselectivity of
these organic reactions. Owing to the high stability of UiO-MOFs and the ease of functionalizing
SBUs with metal ions, we anticipate that MOFs may offer a versatile platform for discovering new
catalytic transformations and developing earth-abundant metal and other metal catalysts for
sustainable synthesis of fine and commodity chemicals. The effective approach of achoring metal
catalysts onto MOF SBUs has the potential to promote MOF catalysts from novel discoveries to

practical applications.

3.4 Experimental
3.2.1 Synthesis of H.TPDC Ligand

Scheme 3- 3. Synthesis of Me>TPDC through Suzuki-Miyaura coupling.
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1,4-diiodobenzene (1.00 g, 3.03 mmol) and 4-methoxycarbonylphenylboronic acid (1.64 g,
9.09 mmol) were suspended in 94 mL of 1,2-dimethoxyethane in a glove box.
Tetrakis(triphenylphosphine) palladium (175 mg, 0.152 mmol) and cesium fluoride (4.14 g, 27.3
mmol) were then added. The resulting mixture was sealed in a pressure vessel under nitrogen and
stirred at 80 °C for 3 days. After cooling to room temperature, the reaction mixture was mixed
with H20 (20 mL) and centrifuged to obtain solid crude compound. The solid was then washed
sequentially with H>O, dimethoxylethane, and THF to remove impurities and dried in vacuo to
afford 1,4-bis(4-methoxycarbonylphenyl)benzene as a white solid (420 mg, 1.21 mmol, 40%
yield). *H NMR (500 MHz, CDCls): & 8.14 (d, 2 H, 3Jun = 8.4 Hz), 7.74 (s, 4 H), 7.72 (d, 4 H,
3Jun = 8.4 Hz), 3.96 (s, 6 H). HRMS (ESI-TOF, m/z), calcd. for C22H1s04 [M+Na]* 369. 1103,

found 369.1079.

Scheme 3-4. Synthesis of H,TPDC through base-mediated hydrolysis.

0 O

O OCH; O OH
® - ®
MeOH, THF
H,CO 60°C, 24h HO

0 Me,TPDC 0 H,TPDC
1,4-bis(4-carboxyphenyl)benzene (420 mg, 1.21 mmol) was suspended in THF (65 mL). A

solution of KOH (6.17 g, 110 mmol) dissolved in MeOH (20 mL) was then added, and the reaction
mixture was stirred at 60 °C for 24 h. The suspension was cooled to room temperature and the
resulting precipitate was collected by centrifugation. The solution was washed with dry THF (20
mL) and recollected by centrifugation. The solid was suspended in THF (20 mL) and

trifluoroacetic acid (3 mL) was slowly added and stirred for 1.5h at room temperature. H.O (15
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mL) was then added, and the white solid was isolated by centrifugation, washed with THF and
Et20, and dried in vacuo to obtain 1,4-bis(4-carboxyphenyl)benzene (331.9 mg, 1.04 mmol, 86%
yield) as pale-white solid. *H NMR (500 MHz, DMSO-ds) & 13.00 (br s, 2 H), 8.05 (d, 4 H, 3Jun

= 8.3 Hz), 7.89 (s, 4H), 7.88 (d, 4 H, 33w = 8.3Hz) (Figure 3-12).
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Figure 3-12. 'H NMR of H,TPDC in DMSO-ds.

3.2.2 Synthesis of ZrsTPDC

ZrgTPDC  was synthesized via a solvothermal reaction between ZrCls and
triphenyldicarboxylic acid (H.TPDC) in the presence of DMF and trifluoroacetic acid in 95% yield.
ZrCls (1.30 mg, 5.03 umol), 1,4-bis(4-carboxyphenyl)benzene (1.6 mg, 5.53 umol) were dissolved
in 0.8 mL of DMF in 1 dram vial, and 15.4 uL of trifluoroacetic acid was then added. The vial was

capped and then heated at 120 °C for 3 days to afford a white solid as the MOF product (2.0 mg,
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95% yield). Comparing PXRD pattern of obtained MOF with simulated pattern from single crystal

structure shows good crystallinity of the ZreTPDC-MOF.

Zr TPDC (exp)

“ H Zr TPDC (simu)

5 10 15 20 25
20
Figure 3-13. PXRD patterns of freshly prepared Zr¢ TPDC (red) compared to that simulated from

single crystal structure (black).

3.2.3 Synthesis of CoCl-ZrsTPDC

The experimental procedure for the synthesis and characterization of CoCl-ZrsTPDC is
described as following. In a glovebox, Zrs TPDC (20.0 mg) in 3 mL THF was cooled to -30 °C for
30 min. To the cold suspension, 33 uL of nBuLi (2.5 M in hexanes) was added dropwise and the
resultant light yellow mixture was stirred slowly overnight at room temperature. The light yellow
solid was centrifuged out and washed with THF 5-6 times over 6 h. Then, the lithiated ZreTPDC
was transferred to a vial containing 5 mL THF solution of CoCl; (6.0 mg). The mixture was stirred
for 15 h and the deep blue solid was then centrifuged out and washed with THF for 5-8 times. The

metalated MOFs were then stored in THF in the glovebox for further uses.
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3.2.4 Synthesis of CoH-ZrsTPDC

The procedure for the CoCI-Zre TPDC activation with NaBEtsH is described as following.
In a glovebox, CoCI-ZrgTPDC (1.0 mg, 0.2 mol % Co) was charged into a small vial and 0.5 mL
THF was added. Then, 15 pL NaBEtzH (1.0 M in THF) was added to the vial and the mixture was
stirred slowly for 1 h in the glovebox. The solid was centrifuged out of suspension and washed

with THF twice.
3.2.5 EXAFS Analysis of CoCI-ZrsTPDC

X-ray absorption data were collected at Beamline 9-BM-C at the Advanced Photon Source
(APS) at Argonne National Laboratory. Spectra were collected at the cobalt K-edge in
transmission mode. The X-ray beam was monochromatized by a Si(111) monochromater and
detuned by 25% to minimize harmonics. A metallic cobalt foil standard was used as the reference
for energy calibration and was measured simultaneously with experimental samples. The incident
beam intensity (lo) was measured by an ionization chamber with 30% N. and 70% He gas
composition. Data was collected in three regions: a pre-edge region —150 to —20 eV (5 eV step
size, dwell time 1.0 s), XANES region —20 to 50 eV (0.5 eV step size, dwell time 1.0 s), and
EXAFS region 3.62 A * to 13.93 A 1 (0.05 A - step size, dwell time increased linearly from 1.0
to 3.9 seconds over the region to facilitate higher k-weighted data processing). All energies are
listed relative to the elemental Co K-edge (7709 eV). Multiple X-ray absorption spectra were
collected at room temperature for each sample. Samples were ground and mixed with
polyethyleneglycol (PEG) and packed into a 6-shooter sample holder to achieve adequate

absorption length.

51



Data were 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
(metallic Co or Fe) and aligned to the first peak in the smoothed first derivative of the absorption

spectrum, background removed, and spectra processed to obtain a normalized unit edge step.

3.2.6 CoH-ZrsTPDC catalyzed C-H borylation.
Scheme 3-5. Benzylic C-H borylation with Bopin; catalyzed with CoH-Zrs TPDC.

o O 0.2 mol% CoH-Zr TPDC
+ B—B_ > +
o) 0 103°C,60 h

(neat) (limiting Reagent) 92% Yield
(Benzyl:Ar=24:1)

In a glovebox, UiO-CoCl (1.0 mg, 0.2 mol % Co) was charged into a small vial and 0.5
mL THF was added. Then, 15 uL NaBEtzH (1.0 M in THF) was added to the vial and the mixture
was stirred slowly for 1 h in the glovebox. The solid was centrifuged out of suspension and washed
twice with THF and then once with m-xylene. Bzpinz (43.0 mg, 0.169 mmol) in 2.0 mL m-xylene
was added to the vial and the resultant mixture was transferred to a Schlenk tube. The tube was
heated under nitrogen at 103 °C for 48 h to obtain the alkyl boronate ester in 92% yield as

determined by GC analysis.
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Chapter 4. Site-Isolated Cobalt Catalysts at New Zrg(n2-O)s(u2-OH)s MOF

Nodes for Highly Active Hydrogenation

4.1 Introduction

The last chapter discussed the design of a highly active and chemoselective cobalt-hydride
catalyst supported on the Zre(uz-O)a(pu3-OH)4 node of Zre TPDC MOF for benzylic C-H activation
and olefin hydrogenation. Although the Zr;OH site was shown as an excellent ligand for
supporting various catalysts, the site is sterically encumbered by three phenyl rings groups which
prohibits the ZrsO-CoH catalyst from hydrogenating challenging substrates including
tetrasubstituted olefins and heterocycles. Design and synthesis of analogous Zr-MOFs containing
sterically-open bridging hydroxides would facilitate the discovery of more active node-supported
cobalt catalysts for the hydrogenation of challenging substrates, and enable their application in
industrial hydrogenation. This chapter describes a new Zrg(u2-O)s(u2-OH)s node with electron-
rich and sterically-open Zr.OH ligand sites to anchor Co catalysts for hydrogenation of a broad
range of unsaturated compounds, including olefins, imines, carbonyls, and heterocycles. The Zrs
SBU features much more open space around the bridging hydroxide as indicated by the space-
filling model (Figure 4-1).

Hydrogenation of unsaturated organic compounds is one of the most widely practiced
catalytic reactions in organic synthesis and chemical industry, with pivotal role in producing
commodity chemicals, pharmaceuticals, and agrochemicals.!* For decades, hydrogenation
reactions have relied on precious metal catalysts supported either on solid surfaces or by strong
field ligands to enable two-electron redox chemistry, including oxidative addition and reductive
elimination, that constitutes key bond breaking and forming steps in the catalytic cycle.*® However,
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the low abundance, high price, and inherent toxicity of precious metals have stimulated intense
interest in developing earth-abundant metal catalysts.” Significant progress has been made in
recent years to develop iron, cobalt, nickel, and copper-based hydrogenation catalysts, by
coordinating with sterically encumbered nitrogen- or phosphorus-donor ligands with strong ligand
fields.®*® However, each of these catalyst only hydrogenates typically a narrow class of substrates
with limited turnover numbers. Furthermore, only scarce examples of Earth-abundant metal
catalyzed hydrogenation of imines and heterocycles were reported, and all of them require harsh
reaction conditions.'’-*® The MOF-derived catalyst, CoH-ZrsMTBC, is one of the few Earth-

abundant metal-based hydrogenation catalysts with very high activities.

Figure 4-1. Space-filling model comparison of the steric environments of Zre SBU and Zrg SBU.

4.2 Results and Discussion

4.2.1 Synthesis and characterizations of CoCl-ZrsMTBC

The detailed synthesis and characterization of ZrsMTBC was described in the experimental
section of this chapter. The Hf-based isostructural MOF, HfsMTBC, was also synthesized and
characterized via a similar protocol. The crystal structure of the MOFs was determined by SXRD.

ZrsMTBC was metalated with Co analogously to that for ZreTPDC. ZrsMTBC was treated with
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10 equiv. of "BuL.i to deprotonate both the p2-OH in Zrs-SBU and the ps-OH in Zrs-SBU, then
reacted with a CoCl» solution in THF to afford CoCl-ZrsMTBC as a deep-blue solid (Scheme 4-

1),

Scheme 4-1. Metalation of ZroOH sites in Zrg SBU with CoCl» through sequential deprotonation
and metalation.

/o/\io\ ;;) —0

o/Zr Zr—p J— Ir——p
\ / nBulLi, then CoCl Cl \ /

|\ 2 ( |\
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Only the inorganic node was transformed during lithiation and metalation without
modifying the carboxylate groups of the organic linker, evidenced by the *H NMR spectrum of
recovered MTBC from the acid-digested CoCl-ZrsMTBC. The ligand was intact also by the IR
spectrum of CoCI-ZrsMTBC, which displayed characteristic carboxylate carbonyl stretching
bands (Figure 4-2). ICP-MS analysis of the digested CoCI-ZrsMTBC revealed complete
metalation of all Zrs and Zrg clusters, corresponding to four Co centers per Zrg or Zrg node. The

complete metalation of both nodes was also evidenced by the disappearance of both the p.0O-H

stretching band (3737 cm™) and p3O-H stretching band (3639 cm™) in the IR spectrum.

The crystallinity of the MOF was maintained after metalation as evidenced by the similar
PXRD patterns of ZrsMTBC and CoCI-ZrsMTBC (Figure 4-3). The porosity of CoCI-ZrsMTBC
was characterized by N2 sorption isotherms (Figure 4-4). The BET surface area was lower than

that of ZrsMTBC as a result of the increased higher molecular weight.
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Figure 4-2. IR spectra of freshly prepared CoCl-ZrsMTBC in comparison with non-metalated

ZrsMTBC. The Zrs cluster ZrsOH stretching at 3639 cm™ and the Zrs cluster Zr,OH stretching at
3737 cm disappeared after metalation, indicating the metalation at both sites.
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CoCl-Zr,MTBC

5

Figure 4-3. PXRD of CoCI-ZrsMTBC (red) compared with that of ZrsMTBC (black).
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Figure 4-4. N, sorption isotherms (a) and pore size distributions (b) of CoCl-ZrsMTBC.

The coordination environment of the Co centers in CoCI-ZrsMTBC could not be
established by SXRD due to their location disorder. We instead utilized XAS to investigate the Co
coordination environments and electronic properties. Four out of six facets of the Zrg(u-O)s (-
OH)4 cubic node have the p2-OH groups to bind Co. We envisioned two different Co coordination
modes on the Zrg node, either the p-oxide/u2-oxo chelation or the p2-oxide/(p2-carboxylate)z
tridentate chelation. We noticed that the p2-oxide/p2-oxo chelation mode is disfavored because the
L2-0xide to p-0xo distance was only 2.35 A, too short for chelating with Co. Such a structural
model was also ruled out by the misfit of the Co EXAFS data. In contrast, the uz-oxide and two
uo-carboxylate groups could coordinate to the same Co center in a more stable conformation, with
Co to po-oxide distance of 1.83 A and Co to n.-carboxylate distance of 1.94 A, as indicated by the
EXAFS fitting result (Figure 4-5). Cobalt coordination on Zrs node also adopts a po-oxide/ 13-
carboxylate): tridentate mode, analogous to that proposed in the CoCI-Zrs TPDC system described

in the last chapter.?

58



@ S (b)

4+ O
A
S \/,>
— 2 | O\gé -
< R-factor: 0.0059
Z 1&2Y ¢ | ¥ 1 R s
= S g T

Real (exp)

2F Real (fit)
o |F.T.| (exp)
|F.T.| (fit)
ar Window
1 ' 5 6

3 . 4
R(A)

Figure 4-5. EXAFS fitting of CoCl-ZrsMTBC with proposed Zr,O-CoCl binding model.

4.2.2 Synthesis and characterizations of CoH-ZrsMTBC

Activation of CoCl-ZrsMTBC with NaBEtzH is necessary for generating CoH-ZrsMTBC
as the active catalyst for olefin hydrogenation. Upon treatment with with 5 equiv. of NaBEtsH, the
CoH-ZrsMTBC catalyst was generated as a black solid. No hydrogen gas was detected by GC
analysis, indicating a simple H/CI metathesis during the activation step without involving any
redox pathway (e.g. the formation of Co nanoparticle). The Co centers in CoH-ZrsMTBC
maintained a divalent oxidation state through XANES analysis, by comparing its pre-edge feature

with that of CoCl» standard (Figure 4-6).
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Figure 4-6. (a) The coordination environment and electron configuration of Co'' centers in CoCl-
ZrsMTBC. (b) XANE spectra of CoCl-ZrsMTBC (red), CoH-ZrsMTBC (black) compared to that
of CoCl: reference (blue).

4.2.3 CoH-ZrsMTBC catalyzed hydrogenation of alkenes

CoH-ZrsMTBC is a highly active catalyst for hydrogenating a broad scope of alkenes at
room temperature. At a 0.05 mol % Co loading, terminal alkenes containing polar functionalities,
such as allyl ether, allyl acetate, dimethyl itaconate and 2-vinyl pyridine, were selectively
hydrogenated to afford the corresponding products in quantitative yields (Table 4-1). At a 0.05-
0.1 mol % Co loading, CoH-ZrsMTBC was also very active for hydrogenating trisubstituted
alkenes, including ethyl-3,3- dimethylacrylate, a-terpinene, trans-a-methylstilbene and 1-methyl-
1-cyclohexene, in excellent yields. The hydrogenated products were obtained in high purity simply

by filtration of reaction mixtures followed by evaporation of the organic volatiles.
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Table 4-1. Substrate scope for the CoH-ZrsMTBC catalyzed alkene hydrogenation.

R, CoH-ZrgMTBC R,

+ H >
R 2 > Ry
j/KRs 40 bar neat, 25 °C Ry

0.05 mol% Co 0.1 mol% Co 0.05 mol% Co 0.05 mol% Co
48 h, 100% yield 48 h, 81% yield 48 h, 100% yield ~ 48 h, 100% yield
0 X O NS X
M
0.5 mol% Co (80 °C) 0.05 mol% Co 0.05 mol% Co 0.5 mol% Co (70 °C)
48 h, 100% yield 36 h, 100% yield 48 h, 100% yield 48 h, 46% yield

The hydrogenation of tetrasubstituted alkene is vey challenging because the C=C bond is
sterically conjescted. Even the Wilkinson’s catalyst, a common Rh-based hydrogenation catalyst,
is inactive for tetrasubstituted substrates. Impressively, CoH-ZrsMTBC quantitatively
hydrogenates tetrasubstituted alkenes (e.g. 2,3-dimethyl-2-butene) at room temperature within 48
h with a TON of 8000. Hydrogenation of even bulkier tetrasubstituted alkenes such as 2,3,4-
trimethylpent-2-ene could also be achieved at elevated temperatures. In the case of CoH-Zrs TPDC,
the Zr30-Co site was shown to be inactive for hydrogenating of bulky and rigid trisubstituted
alkenes (e.g. 1-methyl-1-cyclohexene and tetrasubstituted alkenes. Therefore, we believe the
hydrogenation of these bulky alkenes only occured at the Zr.O-Co sites in Zrg-SBUs of CoH-

ZrsMTBC.
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Figure 4-7. Space-filling model showing the coordination of tetramethylethylene to the Co centers
in CoH-ZrsMTBC.

The hydrogenation of methylheptenone to methylheptanone is a key step to synthesizing
dimethyloctenol (DMOE), an important aroma compound. This reaction is generally catalyzed
with precious metal catalysts including Pd/C and Pd/Al.Oz. At a 0.5 mol% Co loading, CoH-
ZrsMTBC selectively hydrogenates methylheptenone to afford methylheptanone at 40 °C in
quantitative yield without reducing the carbonyl group. At elevated temperature of 80 °C, both the

alkene and carbonyl groups are hydrogenated to afford 6-methyl-2-heptanol in quantitative yield.

Importantly, at a 0.1 mol% Co loading, CoH-ZrsMTBC was recovered and reused at least
5 times for the hydrogenation of 1-methylcyclohexene without lossing MOF crystallinity (Figure
4-8). Excellent yields (92-100%) of methylcyclohexane were obtained consistently in the reuse
experiments. The CoH-ZrsMTBC recovered from the 1st and 6th runs maintained good crystalinity
by comparing their PXRD patterns with pristine CoH-ZrsMTBC, indicating the high stability of

the MOF under reaction conditions.
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Figure 4-8. (a) Plot of yields (%) of methylcyclohexane at different runs in the reuse experiments
of Co-ZrgMTBC for hydrogenation of 1-methylcyclohexene. The Co loadings were 0.1 mol %. (b)
PXRD patterns of CoH-ZrsMTBC after the 1% run of hydrogenation and after the 6™ run of
hydrogenation, similar to that of untreated CoCIl-ZrsMTBC.

The heterogeneity of CoH-ZrsMTBC was confirmed by several experiments. ICP-MS
analyses showed that the amounts of leached Co and Zr into the supernatant after the first run were
only 1.6% and 0.02%, respectively. Moreover, no further hydrogenation was observed after
removal of CoH-ZrsMTBC from the reaction mixture, which ruled out the role of the leached Co-
nanoparticles or other Co-species in catalyzing hydrogenation reactions. The EXAFS spectrum of
freshly prepared CoH-ZrsMTBC or that recovered from 1-methylcyclohexene hydrogenation
showed no contribution from Co-Co scattering, ruling out the formation of Co-nanoparticles

during the catalysis (Figure 4-9).
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Figure 4-9. Fitting of the CoH-ZrsMTBC catalyst after hydrogenation with inclusion of 5% Co
nanoparticles. Scattering paths attributed from first shell (black dash line) and second shell (red
dash line) of Co NPs in R space showing the magnitude of Fourier transform. Bad fitting was
because the misfit in the 2.1 A and 3.1 A region, which are characteristic features of Co-Co
scattering.

We further investigated the reaction mechanism of CoH-ZrsMTBC catalyzed
hydrogenation of 1-methylcyclohexene through kinetics study. The rate law of the reaction was
determined by the initial rates method (<15% conversion) in THF at room temperature. In order
to avoid complications caused by the presence of two kinds of Co-centers in CoH-ZrsMTBC, the
initial rates were measured for hydrogenation of 1-methylcyclohexene catalyzed by only Zr,O-
CoH sites, since Zr3O-CoH at the SBUs of ZrsTPDC was inactive in hydrogenation of 1-
methylcyclohexene. The empirical rate law showed that the initial rates had a first-order
dependence on the cobalt concentrations and pressure of H» and a zeroth-order dependence on the
alkene concentration. The activation of H; at the electron deficient Co'-center via oxidative addi-
tion is unlikely. Our kinetic and spectroscopic data thus suggest that the insertion of the C=C bond

of the alkene into the Co-H bond generates a Co-alkyl intermediate, which undergoes c-bond
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metathesis with H> in the turnover limiting step to give an alkane product, simultaneously

regenerating the cobalt-hydride species (Scheme 4-2).

Scheme 4-2. Proposed catalytic cycle for the CoH-ZrsMTBC catalyzed alkene hydrogenation,
which involves the insertion of alkene into the Co-H bond gives a Co-alkyl species, followed by
turnover limiting o-bond metathesis with H» to generate the alkane product.
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4.2.4 CoH-ZrsMTBC catalyzed hydrogenation of carbonyls and imines

Prompted by the hydrogenation of the carbonyl group of methylheptenone at elevated
temperatures, we sought to investigate the hydrogenation of imines and carbonyls. CoH-ZrsMTBC
also displayed excellent activity in catalytic hydrogenation of imines (Table 4-2). Though
hydrogenation of imines is an important synthetic route to amines, examples of base metal catalysts
for imine hydrogenation are rare. The imine hydrogenation reactions were performed in toluene at
80 °C under 40 bar of H in presence of 0.5 mol % CoH-ZrgMTBC. N-benzylideneaniline was
completely hydrogenated to N-benzylaniline in 5 h. The pure product was isolated in 98% yield

after simple filtration followed by removal of the volatiles in vacuo.

65



Table 4-2. CoH-ZrsMTBC-catalyzed hydrogenation of imines.

MOF, HBpin
ArazX + Hy —————> A _XH X=NRorO
80 °C
40 bar
Ao Ao, Qo —
—_— H
/N\Ph N\Ph /N‘ph \©\/N‘ph
0.5 % [Co], 5h, 100% Yield 0.5 % [Co], 24h, 100% Yield
N H MeO MeO
7P T Ph \©\/ - \O\/H
/N\ N\
OMe OMe Ph Ph
0.5 % [Co], 24h, 100% Yield 0.5 % [Co], 24h, 100% Yield
N N
A\N N H
Ph T Ph _N_Ph ©\/NvPh
Me Me
0.5 % [Co], 48h, 100% Yield 0.5 % [Co], 24h, 100% Yield
g - O O
—
cl Cl
0.5 % [Co], 48h, 90% Yield 0.5 % [Col, 48h, 64% Yield
? Q" .0 OH
e O — O
0.5 % [Co], 48h, 79% Yield 0.5 % [Co], 72h, 76% Yield

Reaction conditions: 0.25 mg of CoCI-ZrsMTBC (0.5 mol % Co), 5 equiv of NaBEtsH (1.0 M in
THF) w.r.t. Co, alkene, toluene, 40 bar H,, 80 °C; Yields were deter-mined by *H NMR with
mesitylene as the internal standard. Isolated yield in the parenthesis.

The CoH-ZrsMTBC recovered after this reaction remained crystalline, as shown by PXRD
(Figure 4-10). The leaching of Co and Zr into the supernatant was 0.23% and 0.08%, respectively.
A broad scope of aldimines were readily hydrogenated within 24 h to afford corresponding N-

benzylanilines in excellent yields. The hydrogenation of ketimine (e.g. (E)-N-(1-
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phenylethylidene)aniline) requires longer reaction times, presumably due to the less facile binding

and activation of the ketimine substrate.

CoH-ZrsMTBC is also active in hydrogenating a broad scope of carbonyl compounds to
their corresponding alcohols in toluene at 90 °C. At a 0.5 mol % Co loading, CoH-ZrsMTBC
efficiently hydrogenates both aromatic and aliphatic ketones and aldehydes to the corresponding

alcohol prodcuts in good yields.

Co-Zr,MTBC after imine hydrogenation

CoCl-Zr,MTBC

Figure 4-10. PXRD patterns of CoCl-ZrsMTBC (blue) and CoH-ZrsMTBC after the
hydrogenation of N-benzylidenebenzenamine (red), showing the retention of MOF crystallinity
after catalysis.

4.2.5 CoH-ZrsMTBC catalyzed hydrogenation of arenes

The hydrogenation of heterocycles is challenging for the aromaticity and the catalyst
inhibition by both the substrates and hydrogenation products. Most heteroarene hdyrogenation
processes suffer from harsh reaction conditions, high catalyst loadings, and requirement of excess
additives. Although significant progress has been made in developing precious metal-based

molecular and heterogeneous catalysts for selective hydrogenation of N-heteoarenes including
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indoles and quinolines, the advancement of the analogous earth abundant-metal catalysts has

lagged behind.

Table 4-3. CoH-ZrsMTBC-catalyzed hydrogenation of heterocycles.

X CoH-ZrgMTBC N A
DR el D IR
- N 80 °C, Toluene .. N .. N

40 bar
A AN
@3 @3 D Q00— 00
N N7 NZ N
H H
0.5 % [Co], 66h, 84% Yield (13 : 1) 0.5 % [Co], 48h, 95% Yield (1 : 1)
A AN
o — s o e ENeshee
N N N N N N
H H H
0.5 % [Co], 100 °C, 72h, 87% Yield (1 : 1.2) 0.5 % [Co], 48h, 100% Yield (1.5 : 1)
MeO MeO MeO
oD — L0 O — T )
cl N Cl N N/ N/ N
H H H
0.5 % [Co], 72h, 16% Yield 0.5 % [Co, 48h, 82% Yield (3 : 1)
D - o o~ C0L- m
0.5 % [Co], 8h, 100% Yield 0.2 % [Co], 48h, 100% Yield (5.3 : 1)
F F
o - o T~ AL
S S NZ N
H
0.5 % [Co], 48h, 0% Yield 0.2 % [Co], 48h, 72% Yield (5.3 : 1)

Reaction conditions: 0.25 mg of CoCIl-ZrsMTBC, 5 equiv of NaBEtzH (1.0 M in THF) w.r.t. Co,
alkene, toluene (2 mL), 40 bar Hz, 80 °C; Yields were determined by *H NMR with mesitylene as
the internal standard.

CoH-ZrsMTBC is a very active catlayst for hydrogenting various heterocycles (Table 4-
3). Ata 0.5 mol % Co loading, CoH-ZrsMTBC hydrogenates indole to afford a mixture of indoline

and 4,5,6,7-tetrahydroindole at 80 °C. Indoline was obtained in 84% isolated yield after
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preparative TLC. Interestingly, hydrogenation of 3-methylindole gave 3-methylindoline and 3-
methyl-4,5,6,7-tetrahydroindole in 1:1.2 ratio, which indicates that reduction of the phenyl ring is
also possible. The selectivity for the quinoline hydrogenation is highly dependent on the
substitution patterns. Quinolines was hydrogenated to afford a mixture of two products, 1,2,3,4-
tetrahydroquinoline and 5,6,7,8-tetrahydro-quinoline in a 1:1 ratio. However, the hydrogenation
favors the phenyl rings for quinolines with electron-donating substituents at the 6-position. For
example, the 6-methylquinoline, 6-methoxyquinoline and 2,6-dimethylquinoline were
hydrogenated to give corresponding tetrahydroquinoline with high arene selectivity. In contrast,
strong electron-withdrawing substituents disfavor the reduction of the phenyl ring. The 2-methyl-
6-fluoro-quinoline was hydrogenated to afford 2-methyl-6-fluoro-1,2,3,4,-tetrahydro-quinoline
exclusively in 72% yield. Moreover, CoH-ZrsMTBC was also a very active catalyst for
hydrogenation of benzofuran. At a 0.2 mol % Co loading, benzofuran was completely

hydrogenated to 2,3-dihydrobenzofuran in qualitative yield.

4.3 Conclusion

This chapter reports the synthesis of two new Zrg- and Hfs-based MOFs featuring
previously unknown Ma(u2-O)s(u2-OH)4 SBUs. Benefiting from the unique Zr.O-Co coordination,
open space around the Co center and the site-isolation effect, the MOF node-anchored cobalt-
hydride catalyst was highly active in catalyzing the hydrogenation of a broad scope of substrates.
Challenging substrates including hindered alkenes, imines, carbonyls, and heterocycles were all
hdyrogenated in high yields. The high stability, low cost, and exceptional activity of metal node-
supported MOF catalysts make them promising candidates for for industrial application in the

synthesis of commodity chemicals, phamaceuticals, and agrochemicals. Our straightforward yet
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effective strategy of metalating MOF SBUs with readily available base-metal precursors could be

used for the discovery of novel single-site catalysts with unprecedented activity and selectivity.

4.4 Experimental

4.4.1 Synthesis of HiIMTBC ligand

Scheme 4-3. Synthesis of the MesMTBC through Suzuki-Miyaura coupling.

co,Me

/©/C02Me
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Pd(PPh3),
CsF

Me,MTBC
co,Me

Tetramethyl 4',4™,4"" 4"""-methanetetrayltetrakis([1,1-biphenyl]-4-carboxylate) (Mea-
MTBC) was synthesized using a modified procedure from the literature. Tetrakis(4-
bromophenyl)methane (723 mg, 1.14 mmol, 1 equiv.), Pd(PPhs)s (132 mg, 0.114 mmol, 0.1
equiv.), 4-(methoxycarbonyl)phenylboronic acid (1.23 g, 6.82 mmol, 6 equiv.) and CsF (3.11 g,
20.46 mmol, 18 equiv.) were charged in a 120 mL high-pressure reaction tube and pumped into an
N2 glove box. To the reaction tube was added 60 mL of degassed dimethoxyethane, and the tube
was capped and stirred at 85 °C for 3 days. Progress of the reaction was monitored by TLC (1%
EtOAc/CHCIz). After cooling to room temperature, the reaction mixture was transferred to a
round-bottom flask and evaporated with a rotavap. The resulting solid was dissolved with CHClIs
and filtered through celite to remove CsF and Pd nanoparticles. The filtrate was evaporated with a

rotavap, then purified by flash column chromatography on silica gel using 1% EtOAc/Hexane as
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eluent to give white solid as pure product (572 mg, 59% yield). *H NMR (500 MHz, CDCls): §
8.10 (d, 3Jun = 8.3 Hz, 8 H), 7.68 (d, 3Jun = 8.3 Hz, 8 H), 7.59 (d, 3Jnn = 8.4 Hz, 8 H), 7.44 (d,

334 = 8.5 Hz, 8 H), 3.94 (s, 12 H).
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Figure 4-11. H-NMR spectrum of tetramethyl 4'4™4"" 4"""-methanetetrayltetrakis([1,1'-
biphenyl]-4-carboxylate) in CDCls.

Scheme 4-4. Synthesis of the H4MTBC through base-mediated hydrolysis.
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MesMTBC (367 mg, 0.428 mmol) was suspended in THF (65 mL). A solution of KOH (6.17
g, 110 mmol) dissolved in MeOH (20 mL) was then added, and the reaction mixture was stirred at
60 °C for 24 h. The suspension was cooled to room temperature and the resulting precipitate was
collected by centrifugation. The solution was washed with dry THF (20 mL) and recollected by
centrifugation. The solid was suspended in THF (20 mL) and trifluoroacetic acid (3 mL) was
slowly added and stirred for 1.5 h at room temperature. H.O (15 mL) was then added, and the
white solid was isolated by centrifugation, subsequently washed with THF and Et.O, and dried in
vacuo to obtain 4'4™ 4" 4""-methanetetrayltetrakis(([1,1'-biphenyl]-4-carboxylic acid))
(HsMTBC, 331.9 mg, 1.04 mmol, 86% yield) as a pale-white solid. *H NMR (500 MHz, DMSO-
d): & 12.98 (s, 4 H), 8.02 (dd, 3Jun = 12.6, “Jun = 8.4 Hz, 8 H), 7.84 (dd, 3Jnn = 16.9, “Jnn = 8.3

Hz, 8 H), 7.78 (dd, 3Jun = 8.5, “Jun = 4.3 Hz, 8 H), 7.43 (d, 3Jun = 7.9 Hz, 8 H).
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Figure 4-12. *H-NMR spectrum of HsMTBC in DMSO-ds.
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4.4.2 Synthesis and characterization of ZrsMTBC

ZrsMTBC was synthesized in 54% vyield via a solvothermal reaction between ZrCls and
H4sMTBC in DEF using benzoic acid as modulator. The detailed experimental procedure was
described below:

To a 50 mL flask was added ZrCl4 (91.0 mg, 0.390 mmol), HsMTBC (80 mg, 0.1 mmol),
benzoic acid (2.77 g, 22.7 mmol), and DEF (16 mL, 6.25 mM to HsMTBC). The mixture was
sonificated for 5 min until all solids were dissolved. The 16 mL solution obtained was heated at
120 °C on a hotplate and stirred at 250 rpm for 24 h. The amount of ZrsMTBC (90 mg, 87% vyield)
was determined after drying MOF on a filter paper. PXRD pattern of the obtained MOF was
compared to that of a simulated pattern from a single crystal structure to show the good crystallinity
of the ZrsMTBC. HfsMTBC was also obtained using analogous method.

SXRD study of ZrsMTBC indicated that ZrsMTBC crystallizes in the cubic pm-3n space
group and revealed the presence of two types of SBUSs, Zrg(u2-0)s(u2-OH)4 and the Zrg(us-O)a(us-
OH)4 in 1:3 ratio (Figure 4-13). The void space was calculated to be 73.53% by PLATON. The
MOF possessed two kinds of trigonal-bipyramid cavities of dimensions 24.9 A x 21.6 A x 35.9 A

and 20.8 A x 20.8 A x 13.1 A respectively.

J
b
o |

Figure 4-13. ZrsMTBC Single crystal used for determining crystal structure under optical
microscope.
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Table 4-4. Crystallographic information of ZrsMTBC and HfsMTBC.

Name ZrsMTBC HfsMTBC

Formula Cs18H144066Zr13 Cs1806sHT13

Fw 6206.19 7195.55

Temperature (K) 100 100

Wavelength (A) 0.41328 0.668

Crystal system Cubic Cubic

Space group Pm3n Pm3n

a, A 41.512(4) 41.516(2)

b, A 41.512(4) 41.516(2)

c, A 41.512(4) 41.516(2)

a, ° 90 90

B, ° 90 90

v, © 90 90

vV, A3 71535.21 71556.10

Z 4 4

Density (calcd. g/cm?3) 0.576 0.668

Absorption coeff. (mm-) 0.287 0.460

F(000) 12400.0 13488.0

0 range data collection 1.097 — 26.396 0.638 — 13.369

Limiting indices -44<=h<=50 -43<=h<=46
-36<=k<=51 -34<=k<=46
-50<=1<=50 -46<=l<=45

Reflection collected 12692 9175

Independent reflections 6116 7375

R(int) 0.257 0.169

Data/restraints/parameters 12692/621/298 9175/623/310

Goodness-of-fit on F2 1.122 1.244

Final R indices [I>20(])] R1=0.1276, wR2=0.3136 = R1=0.1145, wR2=0.2758

R indices (all data) R1=0.2586, wR2=0.3628  R1=0.1540, wR2=0.3046

Single crystal X-ray diffraction of MgMTBC was performed with a Bruker APEX Il CCD-
based detector at ChemMatCARS (Sector 15), Advanced Photon Source (APS), Argonne National
Laboratory. Data were scaled and corrected for absorption effects using the multi-scan procedure

as implemented in SADABS (Bruker AXS, version 2014/5, 2015, part of Bruker APEX3 software
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package). The structure was solved by SHELXT (Version 2014/5)° and refined by a full-matrix
least-squares procedure using OLEX2%° software packages (XL refinement program version
2014/7)?L, Crystallographic data and details of the data collection and structure refinement are

listed in Table 4-4.

Figure 4-14. Space-filling models of ZrsMTBC, as viewed along [100] (left), [111] (right). Zrg-
SBUs occupy corners and body center of unit cell; Zrs SBUs occupy faces of unit cell.

Figure 4-15. Space-filling models of HfsMTBC. The structure is identical to ZreMTBC except
minor difference in SBU bond distances.
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To our knowledge, the octameric Zrs(pi2-O)s(p2-OH)4 SBU has not been synthesized before
as a discrete cluster or as a structural unit in a MOF. In the Zrg(u2-O)s(n2-OH)s SBU, eight Zr'V
ions occupy the eight corners of the cube, while eight p2-oxo and four p-OH occupy the twelve
edges of the cube. The Zre(uz-0)4(us-OH)s unit is isostructural to the SBU of UiO-type MOFs,
with six Zr'Y ions occupying six corners of an octahedron that are held together by four pis-oxo and

four uz-OH groups at eight faces of the octahedron (Figure 4-16).

ZrgMTBC-MOF

ZrgOg(OH), Node

Figure 4-16. SBU composition of ZrsMTBC and the detailed coordination environment of
ZrgOg(OH)4 node.

IR spectrum of the solid MOF sample showed the presence of both the u»O-H stretching
band at 3737 cm™ and u3O-H stretching band at 3639 cm™ (Figure 4-17). N2 sorption isotherm of

ZrsMTBC showed a type | adsorption with BET surface area of 3700 m?/g (Figure 4-18).
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Figure 4-17. IR spectrum of freshly prepared ZrsMTBC. Peaks of O-H stretching from MOF SBU
was clearly observed, including the Zres cluster 15-OH stretching at 3639 cm, and the Zrs cluster
12-OH stretching at 3737 cm™. The expected ligand C-H peak and coordinated carboxylate peaks
were also observed.
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Figure 4-18. N2 sorption isotherm (a) and pore size distribution (b) of ZrsMTBC.

SEM and TEM images showed cubic particles of 1-3 um in length (Figure 4-19). The

HfsMTBC analog was synthesized similarly and characterized by single-crystal X-ray diffraction.
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(b)

Figure 4-19. SEM image (a) and TEM image (b) of ZrsMTBC synthesized from stirring method.
The scale bar is 1 um and 500 nm for SEM and TEM respectively.

TGA was used to study the thermal stability and validate the chemical composition of
ZrsMTBC (Figure 4-20). The first weight loss (57.4%) in the 25 - 420 °C temperature range
corresponds to removal of adsorbed solvents in the pores. The second weight loss (74.7%) in the
420 - 800 °C temperature range corresponds to decomposition of the MOF to ZrO», consistent with

a calculated weight loss of 74.5% based on [ZreO4(OH)a(L)3]6[ZrsOs(OH)a(L)3]2 to (ZrOz)s2.
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Figure 4-20. TGA curves of freshly prepared ZrsMTBC in the 25 ~ 800 °C range.
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4.4.3 Synthesis and characterization of ZrsMTBC

In a glovebox, Zr-MTBC (45 mg) in 4 mL THF was cooled to -30 °C for 30 min. To the
cold suspension, nBuLi (2.5 M in hexanes, 0.2 mL, 10 equiv. to po-OH) was added dropwise and
the resultant light green-yellow mixture was stirred slowly overnight at room temperature. The
light-yellow solid was collected after centrifugation, and washed with THF 5-6 times over 6 h.
Then, the lithiated Zr-MTBC was transferred to a vial containing 4 mL THF solution of CoCl;
(10.1 mg, 1.5 equiv. to p2-OLi). The mixture was stirred for 15 h and the deep blue solid was then
centrifuged and washed with THF 5-8 times. The metalated MOFs were stored in THF in the

glovebox for further use.

4.4.4 CoH-ZrsMTBC catalyzed alkene hydrogenation

In a glovebox, a vial was charged with Zr-MTBC-CoCl (0.5 mg, 0.1 mol % Co) in 1 mL
THF. 14 pL NaBEt:H (1.0 M in THF) was added to the vial and the mixture was stirred slowly for
1 hin the glovebox. The solid was centrifuged out of suspension and washed with THF two times.
Then, the solid in 1.0 mL THF was transferred to a vial and 1-cyclohexene (59 pL, 0.50 mmol)
was added. The vial was placed into a Parr pressure reactor in a nitrogen-filled glovebox. The
reactor was then pressurized to 40 bar. After 2 d, hydrogen was released and the solid was
centrifuged out of suspension and extracted two times with THF in the glovebox. Quantitative
yield of methylcyclohexane was obtained as determined by *H NMR with mesitylene as the

internal standard.
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Chapter 5. Site-Isolated Cobalt Catalysts at New Zriz(us-O)s(pus-OH)s(pn2-OH)s

MOF Nodes for Highly Active Hydrogenation

5.1 Introduction

This chapter will discuss the synthesis of Zr1o-TPDC, a robust and porous MOF constructed
from HoTPDC and an unprecedented SBU with the formula of Zri2(us-O)s(u3-OH)s(u2-OH)s. The
Zr12 SBU can be viewed as an inorganic node dimerized from a pair of common Zrg clusters via
six bridging p2-OH groups. The metalation of Zr1>-TPDC SBUs with CoCl» followed by NaBEtsH
treatment afforded CoH-Zr1,TPDC as a highly active and reusable solid catalyst for hydrogenating
nitroarenes, nitriles, and isocyanides to the corresponding amines in excellent activity and

selectivity.

Compared to MOFs constructed from other metals, Zr-based MOFs have distinguished
themselves with exceptional stability, modular linkers, and high abundance of the zirconium
precursors.’® The last two chapters discussed the ZrsOs(us-OH)s and ZrsOs(u2-OH)4 SBUSs as
excellent sites for anchoring uniform catalysts that do not have homogenous analogues. The
Zrs TPDC SBUSs supported a unique cone-shaped secondary environment around the metal centers
that cannot be easily enforced in molecular catalysts. Furthermore, we discovered that the activity
and selectivity of the anchored catalysts were exquisitely sensitive to the subtle steric and
electronic changes in Zr-SBUs. For example, the CoH-Zrsg catalyst is more effective than CoH-Zre
in hydrogenating hindered alkenes, imines, and heterocycles, as a result of having a more electron-

rich and sterically open Co catalyst. This chapter highlights a novel Zr120g(u3-OH)s(2-OH)e node
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which features unique pair-site bridging-hydroxide structure as an effective catalyst support

(Figure 5-1).

Figure 5-1. (a) Depiction of the structure of Zr;,TPDC MOF. (b) Space-filling model of the
bridging hydroxide sites in Zri> SBU.

The ZrsOH group in Zre SBU or the Zr,OH group in Zrg SBUs only function as
monoanionic ligands with one strongly-coordinating hydroxide. In contrast, the Zr12 SBU contains
a pair of proximal Zr,OH sites with mutual distance of around 3.0 A. This pair-site Zr,OH
functionality in Zrio SBU allows for the chelation of a metal species to form a more stable and

electron-rich catalyst (Figure 5-2).
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Figure 5-2. Chemical structures of the Co coordination environments in Zrs SBU, Zrg SBU and
Zr12 SBU.

5.2 Results and Discussion

5.2.1 Synthesis and characterization of Zr12TPDC

Zr1>-TPDC was synthesized from a solvothermal reaction of ZrCls with H,TPDC in DMF
and water at 90 °C using acetic acid as the modulator. Detailed synthetic procedure and
characterization are discussed in the experimental section. Crystal structure of the Zri1.-MOF was
simulated based on a combination of the crystal structures of the small molecular Zri> cluster and
Zrs TPDC. The space group was selected to be the hexagonal P6z/mmc, which is the space group
of highest symmetry based on the systematic absences. This structural assignment was supported
by the similarity between the simulated PXRD with the experimental one (Figure 5-3). The Zr
coordination environment in the Zr;» SBU was also studied by EXAFS. A good fit with an R-

factor of 0.008 was obtained based on the Zr12 cluster crystal structure.

TGA analysis showed a weight loss of 65.5% in the 240 °C to 800 °C range, corresponding
well to the decomposition of Zr120g(ps-OH)s(p2-OH)e(TPDC)s to (Zr02)12 (65.7% expected). The
observed weight loss is much smaller than that of Zre TPDC (71.3%) due to the increased Zr weight
percentage in Zri,TPDC (Figure 5-17). The first weight loss (20.0%) in the 20 to 240 °C
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temperature range corresponds to removal of adsorbed solvents in the pores. The second weight
loss (65.5%) in the 240 - 800 °C temperature range corresponds to the decomposition of the MOF

to ZrO», consistent with a calculated weight loss of 65.7% based on the conversion of Zr120g(us-

OH)g(1-OH)s(TPDC)g to (ZrO2)12.

Zr ,TPDC (exp)

.
B!
i e

5 — 10 15 20

20
Figure 5-3. The experimental PXRD pattern of Zr1oTPDC (blue) is similar to the simulated PXRD
of Zr1,TPDC (red), but very different from the simulated PXRD of ZrsTPDC (black).
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Figure 5- 4. EXAFS fitting of Zr coordination environment in Zr12,TPDC. Two types of Zr centers
coexist in this structure.
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Figure 5-5. TGA curve of freshly prepared Zr12TPDC in the 25 ~ 800 °C range. The red line shows
the remaining ZrO. weight percentage expected for Zr1o,TPDC.

N2 sorption isotherm of Zr,TPDC showed a type | adsorption (77K, 1 bar) with BET
surface area of 1967 m?/g (Figure 5-6). The surface area of Zri,TPDC is smaller than that of

ZrsTPDC (2815 m?/g) due to the increased molecular weight of SBUs and similar pore shape and

size.
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Figure 5-6. (a) Nitrogen sorption isotherms of Zri,TPDC (77 K). Zr1>-TPDC has a BET surface
areas of 1967 m?/g. (b) Pore size distributions of Zr,,TPDC showing existence of two kinds of
pores of 18 A and 23 A in diameters.
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5.2.2 Synthesis and characterization of CoCl-Zr12.TPDC
Zr12TPDC was metalated with CoCl2 by first treating with 5 equiv. of LiCH2SiMes to

deprotonate both the u.-OH and ps-OH groups in the Zri2 SBU, then reacting with CoClz in THF

to afford CoCl-Zr1, TPDC as a deep-blue solid (Figure 5-7).
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Figure 5-7. Metalation of Zr1» SBU in Zr1oTPDC through sequential deprotonation and metalation.
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Figure 5-8. The PXRD pattern of CoCI-Zr1,TPDC (red) compared to that of Zr1>,TPDC (black).
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The CoCl-Zri,TPDC MOF maintained crystallinity through the metalation, indicated by
the similar PXRD patterns between the Zr;,TPDC and CoCl-Zr12TPDC (Figure 5-8). ICP-MS
analysis of the digested MOF revealed the presence of 11.2+0.6 Co per Zr1, cluster, corresponding
to complete metalation of all the eight us-OLi sites to form eight (Zr:0")CoCl species, and all six
u2-OLi sites to form three [(Zr20)2(Zr30)CoCI]Li species, to give the overall formula of Zri2(us-

0)s[(us-07)CoCl]s[(12-O)2(ps-O)CoCl]sLis(TPDC)s.

The coordination environments of the Co centers in CoCl-Zr1,TPDC were studied by Co
K-edge EXAFS. The six p2-OH sites are very close to each other, with a mutual distance of ~3.0
A. Based on the reported structures of Co complexes with oxide ligands, we envisioned three
different Co coordination modes on the p-OH sites: [(p2-07)2(us-O)CoCI], [(u2-0)2CoCl2]* and
(u2-O7)(us-0)(u-CO2)CoCl. EXAFS fitting with the [(u2-07)2CoClz]2” and (u2-O7)(us-O)(u-
CO2)CoCl structure models gave large R-factors of 0.023 and 0.027, respectively, as a result of
misfits in the second shells (R = 2.2-3.2 A), which is mainly due to the Co-Zr scattering pathway.
The [(u2-O)2(u3-0O)CoCl] model gives the best fit to the Co EXAFS data, with a R-factor of 0.020
and fitted Co-(p2-O) distance of 1.90 A (Figure 5-9). The Co centers on the pus-OH sites adopt a
(13-0)(u-C0O2)2CoCl mode, similar to the structures proposed in CoCl-ZreTPDC. We further
propose the exchange between the us-O and ps-OLi sites in Zrio SBUs after lithiation in order to
avoid the steric clash between the pus-OCoCl and [(u2-O7)2(uz-O)CoCl]” moieties that are installed

on the adjacent Zr3(us-OH) and (u2-OH)2 binding sites.
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Figure 5-9. EXAFS spectra and fits in R-space at the Co K-edge of CoCl-Zr1,TPDC showing the
magnitude (hollow squares, black) and real component (hollow squares, blue) of the Fourier

transformation. The fitting range is 1.2-5.6 A in R space (within the grey lines). The structural
model used for fitting is shown on the right, and the parameters are listed in Table 5-2.

TGA of the CoCl-Zri,TPDC showed a weight loss of 55.3% from 180 °C to 800 °C,
corresponding well to the decomposition of Zr1205(OCoCl)s(O3CoCl)sLiz(TPDC)g to
(Zr02)12(Co015)11(LiO0s)3 (54.5% expected). The BET surface area of CoCl-Zrio,TPDC was
calculated to be 810 m?/g based on N, sorption isotherm. In contrast to Zri2TPDC which exhibits
a Type | adsorption isotherm, CoCl-Zr1, TPDC adopts a type 11 adsorption isotherm (Figure 5-10),
likely due to severe distortion of the CoCl-Zrio,TPDC framework upon desolvation. The severe
framework distortion was also indicated by the loss of PXRD pattern for the dried CoCl-Zri,TPDC

sample. The CoCl-Zri,TPDC MOF remains high crystalline as long as it was soaked in solvents.

Upon treatment with 5 equiv. of NaBEtsH, CoCl-Zr,TPDC was converted to CoH-
Zr1oTPDC as a black solid. The CoH-Zri,TPDC material is a highly active catalyst for the
hydrogenation of Nitroarenes. XANES analysis of CoH-Zri;TPDC suggested the divalent

oxidation state of the Co centers (Figure 5-11).
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Figure 5-10. (a) Nitrogen sorption isotherms of CoCl-Zr12TPDC (77 K). CoCI-Zr1,TPDC has a
BET surface areas of 1967 m?%/g. (b) Pore size distributions of CoCl-Zr1, TPDC showing existence
of two kinds of pores of 18 A and 23 A in diameters.
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Figure 5-11. XANES spectra of CoCI-Zr12TPDC (red), CoH-Zr1.TPDC (blue) and post-catalysis

CoH-Zr>TPDC after nitrobenzene hydrogenation (green); all three spectra are similar to that of
CoCl; (black), indicating a divalent oxidation state of the Co centers in all of the species.
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5.2.3 CoH-Zr12TPDC catalyzed hydrogenation of nitroarene

Anilines are important building blocks for the synthesis of pharmaceuticals, fine chemicals,
and commodities.10-11 Among the various known procedures for synthesizing anilines, the
catalytic hydrogenation of nitroarenes represents one of the most efficient and environmental-
benign synthetic routes. To date, most chemoselective and efficient catalysts for nitroarene
hydrogenation are based on precious metals, which are toxic and unsustainable.12-14 Only a handful
of Earth-abundant metal catalysts were recently reported for this reaction.15-18 CoH-Zr,TPDC was
an active catalyst for hydrogenating a broad scope of nitroarenes to the corresponding anilines.
The optimal condition for performing CoH-Zri,TPDC catalyzed nitroarene hydrogenation
(evaluated by reaction TOF) was screened to be 110 °C using toluene as solvent. At a 0.5 mol %
Co loading, 4-nitroanisole was quantitatively hydrogenated in toluene at 110 °C under 40 bar of

H» in 42 h to form 4-aminoanisole.

Under the same reaction condition, nitroarenes containing oxygen and halogens were also
selectively hydrogenated to the corresponding anilines in 70-100% yields (Table 5-1). Pure aniline
products were isolated by simple filtration of the reaction mixtures followed by evaporating of the
organic solvent. Both electron-withdrawing substituents (e.g. trifluoromethyl), and electron-

donating groups (e.g. methoxy and amines) were well tolerated under the same reaction conditions.

Impressively, CoH-Zri2TPDC selectively reduced nitro groups in presence of more
reactive substituents, including iodine and ketone functionalities. For example, at 0.5 — 2.0 mol %
Co loading, 1-iodo-4-nitrobenzene, 4-nitrobenzophenone, and 4-nitroacetophenone were
selectively hydrogenated to corresponding anilines without converting other sensitive substituents.
We also tested the hydrogenation of nitroindole compounds to produce heteroaromatic amines,
which are important building blocks for a variety of pharmaceuticals and biologically-active
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compounds. Without further optimization, 4-nitroindole and 5-nitroindole were hydrogenated to
4-aminoindole and 5-aminoindole in 55% and 92% vyields, respectively, without forming any by-

products.

Table 5-1. CoH-Zr1,TPDC catalysed hydrogenation of nitroarenes.

e NO, ) CoH-Zr,,TPDC e NH,
L 40 ;ar 110°C, 42 h L

Y

NH,
MeO F5C
0.5 mol% Co 0.5 mol% Co 0.5 mol% Co 0.5 mol% Co

48 h, 100% yield 48 h, 100% yield 48 h, 100% yield 48 h, 100% yield

LT W O
Me\N Me\N |
H

Br \
Me

0.5 mol% Co 0.5 mol% Co 0.5 mol% Co 0.5 mol% Co

48 h, 98% vyield 48 h, 47% yield 48 h, 100% yield 48 h, 41% vyield
NH,
0 0 HoN

> T

9A® N N

NH, NH, H H

0.5 mol% Co 0.5 mol% Co 0.5 mol% Co 0.5 mol% Co
48 h, 72% vyield 48 h, 54% vyield 48 h, 55% yield 48 h, 92% vyield

Reaction conditions: 0.50 mg of CoCI-Zri,TPDC, 5 equiv of NaBEtzH (1.0 M in toluene) w.r.t.
Co, nitroarene, toluene, 40 bar Hp, 110 °C, 42 h; Yield was determined by *H NMR with mesity-
lene as the internal standard. Isolated yields are in parentheses. cReaction was performed for 72 h.

Furthermore, at a 1.0 mol% Co-loading, CoH-Zr1>,TPDC was recovered and reused at least

7 times for the hydrogenation of 4-nitroanisole without losing the catalytic activity (Figure 5-12).
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Excellent yields (86-100%) of 4-aminoanisole were obtained consistently without formation of

any by-product in the reuse experiments.
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Figure 5-12. Plots of yields (%) of 4-aminoanisole at different runs in the recycle experiments of
CoH-Zr>TPDC for the hydrogenation of 4-nitroanisole. The Co-loadings were 1.0 mol %.

CoH-Zr1,TPDC recovered from the first run of catalysis maintained high crystallinity,
indicated by its similar PXRD pattern to pristine CoH-Zr1.TPDC. This experiment proved the
MOF stability under the reaction conditions. The heterogeneity of CoH-Zr1,TPDC was confirmed
by several experiments. ICP-MS analyses showed that the amounts of Co and Zr that leached into
the supernatant after the first run were only 0.4% and 0.03%, respectively. Moreover, no additional
hydrogenation was observed after removal of the solid catalyst from the reaction mixture (Scheme
5-1). These experiments rule out the role of any leached Co-nanoparticles or other Co-species in

catalyzing the hydrogenation reactions.
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Scheme 5-1. Heterogeneity test experimental for CoH-Zr12TPDC catalyzed nitroarene
hydrogenation.

MeO
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To elucidate the multistep hydrogenation pathways, all possible intermediates in
nitrobenzene hydrogenation reactions were tested for their activity. Two possible reaction
pathways have been proposed in the literature for nitrobenzene hydrogenation, including the
monomeric pathway and dimeric pathway.» The monomeric pathway proceeds via stepwise
hydrogenation of nitrobenzene to nitrosobenzene, to phenyhydroxyamine, and then to aniline. The
dimeric pathway initiates with the azoxybenzene formation from the nitrosobenzene reacting with
phenylhydroxyamine. The nitrosobenzene was subsequently hydrogenated to azobenzene, to
hydrazobenzene, and then to aniline. While azobenzene and hydrazobenzene were readily
hydrogenated to aniline by CoH-Zr1,TPDC, azoxybenzene only gave 2% yield of aniline under
identical reaction conditions, indicating that the azoxybenzene hydrogenation is the slowest step

in the dimeric pathway (Table 5-2).

94



Table 5-2. CoH-Zr1,TPDC-catalyzed hydrogenation of intermediates in proposed pathways of
nitroarene hydrogenation.

Entry Substrate Products and Yields Conversion

JQ R
Nsy ©/ 100%

1% 64%

NH,
N\\NO @ 100%

75%

22% %
NH
Nsy ©/ 2 7%
C 5%
Ns O NH2
N 100%
100%

NH,
100%

100%

Reaction conditions: 0.50 mg of CoH-Zri,TPDC (0.5 mol % Co), substrate, toluene, 40 bar Ha,
110 °C, 42 h; Yields were determined by GC-MS analysis.

In addition, the rate of hydrogenation of 4-nitroanisole was greatly suppressed in presence
of azoxybenzene, indicating that azoxybenzene acts as a catalyst inhibitor. In comparison,
hydrogenation of nitrosobenzene and phenylhydroxyamine gave 64-75% yield of aniline together
with 22-35% of azoxybenzene side product formed through substrate dimerization. No
azoxybenzene intermediate was observed during hydrogenation of nitrobenzene, presumably
because very little nitrosobenzene or phenylhydroxyamine accumulated during the reaction
process. With these results, we propose that CoH-Zr1,TPDC catalyzed nitroarene hydrogenation

mainly via the monomeric pathway as shown in the green dotted box in Scheme 5-2.
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Scheme 5-2. Two possible pathways for CoH-Zr1,TPDC-catalyzed hydrogenation of nitroarenes.
Based on our mechanistic studies, we propose that CoH-Zri,TPDC catalyzes nitroarene
hydrogenation mainly via the monomeric pathway as shown in the dotted box.

' Monomeric so H, N\\O H, N H, NH,
. Pathway - > ©/ OH >
Dimeric O/

Pathway H, \I\

5.2.4 CoH-Zr12TPDC catalyzed hydrogenation of nitriles

CoH-Zr12TPDC is also active for the hydrogenation of nitrile compounds. Nitrile groups
are typically reduced to amino groups using stoichiometric amounts of metal hydrides or
hydrosilanes in the presence of metal complexes or organocatalysts. However, these methods
suffer from poor atom economy and low functional group tolerance. In contrast, catalytic
hydrogenation of nitrile compounds is a highly atom-efficient and sustainable route to prepare
amines. Typical catalysts for nitrile hydrogenation are based on precious metals, with only a
handful of iron or cobalt-based homogeneous catalysts that were recently reported. Catalytic
hydrogenation of nitriles was performed under identical conditions to the nitroarene hydrogenation
reactions. At a 0.5 mol % Co-loading, CoH-Zr1.TPDC efficiently reduced a range of nitrile
compounds to afford corresponding benzylamines in quantitative yields (Table 5-3). Substrates

bearing bromine or amine functionalities were also well tolerated. Pure benzylamine products were
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isolated in 94-100% yields through simple filtration followed by evaporation of the volatiles in

vacuo.

Table 5-3. CoH-Zr1,TPDC catalyzed hydrogenation of nitriles.

CoH-Zr,,TPDC
R—-CN + H, 12 > R_/NHZ
110°C, 42 h
40 bar
— —
Br Br
0.5 mol% Co, 42 h 0.5 mol% Co, 42 h
100% vyield 100% yield
Br\©/CN Br\©/\NH2 /©/CN /@/\NHZ
E— E——
0.5 mol% Co, 42 h 0.5 mol% Co, 42 h
100% yield (94% Isolated) 100% yield (98% Isolated)

Reaction conditions: 0.50 mg of CoH-Zr1,TPDC for nitrile substrates, 2.0 mg of CoH-Zr1,TPDC
for isocyanide substrates, nitrile or isocyanide, toluene, 40 bar Ho, 110 °C, 42 h; Yield was
determined by *H NMR with mesitylene as the internal standard. Isolated yields are in parentheses.

The MOF recovered from the hydrogenation of benzonitrile maintained high crystallinity,
as shown by PXRD analysis (Figure 3b). The leaching of Co and Zr into the supernatant were only
0.2% and 0.03%, respectively, further proving the high MOF stability under the reaction condition.
CoH-Zr>TPDC was recovered and reused at least 7 times for the hydrogenation of benzonitrile to

afford pure benzylamine without any loss of catalytic activity (Figure 5-13).
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Run

Figure 5-13. Plots of yields (%) of benzylamine at different runs in the recycle experiments of
CoH-Zr1,TPDC catalyzed nitrile hydrogenation.

5.2.5 CoH-Zr12TPDC catalyzed hydrogenation of isocyanides

The catalytic hydrogenation of isocyanides into N-methylamines is very rare and
challenging reaction, as a result of the strong isocyanide inhibition to transition metal catalysts.
Impressively, CoH-Zri,TPDC is an effective catalyst for hydrogenating isocyanides to
corresponding N-methylamines at 110 °C under 40 bar H>. At a 0.5-2.0 mol % Co loading, benzyl
isocyanide, 2-naphthyl isocyanide, cyclohexyl isocyanide, and a-methylbenzyl isocyanide were
effectively hydrogenated. Pure secondary amines were isolated in 82-96% yields (Table 5-4). The
leaching of Co and Zr into the supernatant after hydrogenation of 2-naphthyl isocyanide was
determined to be only 0.2% and 0.08%, respectively, indicating the strong cobalt coordination on

to the pair-site bridging hydroxides of the Zr12-SBU.
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Table 5-4. Substrate scope for the CoH-Zr12TPDC catalyzed hydrogenation of benzonitriles.

CoH-Zr,,TPDC H
R-NC + H, > 2 Nove
110°C,42 h
40 bar
_____________________________________________________________________________ o
NC .Me NC
- N - N‘Me
: ¢
2.0 mol% Co, 42 h 1.0 mol% Co, 42 h
100% yield (93% lsolated) 100% yield (96% lsolated)
_Me
[ Ne — LN NC — n-Me
H H
0.5 mol% Co, 42 h 0.5 mol% Co, 42 h
92% vyield 82% vyield

Reaction conditions: 0.50 mg of CoH-Zr1,TPDC for nitrile substrates, 2.0 mg of CoH-Zr1,TPDC
for isocyanide substrates, nitrile or isocyanide, toluene, 40 bar Hz, 110 °C, 42 h; Yields were
determined by 1H NMR with mesitylene as the internal standard. Isolated yields are in parentheses.

5.2.6 Catalytic performance comparison of CoH-Zr12TPDC versus other CoH-SBU
catalysts

To highlight the advantage of having electron-rich and strongly coordinating Co centers in
CoH-Zr1,TPDC, the previously reported CoH-Zrs TPDC and CoH-ZrsMTBC were tested for the
three types of challenging hydrogenations under identical conditions. For the hydrogenation of 1-
nitronaphthalene, CoH-Zri,TPDC gave complete yield of 1l-aminonaphthalene, while CoH-
ZreTPDC and CoH-ZrsMTBC were completely inactive for this substrate (Table 5-5). For
hydrogenation of benzonitrile, CoH-Zr1,TPDC afforded benzylamine in a quantitative yield while
CoH-ZrsTPDC and CoH-ZrsMTBC produced benzylamine in 0% and 4% vyields, respectively.
CoH-Zr1,TPDC is also significantly more active than CoH-ZrsTPDC and CoH-ZrsMTBC in

isocyanide hydrogenation. For example, CoH-Zr1,TPDC catalyzed the hydrogenation of sterically
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hindered (S)-(—)-a-methylbenzyl isocyanide to afford the secondary amine product in 82% vyield,
while CoH-Zrs TPDC was totally inactive and CoH-ZrsMTBC gave only 7% of the hydrogenation

product.

Table 5-5. Hydrogenation of nitroarene, nitrile and isocyanide compounds with different SBU-
supported Co-catalysts.

. CoH- CoH- CoH-
Entry Reactions Zr¢TPDC  ZrgMTBC  Zr;,TPDC

NO,
1 0% 0% 100%
—_—
2 ©/CN ©ANH 0% 4% 100%
. 2

3 ©/:\N c ©A:N/CH3 0% 7% 82%
H

8Reaction conditions: 0.5 mol% of CoH-Zr,TPDC, 1-nitronaphthalene (69 mg, 0.4 mmol),
toluene, 40 bar Hz, 110 °C, 42 h. "Reaction conditions: 0.5 mol% of CoH-Zr1,TPDC catalyst,
benzonitrile (42 uL, 0.4 mmol), toluene, 40 bar Hz, 110 °C, 42 h. “Reaction conditions: 0.5 mol%
of CoH-Zr1,TPDC catalyst, (S)-(—)-a-methylbenzyl isocyanide (54 uL, 0.4 mmol), toluene, 40 bar
H>, 110 °C, 42 h.

The drastically different activities of the three CoH-SBU catalysts can be rationalized by
considering both the electronic and steric effects of different Zr-SBUs. The steric difference among
the three SBUs are very significant. The Co-binding site in Zr1>-SBU is featured by a sterically
open 4.6 Ax6.9 A rectangle space, while the Zre-SBU site is an equilateral triangle with edge

length of 4.4 A and the Zrs-SBU site is a rhombus with an edge length of 4.5 A (Figure 5-14).
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Figure 5-14. Comparison of the electronic and steric properties of Co binding sites in Zrs, Zrs, and
Zr1» SBUs. The oxygen atoms highlighted in red are involved in cobalt binding after lithiation and
metalation.

The electronic properties for Co species supported on different SBUs are also significantly
different. The Zr12 SBU in Zri,TPDC features a pair of po-OH sites that efficiently chelates to the
Co center to afford a much more electron-rich and stable catalytic center. As a result, the hydride
in CoH-Zr1,TPDC could more easily undergo migratory insertion to the nitrile triple bond. The
significantly higher activity of CoH-Zri,TPDC for isocyanide hydrogenation could be partially

attributed to the much higher catalyst stability.

To prove the high catalytic activity of CoH-Zri2TPDC originates from the unique
steric/electronic properties of Zri» SBU instead of the nanoscale particle size of Zr>-TPDC, a
nanosized Zre-TPDC (160 nm) has been metalated and tested for catalytic reactions. The nano-
sized CoH-ZrsTPDC was synthesized through solvothermal reactions of ZrCls with H;TPDC in

DMF using TFA as the modulator (Figure 5-15).
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Figure 5-15. TEM image of nano Zre-TPDC octahedrons showmg size distribution of 160 + 19.7
nm.

The nano-sized CoH-ZrsTPDC was tested for the hydrogenation reaction of nitroarene,
nitrile and isocyanides under identical reaction conditions as the CoH-Zri;TPDC catalyst.
However, the downsized CoH-Zrs TPDC was still not active for any of the hydrogenation reactions,
ruling out the possibility of MOF size as major contributor to the catalytic activity enhancement

(Table 5-6).

Table 5-6. Effect of size on catalytic hydrogenation.

CoH-Zr,TPDC CoH-Zr,TPDC CoH-Zr;,TPDC

Entry Reactions (5 pm) (16 pm) (40 nm)

0% 0% 100%
—_—
CN ©ﬂ 0% 4% 100%
—

> ©/\ 0% 7% 82%

Reaction conditions: 0.5 mol% of Zr-MOF-Co catalyst, 0.4 mmol of substrates, 2mL toluene, 40
bar Hz, 110 °C, 42 h.
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5.3 Conclusion

This chapter reports the first MOF based on a novel Zri2(us-O)s(us-OH)s(u2-OH)s node.
The Zr12 SBU provide a unique binding site for Co species to afford a highly effective single-site
solid catalyst for the hydrogenation of nitroarenes, nitriles, and isocyanides. The monomeric
pathway was proposed for the nitroarene hydrogenation reaction by comparing hydrogenation
reactivities of all possible intermediates. The CoH-Zr1,TPDC catalyst displayed much higher
catalytic performance than the previously described CoH-ZrsTPDC and CoH-ZrsMTDC for the
three challenging hydrogenation reactions. The straightforward SBU functionalization and the
exceptional catalytic activity of CoH-Zri2TPDC indicate that MOF nodes can provide an
unprecedented ligand platform to design reusable Earth-abundant metal catalysts for sustainable

synthesis of fine and commodity chemicals.

5.4 Experimental

5.4.1 Synthesis of a Zr12 cluster and structure simulation of Zr12TPDC

In an attempt to synthesis a chiral MOF using formic acid as the modulator, | ended up
getting a molecular cluster with the composition of Zr120g(3-OH)g(p2-OH)s(HCO2)18(DMF)a.
Then | sought to synthesize a MOF with the Zr1> cluster as the constructing SBU. Interesting, this
Zr1o cluster is exactly the SBU for a nanosized MOF we have in the group for a few years, yet the

exact structure remained unknown.

The synthesis of Zri,-formate cluster was done through solvothermal reactions. To an 8

mL vial was charged 60 mg of ZrCls, 50 mg of D-(+)-Camphoric acid, 4 mL DMF, and 1 mL of
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formic acid (88% solution in water). The mixture was sonicated to form a clear solution, and then

kept in a preheated 100 °C oven for 10 days. Plate-like crystal was obtained and analyzed by

single-crystal X-ray diffraction (Figure 5-16).

Figure 5-16. Crystal Structure of Zri>-formate cluster.

Table 5-7. Crystallographic information

Name Zri2-Form
Formula C15.21Clo.sN1.4033.9Zr6
Fw 1309.79
Temperature (K) 100
Wavelength (A) 0.41328
Crystal system Monoclinic
Space group C2/c
a, A 11.4489(5)
b, A 20.7494(9)
c, A 30.7865(14)
a, ° 90
B,° 91.1600(10)
v, ° 90
Vv, A3 7312.1(6)
z 8
Density (calcd. g/cm?) 2.380
Absorption coeff. (mm) 2.432
F(000) 4966.0
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20 range data collection 2.282 — 40.158

-17<h <11
Index Ranges 34 <k <28
49 <1<46
Reflections collected 39218
Independent reflections 13490
R(int) 0.0494
Data/restraints/parameters 13490/455/570
Goodness-of-fit on F? 1.046
Final R indices [I>26(I)] R1=0.0527, wR2=0.1295
R indices (all data) R1=0.0862, wR2=0.1428

Crystal structure of the Zr1>-MOF was simulated based on a combination of the crystal
structures of the Zr1208(OH)s(OH)s(HCO2)1s cluster and Zrs TPDC.? The space group was selected
to be the hexagonal P63/mmc, which is the group of highest symmetry based on the systematic
absences. This structural assignment was supported by the similarity between the simulated PXRD
with the experimental (Figure 5-17). The 20 peak at 3.56° corresponds to the (002) diffraction
with a d spacing of 2.49 nm, which is characteristic of Zr;,TPDC and results from diffraction
between neighboring Zri> SBUs along the ¢ axis. This d spacing is larger than the SBU distance
of ZreTPDC (1.88 nm) along the [111] direction. The d spacing of 2.49 nm between Zri» SBUs is

also evidenced in high resolution TEM images of Zr1,TPDC.
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Figure 5-17. The experimental PXRD pattern of Zri2TPDC (blue) is similar to the simulated
PXRD of Zr1>TPDC (red), but very different from the simulated PXRD of ZreTPDC (black).

5.4.2 Synthesis and Characterization of Zri12-TPDC

Detailed synthetic procedure for Zri,TPDC was discussed as below. To a 20 mL vial was
added ZrCls (4.2 mg, 18 umol), HoTPDC (5.7 mg, 18 umol), acetic acid (0.75 mL), and DMF (10
mL). The mixture was sonicated for 5 min until all solids were dispersed and then kept in a 90 'C
oven for 3 d. The MOF was separated through centrifugation (13,000 rpm), then washed
sequentially with DMF three times (5 mL each), THF three times (5 mL each), and benzene three
times (5 mL each) before freeze drying in a salt-ice bath. 3.0 mg of Zri,TPDC (45% vyield) was
obtained as light gray powder. The Zri;TPDC has the formula of Zr120sg(us-OH)s(ue-
OH)s(TPDC)o.

Transmission electron microscopy (TEM) showed a disk-like morphology of

approximately 40 nm in diameter and 10 nm in thickness (Figure 5-18, 5-19). The small particle
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size is advantageous for MOF catalysts due to shorter diffusion distances for both reaction

substrates and products, which increases reaction rates.

I i'&n,g%'g’f
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Figure 5-18. (a) Top-view high-resolution TEM showing the lattice fringes of Zr1o-TPDC along
the [002] and [100] direction. The Measured lattice distance matched well with calculated distance
based on the simulated structure. (b) Along the [002] direction, the distance between two side-by-
side connected Zri> SBU was calculated to be 2.31 nm, matching to the measured distance of 2.29
nm well. (¢) Along the [100] direction, the distance between two Zri> SBU planes was calculated
to be 2.49 nm, matching the measured distance of 2.53 nm well.

£

DO

Figure 5-19. (a) Side-view high resolution TEM showing the wavy lattice fringes of Zr1,TPDC
along the [2,-1,0] direction. (b) The distance between two neighboring wavy Zr1> SBU planes is
calculated to be 1.88 nm, exactly matching the measured distance of 1.88 nm.
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5.4.3 Procedure of CoH-Zr12TPDC-catalyzed nitro hydrogenation

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 cobalt K-edge (7709
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 cobalt 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 (ly), and reference (Ir) were measured by 20 cm ionization chambers with gas
compositions of 63% Nz and 37% He, 73% N2 and 27% Ar, and 100% Nz, respectively. Data were
collected over six regions: -250 to -30 eV (10 eV step size, dwell time of 0.25s), -30to -12 eV (5
eV step size, dwell time of 0.5 s), -12 to 30 eV (0.4 eV step size, dwell time of 1 5), 30 eV to 6 A-
1 (0.05 Al step size, dwell time of 2 s), 6 A to 12 A%, (0.05 A step size, dwell time of 4 s), 12
Al to 15 Al (0.05 Alstep 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 PEG and
packed in a 6-shooter sample holder to achieve adequate absorption length.

Data were 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 (metallic
Co) and aligned to the first peak in the smoothed first derivative of the absorption spectrum,

background removed, and spectra processed to obtain a normalized unit edge step.

Table 5-8. Summary of EXAFS fitting parameters for CoCl-Zr1,TPDC

(12-0)2-CoCl site (27%) uz-0O-CoCl site (73%)
Fitting range k2.80-11.50 At
R12-56A
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Independent points 24
Variables 15
Reduced chi-square 654.1
R-factor 0.020
AEqo(eV) -7.430.90
So? 1.000
Percentage 0.27 Percentage- 0.73
R (Co-p-09) (2) = 1.90+0.04 A R (Co-ps-0) (1) 1.97+0.27 A
R (Co-ps-08) (1) = 1.97+0.01 A R (C0-0%%%) (2) 1.98+0.14 A
R (Co-Cl) (1) 2.18+0.01 A R (Co-C®%%) (2) 2.17+0.08 A
R (Co-ps-025) (1)  3.17+0.01 A R (Co-ClI) (1) 2.19+0.05 A
R (Co-Zrl) (2) 3.160.14 A R (Co- O°°?%) (2) 2.62+0.04 A
R (Co-014¢°%) (2) = 3.20+0.01 A R (Co-Zrl) (1) 2.90+0.06 A
R (Co-ps-04) (1) =~ 3.20+0.01 A R (Co-C™ (2) 3.36+0.04 A
R (Co-C16%9%) (2)  3.39+0.14 A R (Co-QC0zdsthy (2)  3.42+0.05 A
R (Co-012°0%) (2)  3.7520.56 A | R (Co-CCt9Zdstah (2) ' 3.45+0.05 A
R (Co-Zr19) (2) 3.78+0.18 A R (Co-Zr2) (2) 3.77+0.06 A
R (Co-u2-07) (2)  3.7840.61 A R (Co-CPMdsh (2) = 4.26+0.04 A
6% (Co-0) 0.008+0.005 A2 6% (Co-0) 0.010+0.002 A2
6 (Co-Cl) 0.010+0.001 A2 6 (Co-Cl) 0.009+0.008 A2
6 (Co-C) 0.001+0.001 A2 6° (Co-C) 0.006+0.006 A2
6% (Co-Zr) 0.016+0.020 A2 6% (Co-Zr) 0.0160.006 A2

5.4.4 Procedure of CoH-Zr12TPDC-catalyzed nitro hydrogenation

Scheme 5-3. CoH-Zr,TPDC catalyzed hydrogenation of nitroarenes.

/©/N02 0.5% CoH-Zr,,TPDC /©/NH2
MeO 40 bar H, MeO

toluene, 110 °C, 42 h

In a glovebox, CoCl-Zri>TPDC in THF (0.50 mg, 0.5 mol % Co) was charged into a small
vial and 0.5 mL THF was added. Then, 4.4 uL NaBEtsH (1.0 M in THF) was added to the vial and
the mixture was stirred for 1 h in the glovebox. The solid was centrifuged out of suspension and
then washed with THF twice. Then, the black solid in 1.0 mL toluene was transferred to a vial
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containing 4-nitroanisole. The vial was placed into a Parr pressure reactor in a nitrogen-filled
glovebox, then pressurized to 40 bar. After stirring at 110 °C for 42 h, the solid was centrifuged
out of suspension and extracted three times with toluene. The combined organic extracts were
concentrated in vacuo to afford crude 4-methoxyaniline in quantitative yield, which was

sufficiently pure as analyzed by *H NMR spectrum (Figure 5-20).
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Figure' 5-20. 'H NMR spectrum (400 I\/IIilgz, CfDCIg) of crude 4-methoxyaniline product.

5.4.5 Procedure of CoH-Zr12TPDC-catalyzed Nitrile Hydrogenation

Scheme 5-4. CoH-Zr1,TPDC catalyzed hydrogenation of nitroarenes.

/O/CN 0.5% CoH-Zr,,TPDC /O/\NH
- 2
H-N 40 bar H, HoN

2
toluene, 110 °C, 42 h 2

A typical procedure for CoH-Zri,TPDC catalyzed hydrogenation of nitriles.In a glovebox,
CoCl-Zr12TPDC in THF (0.50 mg, 0.5 mol % Co) was charged into a small vial and 0.5 mL THF

was added. Then, 4.4 pL NaBEtsH (1.0 M in THF) was added to the vial and the mixture was
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stirred for 1 h in the glovebox. The solid was centrifuged out of suspension and then washed with
THF twice. Then, the black solid in 1.0 mL toluene was transferred to a vial containing 4-
aminobenzoitrile (21 mg, 0.178 mmol). The vial was placed into a Parr pressure reactor in a
nitrogen-filled glovebox, then pressurized to 40 bars. After stirring at 110 °C for 42 h, the solid
was centrifuged out of suspension and extracted three times with toluene. The combined organic
extracts were concentrated in vacuo to afford crude 4-aminobenzylamine in quantitative yield,

which was sufficiently pure as analyzed by *H NMR (Figure 5-21).
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Figufe 5-21. 'H NMR spectrum (400 MHz, CDCI3) of crude 4-arr;inobenzylamine product.

5.4.6 Procedure of CoH-Zr12TPDC-catalyzed Isocyanide hydrogenation

Scheme 5-5. CoH-Zr1,TPDC catalyzed hydrogenation of isocyanide.

©/\NC 2.0% CoH-Zr,,TPDC N ©/\N/
H
40 bar H,

toluene, 110 °C, 42 h
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In a glovebox, CoCl-Zri,TPDC in THF (2.0 mg, 2.0 mol % Co) was charged into a small
vial and 0.5 mL THF was added. Then, 17.6 pL NaBEtzH (1.0 M in THF) was added to the vial
and the mixture was stirred for 1 h in the glovebox. The solid was centrifuged out of suspension
and then washed with THF twice. Then, the black solid in 1.0 mL toluene was transferred to a vial
containing benzylisocyanide (20 mg, 0.171 mmol). The vial was placed into a Parr pressure reactor
in a nitrogen-filled glovebox, then pressurized to 40 bar. After stirring at 110 °C for 42 h, the solid
was centrifuged out of suspension and extracted three times with toluene. The combined organic
extracts were concentrated in vacuo to afford crude N-benzylmethylamine in 93% isolated yield,

which was sufficiently pure as analyzed by *H NMR spectrum (Figure 5-22).
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Figuré 5-22. 'H NMR spectrum (400 MHz, CDCls) of crude N-benzylmethylamine.
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Chapter 6. Single-site Co Catalysts at A Titanium (I11)-oxo MOF Nodes for

Arene Hydrogenation

6.1 Introduction

Metal oxides have found broad applications in the chemical industry by using surface
oxo/hydroxo groups to support catalytic metal centers. The surface oxo/hydroxo ligands are readily
available, thermally robust, and chemically stable, but lack the electronic and steric tunability
when compared to small molecular organic ligands. In this context, TiO. is one of the most
efficacious metal oxide catalyst supports for its negligible toxicity, low price, high stability, and
most interestingly, the titanium redox activity that tunes the electronic properties of supported
catalysts.}2 Previous research into TiOz-supported catalysts has uncovered the strong metal-
support interaction (SMSI) effect, which occurs when metallic or metal oxide catalysts are
immobilized on TiO2 support followed by thermal treatment.3*> The SMSI effect significantly
impacts the activity and selectivity of supported catalysts. Many macroscopic processes have been
proposed to explain this effect, including TiO> migration,® local Ti'V reduction to Ti'',57 or
substrate activation with the surface O-vacancies, &° but there is still not a clear understanding of
the SMSI effect at the molecular level. 112 The effect of metal oxide supports is difficult to
rationalize due to the presence of multiple species that bind to different crystal facets and different
binding modes to each crystal facet as well as the pervasive defects leading to complex chemical
compositions (Figure 6-1). Therefore, it is highly desirable to design structurally well-defined Ti-
oxo/hydroxo sites to support uniform catalytic metal centers to precisely pinpoint the effects of the

Ti-oxo support on the catalytic activity and selectivity.
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Anatase (101) Face Binding Sites

-

Tig-BDC SBU Binding Sites

Tia-BDC (MIL-125)

Figure 6-1. (a) Schematic representation of possible faces on the anatase phase of TiO> (left) and
surface structures of the (101) face (top right) and (100) face (bottom right). The first layer of
oxygen atoms on each of the faces are highlighted in red. All of these faces can undergo surface
metalation leading to multiple catalytic sites. (b) Tis SBUs in the TisBDC MOF have one
possible binding site only and support the formation of single-site catalysts.

In this work, we used Ti-oxo/hydroxo SBU of a titanium-based MOF, MIL-125 (TisBDC,
BDC is 1,4-benzenedicarboxylate), to support Co'-H catalysts for highly effective arene
hydrogenation.’* TisBDC features a nanosized octatitanium cluster with structurally-defined
bridging hydroxides and oxides that serve as precise molecular model to study the electronic
effects of Ti-O donor ligand on the catalytic performance of supported catalysts. We observed Co-
mediated dihydride reductive elimination to form H; and the electron spillover to reduce Ti'V to

Ti"" on Ti-oxo SBUs.* The reduction of Ti-O donor ligand on Tis-SBUs significantly enhances
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the electronic density of Co'"-H catalysts to effect arene and heteroarene hydrogenation with

exceptional activities.

6.2 Results and Discussion

6.2.1 Synthesis and Structure of CoCI-TisBDC

The TigBDC MOF, with the formula of TigOg(OH)4(BDC)s, was prepared from

solvothermal reactions of Ti(O'Pr)s and H,BDC in methanol and DMF according to the literature

procedure.® TigBDC was deprotonated with LiCH2SiMes to generate a TisOg(OLi)4(BDC)s

intermediate, then metalated with 1 equiv. of CoCl; to afford CoCI-TigBDC as a turquoise solid

(Figure 6-2). CoCl, was only added in an equivalent amount to avoid over-coordination that leads

to non-uniform species. The Co content in the metalated MOF was determined to be 0.7 Co per

Tig node by ICP-MS.
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Figure 6-2. Depiction of the tetradentate binding pocket of the Tis node and the cobalt coordination

environment within the binding pocket.

The CoClI-TigBDC particles maintained the plate-like morphology of TisBDC by TEM

imaging (Figure 6-3a). The BET surface area of CoCl-TigBDC was evaluated by nitrogen sorption
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isotherms to be 1479 m?/g, indicating the CoCl-TisBDC maintained similar porosity to TisBDC

precursor, which has a BET surface area of 1552 m?/g (Figure 6-3b).
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Figure 6-3. (a) TEM image of CoCI-TisBDC, showing the same morphology as pristine TigBDC.
The scale bar is 1 um. (b) Nitrogen sorption isotherms of TisBDC and CoClI-TigBDC.

The crystallinity of CoCI-TigBDC was characterized by PXRD analysis (Figure 6-4). The
PXRD patterns of CoCI-TisBDC (blue) is identical to that of pristine TisBDC, indicating the high

framework stability toward metalation.

CoCI-TigBDC

Ti_.BDC (exp)

Ti BDC (simu)

5 10 15 20 25
20
Figure 6-4. PXRD pattern of CoCI-TigBDC compared to that of non-metalated MOF.
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The Co coordination environment of CoCI-TigBDC was first optimized by DFT calculation
using the Perdew-Burke—Ernzerhof (PBE) functional.*>1¢ DFT optimization converged at a
geometry where the octahedral cobalt ion was docked into the tetraoxo binding pocket within Tisg
octagonal plane, by coordinating to two anionic bridging-oxo (u2-O°) groups in the axial positions
and two neutral bridging-oxo (u2-O) groups in the equatorial positions (Figure 6-5). The other two
coordination moieties from chloride and THF are located above and below the Tig plane. The Tisg
node thus acts as a tetradentate oxide ligand to form the [(u2-O)2(u2-O")2CoCI(THF)] species. The
average calculated distances for Co-(p2-O") is 2.05 A and Co-(p2-O) distance is 2.27 A, consistent
with the general trend that anionic oxide ligands form shorter M-O bonds than the neutral oxo
ligand. Spin density plot from DFT calculation indicates the spin-localization around Co center,

as a result of having divalent Co with three unpaired electrons (Figure 6-6).%7

0 [Ti]

1.98
O/Il,,, ”,u\\“THF
(0]

CoCl-TigBDC

Figure 6-5. Optimized structure and measured bond distances of CoCI-TigBDC fragment.
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Figure 6-6. Spin density plot of CoCI-TigBDC fragment, side view (left) and top view (right). The
Co center have a spin density of 2.79.

The calculated structural model well fitted the Co K-edge EXAFS of CoCI-TisBDC, with
average fitted distances for Co-(u2-O") of 2.03 A and Co-(u2-0) of 2.25 A (Figure 6-7). These
Co-(OTi) experimental bond distances are consistent with that calculated from DFT and those

reported in the literature.
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Figure 6-7. EXAFS spectra (gray circles) and fits (black solid line) in R-space at the Co K-edge
adsorption of CoCI-TisBDC.
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6.2.2 Co' center in CoH-Ti'"»Ti'VéeBDC

The CoClI-TigBDC material was treated with NaBEtzH to activate the Co-Cl bond. The
MOF color immediately changed from turquoise to navy and then to black with concomitant
evolution of Hz to afford “CoH-TigBDC” as a black solid. This process was proposed to proceed
via Co-mediated reductive elimination of H> from two Co-H groups, while the electron from the
hydrides were spillover to the Ti'V centers (Figure 6-8). Several reactivity and spectroscopic
studies were performed to validate the structure and electronic properties of the proposed CoH-

Ti", Ti'VeBDC species.
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Figure 6-8. (a) Proposed reduction of CoCl-TisBDC to Ti';Ti'V6-BDC-CoH with NaBEtsH via
electron spill-over from Co to Ti through reductive elimination of Ha.

The Co K-edge EXAFS spectra significantly changed after the NaBEtsH activation

(Figure 6-9). The peak intensity has decreased and the peak position has shifted to lower R,
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indicating the absence of Co-Cl scattering pathway. This experiment suggests the successful

activation of strong Co-Cl bond through NaBEtsH treatment.
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Figure 6-9. Comparison of EXAFS spectra of CoH-TigBDC and the CoCI-TigBDC precursor.

EPR, XPS, and XANES were employed to determine the Co oxidation state after the
NaBEtzH reduction process. The EPR spectra of the reduced sample in toluene clearly displayed
two sets of intense signals (Figure 6-10). The first sharp isotropic signal, with a g-value of 1.94,
agrees with those of Ti'"! species reported in the literature.’2° The second set of broad signals,
with an average g-value of 2.32, is consistent with the high-spin state of a divalent octahedron Co
species reported in the literature.2* High-spin Co"' centers indicate the weak field nature of the oxo
ligands, which is different from those of the widely investigated C-, N-, or P-based pincer
ligands.?223 Such oxo-based ligands are difficult to access in molecular systems for their tendency
to bridge multiple metal centers, highlighting the unique advantage of anchoring catalysts onto

MOF nodes.
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Figure 6-10. Proposed Co electron configuration in CoH-Ti";Ti'V¢BDC and the EPR spectra at

80 K (black), 130 K (red), and 293 K (blue). The signal from Ti'"" is shaded in yellow, and the
signals from Coll are shaded in blue.

Co 2p XPS data of the reduced MOF displayed strong 2ps2 and 2p12 peaks at 781.4 eV
and 797.4 eV along with strong 2ps2 and 2p1» shake-up peaks at 786.8 eV and 803.4 eV, which
are characteristic of a Co'' species (Figure 6-11). The Co K-edge XANES spectra of CoH-
Ti'",Ti'VeBDC was compared against that of CoCl, standard, which shows identical pre-edge
feature at 7709 eV, further proving the divalency of Co centers in CoH-Ti"';Ti'V¢BDC. Both the
EPR, XPS, and XANES spectra indicated Co' centers were maintained during the treatment with

NaBEtsH, we thus inferred the reduction occurred exclusively at the Ti centers.
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Figure 6-11. (a) Co K-edge XANES spectra of CoCI-TisBDC (blue), Ti"';Ti'Ve-BDC-CoH (red)
and Ti'VsBDC-CoH (black) compared against CoCl, (magenta). The pre-edge of the three MOFs
aligned well to that of CoCly, showing Co' centers in all three MOFs. (b) Co 2p XPS spectra of
Ti'", TiVe-BDC-CoH displayed 4 peaks at 781.4 eV (2psr2), 786.8 eV (2ps.2 shake-up), 797.4 eV
(2p112) and 803.4 eV (2p1/2 shake-up).

6.2.3 Ti'"! center in CoH-TisBDC

Besides the Ti'' EPR features at g-value of 1.94, the partial reduction of Ti'V to Ti'"' was
also evidenced by XPS and XANES analysis. The TigBDC was used as a standard for analysing
Ti 2p XPS data, which displayed 2ps» peaks at 458.8 eV and 2pi1/» at 464.6 eV. For the CoH-
Ti'", TiVeBDC, The Ti overall 2ps2 and 2pas2 binding energies shifted lower to 458.4 eV and 464.3
eV, respectively, consistent with partial reduction of Ti'V centers (Figure 6-12). Fitting of the 2pa.2
peak with Ti'"' and Ti'"V components converged at 1:3 ratio, with binding energy of 458.0 eV for
Ti"'and 458.5 eV for Ti'V. The two additional signals at 461.2 eV and 466.9 eV are likely the Ti'"

shake-up satellites, which are characteristic features of the unpaired d electrons of Ti'' centers.26-

27
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Figure 6-12. Ti 2p XPS spectra of Ti'VsBDC (bottom) and CoH-Ti";Ti"VeBDC (top). The
experimental data (gray circles) fit well (gray bold line) with a 3:1 ratio of Ti'" and Ti'"" species.

The Ti pre-edge feature of CoH-Ti'"; Ti"VeBDC showed an overall 0.3 eV shift to lower
energy than that of CoClI-Ti'VgBDC, due to the presence of Ti'' centers which enables the lower

energy 1s—3d! transition in addition to the Ti'V centered 1s—3d° transition (Figure 6-13).

Furthermore, the pre-edge region of CoH-TigBDC has higher overall intensity than that of the
CoClI-TisBDC, presumably due to the distortion of [Ti'"Og]* or [Ti'VOs]?* octahedra caused by the
partial reduction, which leads to higher probability of spin-forbidden 1s-3d transitions. In contrast,
a CoH-Ti'VsBDC control (described later) displays identical pre-edge features as CoCl-TisBDC,

validating the XANES features changes result from the Ti'' centers.27-28
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Figure 6-13. XANES analysis of CoCI-Ti'VsBDC (blue), CoH-Ti";Ti'V¢BDC (red), and CoH-
Ti'VsBDC (black) at the Ti K-edge pre-edge region.

To quantify the amount of Ti'"! species per Tis cluster, the reduced MOF was titrated with
ferrocenium hexafluorophosphate (FCPFs, 1 mM in CH2Cl>) to determine the amount of ferrocene
product.2* GC quantification indicated the formation of 2.07+£0.11 equiv. of ferrocene w.r.t. Co.
The Co" centers were not oxidized by Co XANES analysis. The hydride groups in Co-H were
known to be poor reductants through electron transfer pathway.?> We thus conclude that the Fc*
oxidation reaction only occurs at Ti"' centers, suggesting a Ti'"'»Ti'Ve composition of the Tis node,
giving the overall formula of Co""H-Ti"';Ti'V¢BDC. EXAFS fitting revealed that the Co centers in

the oxidized MOF maintained identical coordination environment (Figure 6-14). CoH-Ti'VsBDC

was used as a control for both spectroscopic analyses and catalytic reactions in subsequent studies.
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Figure 6-14. (a) Oxidation of Ti"' to Ti'V with FcPFs through an electron transfer reaction. (b)
EXAFS spectrum (gray circles) and fit (black solid line) in R-space at the Co K-edge adsorption

of CoH-Ti'VsBDC. The scattering paths of Co to THF-oxygen (wine), axial oxo (red), equatorial
oxo (pink), hydride (gray), and titanium (purple) are shown in dashed lines.

The Co coordination environment and electronic structure in Ti"';Ti'Ve-BDC-CoH were
studied through DFT calculation using the PBE functional. The DFT optimized structure was
shown in Figure 6-15. The Co centers in CoH-Ti'"';Ti"VeBDC maintained a similar coordination
geometry to that in CoCl-TisBDC. The calculated Co-(u2-O) distance is 1.94 A and the Co-(p.-
0) distances are 2.10/2.41 A. The spin density of the system was calculated to determine the
electronic configuration of this system with five net spins (two on the Ti'" pair and three on Co').
The spin calculation indicates the spin density is localized both on the Co' center and the
neighbouring Ti"" centers, matching well with the assigned oxidation states for these metals. The

overall doublet spin state, which features ferromagnetic coupling between the two Ti'"' centers and
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antiferromagnetic coupling between the Ti"' and Co" centers, has lower energy than the quartet
and sextet spin states. Interestingly, other than the two proximal Ti'""' centers to Co'", the remote
Ti'V centers also displayed small amount of spin density, possibility due to spin-delocalization
through different Ti centers (Figure 6-16). The fine details regarding the energy profile and

interconversion of different spin states require further study.

Figure 6-15. DFT optimized geometry of CoH-Ti',Ti'V¢BDC and the bond distances around Co
center.

Figure 6-16. Spin density plot of Ti"';Ti'Ve-BDC-CoH fragment with doublet spin state, side view
(left) and top (view).
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The calculated structure of CoH-Ti"'; Ti'"VeBDC is a very good model to fit the Co K-edge
EXAFS data, with the fitted Co-(2-O") distance of 2.00 A and the Co-(u2-O) distance of 2.17/2.48

A. The bond distances from EXAFS fitting are given in Figure 6-17.
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Figure 6-17. EXAFS spectrum (gray circles) and fit (black solid line) in R-space at the Co K-edge
adsorption of CoH-Ti"VeTi'"',BDC. The scattering paths of Co to THF-oxygen (wine), axial oxo
(red), equatorial oxo (pink), hydride (gray), and titanium (purple) are shown in dashed lines.

6.2.4 CoH-Ti"">Ti'VeBDC catalyzed arene hydrogenation

Arene hydrogenation is an important industrial process to produce of a large diversity of
commodities and fine chemicals, including cyclohexane analogues, polyester monomers, and
plasticizers. With the ever stringent environmental and health regulations over carcinogenic
aromatic compounds, dearomatization reactions like arene hydrogenation are playing a bigger role
in diesel fuel refining/upgrading and polymer productions. Conventional arene hydrogenation
catalysts are based on Ni, Ru, Pd, or Pt nanoparticles supported on metal oxides or carbon materials.

However, the exact structures and reaction mechanisms of these catalysts remain elusive due to
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the complication from the multiple catalytic species and involvement of multimetallic catalytic

pathways.

Although many small-molecule complexes were reported to hydrogenate arenes, most of
them were later shown to be simply precursors to nanoparticle catalysts, evidenced by their long
induction periods, short life times, and mercury deactivation. Arenes are very inert and only
weakly coordinate to single metal center, so they are very difficult to hydrogenate with a
monometallic catalyst. To date, there are very few examples of single-site arene hydrogenation
catalysts, either for late transition metals or early transition metals. CoH-Ti'VeTi"",BDC is a unique
MOF-based single-site solid catalyst which represents a unique platform to study non-nanoparticle

catalyzed arene hydrogenation.

Benzene was chosen as the model compounds to optimize reaction conditions. Even at
room temperature, CoH-Ti"V¢Ti'";BDC catalyzed the hydrogenation of benzene to cyclohexane in
66% yield, with a TON of 330. At elevated temperature of 120 °C under 50 bar Hz, only 0.05 mol%
of CoH-Ti'V6Ti",BDC catalyst was needed to quantitatively hydrogenate benzene in 1.5 h,
affording a TOF of 1333 h! (Table 6-1). At 140 °C and 120 bar Hz, an impressive TOF of 7017
h"t was obtained with a catalyst loading of 0.005 mol%. To our knowledge, this is one of the
highest TOFs reported for a benzene hydrogenation catalyst, and one of the very few catalysts to
hydrogenate benzene under room temperature. Exceptionally high TOFs were also obtained with
substituted arenes. At 160 °C and 50 bar Ha, toluene was hydrogenated to methylcyclohexane in

42% vyield in 1.5 h, with a TOF of 5600 h™.
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Table 6-1. Optimization of CoH-Ti",Ti'"VeBDC catalyzed arene hydrogenation.?

Reaction Catalyst (mol % Loading) T(°C) Time Yield TON TOF (h?)
1 CoH-Ti";Ti'V¢BDC (0.05 %) 120 1.5h 100% >2000 1333
2b CoH-Ti",TiV¢BDC (0.005 %) 140 15h 53% 10526 7017
3 © - O CoH-Ti",Ti'V¢BDC (0.05 %) 80 18h  100% >2000 111
4 CoH-Ti'",Ti'V¢BDC (0.2 %) 25 18h 66% 330 18
5 CoH-Ti",Ti'V¢BDC (0.005 %) 160 15h 42% 8400 5600
6 Ej/_> O/ CoH-Ti";TiVeBDC (0.05 %) 120 15h 76% 1520 1013
7 CoH-Ti'VgBDC (0.05 %) 120 15h 0% 0 0

3Reaction conditions: Parr high pressure reactor, freshly prepared CoH-Ti"';Ti'V¢BDC, neat arene
substrate, 50 bar Hz unless specified. ®120 bar Ha.

CoH-Ti", Ti'VeBDC was reused for at least 6 times for benzene hydrogenation without any

drop in yields, highlighting the robustness and recyclability of this catalyst (Figure 6-18). The

amount of Co and Ti leached into the reaction mixture is less than 0.1%, indicating the high catalyst

stability under reaction condition, even at very high temperature of 160 °C.
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Figure 6-18. Recycle experiment for Ti'";Ti'Ve-BDC-CoH catalyzed benzene hydrogenation.
Arrow indicates catalysts reactivation with NaBEtsH before that run.
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Mercury test on the CoH-Ti"';Ti'V4BDC catalyzed benzene hydrogenation ruled out the
role of Co nanoparticles. The high thermal stability of CoH-Ti";Ti"VéBDC is crucial in terms of

potential industrial application considering the exothermic nature of arene hydrogenation reactions.

To investigate the impact of metal-support interactions on the catalyst performance, the
CoH-Ti'VsBDC generated from FcPFs oxidation was also tested for toluene hydrogenation. At 0.05
mol% catalyst loading and under identical reaction conditions, Ti'VsBDC-CoH displayed no
catalytic activity while CoH-Ti'"', Ti'V¢BDC converted toluene to cyclohexane in 76 % yield (Table
6-1, entries 6-7). This experiment indicates that the reduction of Ti'Vs support to Ti'l,Ti'Ve is
crucial for the catalytic activity, by providing a more electron-donating Ti''-oxo ligand to afford
electron-rich high-spin Co' centers which efficiently dearomatize arenes. This result offers a
molecular understanding for the role of reduced Ti in the SMSI effect, which is often observed in

TiO2-supported catalysts but never validated with a model system.

CoH-Ti',;TiVeBDC catalyzed arene hydrogenation exhibited an exceptionally broad
substrate scope (Table 6-2). Mono-substituted benzenes, including toluene, ethylbenzene, cumene,
and n-propylbenzene, were readily hydrogenated to corresponding saturated hydrocarbons in
almost quantitative yields and TONs. Disubstituted benzenes, including p-, m-, and o-xylenes,
were quantitatively hydrogenated to corresponding dimethylcyclohexanes with TONs of 2000.
Mesitylene was hydrogenated to 1,3,5-trimethylcyclohexane in 84% yield at 160 °C. Impressively,
at 0.2 mol% catalyst loading, polyarenes, including naphthalene and fluorene, were
perhydrogenated in 100% and 85% vyields, respectively. One unique feature of MOF catalysts is
the size-exclusion effect, originating from the uniform shape and size of MOF channels/cages. In

contrast to fluorene, anthracene was hydrogenated in only 2% conversion under identical reaction
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conditions. Ti'",Ti'Ve-BDC-CoH is thus potentially useful in industrially relevant size-selective

arene hydrogenation.

Table 6-2. CoH-Ti";Ti"V¢BDC Catalyzed Hydrogenation of Nonpolar Arenes.

Co-Tig-BDC
R + Hy ——gp—R

©/\_> O/\gg% yield ©)\_> O)\85% yield ©/\/_> O/\l/o()% yield

[0.025 mol% Co, 120 °C] TON =3560  [0.05 mol% Co, 120 °c] 'ON =1700 (0.1 mol% Co, 120 °c] TON 1000
/©/_./©/100% yield \©/_>\©/ 100% yield ©/ — 5)/ 100% yield
TON = 2000 TON = 2000 TON > 2000
[0.05 mol% Co, 120 °C] [0.05 mol% Co, 120 °C] [0.05 mol% Co, 120 °C]
84% yield 100% yield O. . 85% yield
e
- TON = 4200 TON > 500 O TON = 425
[0.02 mol% Co, 160 °C] [0.2mol% Co, 120 °C] [0.2 mol% Co, 160 °C]
[0.2 mol% Co, 160 °C]
. .
2% conversion
0 % yield

Reaction conditions: Parr high pressure reactor, freshly prepared CoH-Ti'';Ti'V¢BDC, neat arene
substrate, 50 bar Ho.

CoH-Ti";TiVeBDC also tolerates a variety of polar substituents on arenes (Table 6-3).
Arenes with amino groups, including aniline, a-methylbenzylamine, and N-methylbenzylamine,
were all hydrogenated in high yields without substrate/product inhibition. Aryl ethers, such as
anisole and 1,4-dimethoxybenzene, and benzylic ethers, such as dibenzyl ether, were all
hydrogenated to corresponding cyclohexyl ethers in good yields without ether hydrogenolysis. The
hydrogenation of dialkyl phthalates and terephthalates to corresponding aliphatic esters models an
important industrial process for producing green plasticizers, which cannot be achieved with other

reported arene hydrogenation catalysts due to electron deficiency and steric hindrance. CoH-
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Ti'", TiVeBDC hydrogenated diethyl phthalate to produce diethyl cyclohexane-1,2-dicarboxylate

in 31% yield at 160 °C.

Table 6-3. CoH-Ti"';Ti'"V¢BDC Catalyzed Hydrogenation of Polar Arenes.

NH NH
©/ 2 O/ 2 ©)\NH2 O)\NHZ ©/\N/ O/\N/

[0.05 mol% Co, 160 °C] [0.1 mol% Co, 160 °C] [0.1 mol% Co, 160 °C]
32 % yield TON = 640 65 % yield TON = 650 81% yield TON = 810
R — —_
—_—
©/ O/ MeO MeO CO,Et CO,Et
[0.1 mol% Co, 120 °C] [0.2 mol% Co, 160 °C] [0.2 mol% Co, 160 °C]
62 % yield TON = 620 100 % yield TON = 500 31% yield TON = 360

o 0 [0.05 mol% Co, 160 °C]
©/\ /\© 52% yield TON = 1040

Reaction conditions: Parr high pressure reactor, freshly prepared CoH-Ti'"';Ti'V¢BDC, neat arene
substrate, 50 bar Ha.

6.2.5 CoH-Ti"'>Ti'VeBDC catalyzed heteroarene hydrogenation

Heteroarene hydrogenation is an efficient method to generate saturated heterocycles, which
are very common structural motifs in pharmaceuticals and biologically active natural products.
However, heteroarenes are generally more difficult to hydrogenate than other unsaturated
compounds due to the aromaticity-stabilization and the heteroatom inhibition. Impressively, CoH-
Ti", Ti'VeBDC is highly active for hydrogenating a broad scope of heteroarenes (Table 6-4). At
0.05 mol% loading, CoH-Ti";Ti'"VeBDC hydrogenated pyridine to piperidine in 94% yield without

forming any ring-cleavage side-products, making it one of the most active and selective catalysts
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for pyridine reduction. More hindered pyridines including 2,6-lutidine and 2,4,6-collidine were

also hydrogenated in almost quantitative yields to the corresponding piperidines.
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Figure 6-19. Recycle experiment for CoH-Ti";Ti'V¢BDC catalyzed 2,6-lutidine hydrogenation.

Furthermore, the catalyst was recycled 10 times for the hydrogenation of 2,6-lutidine
without any decrease in yields, supporting the heterogeneity and robustness of the MOF catalyst
(Figure 6-19). Quinoline derivatives including 3-methylquinoline and 2,6-dimethylquinoline were
also perhydrogenated to the corresponding decahydroquinolines in over 90% yields. For substrates
with a strong electron withdrawing group (e.g. 6-chloroquinoline), the hydrogenation only
occurred at the non-substituted rings. Other heterocyclic systems including indole and benzofuran,

were also semi-hydrogenated to indoline and dihydrobenzofuran in good yields.
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Table 6-4. CoH-TisBDC Catalyzed Heteroarene Hydrogenation.

rf;\ + n. _Co-Tig-BDC "
—_—
e 7 or ' | 2 18 h or L¢

N ~
~ Nig

O O 94%y|eld N TON =500

N TON= 1880; (0.2 mol% Co, 160 °C] H

[0.05 mol% Co, 160 °C]
N7 N TON =230
99 % yield [0.4mol% Co, 160 °C]H

TON = 1980:
: N N~ \TON =230

[0.05 mol% Co, 160 °C]
[0.4mol% Co, 160 °C] H
/fj\—;gj\ 95 % yield ’
= '
TON =475 : Cl cl
N N ; m . \@j 78 % yield
[0.2 mol% Co, 160 °C] ; N” N~ TON = 1560

[0.05 mol% Co, 160 °C] H

©j> ©f> 68 % yield P 73 % yield
N TON = 1360 g g

TON =243

0, o
[0.05 mo% Co, 160 C] [0.3 mol% Co, 120 °C]

Reaction condition: Parr high pressure reactor, freshly pre-pared Ti'"';Ti'V6-BDC-CoH, neat
heteroarene substrate, 50 bar Ho.

6.3 Conclusion

This chapter reports the use of the Tig(u2-O)s(u2-OH)s node of the TisBDC MOF as an
excellent molecular model of TiO, to support a single-site Co'-hydride catalyst for arene
hydrogenation. Upon deprotonation, the Ti-oxo clusters of TisBDC coordinated to Co" centers as
a tetradentate ligand to afford CoCI-TisBDC with well-defined coordination environment.
Treatment of CoCI-TigBDC with NaBEtsH leads to partial reduction of the Ti-oxo support through
reductive elimination of H, followed by electron spillover to Ti. The electronic property of Co''H-
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Ti",Ti'eBDC was established based on EPR, XPS, XANES, DFT, and ferrocenium titration
studies. The CoH-Ti";Ti'"VeBDC MOF features electron-donating Ti'"-oxo ligands which leads to
electron-rich high spin Co" centers. CoH-Ti";Ti'V¢BDC is one of few highly active structurally
well-defined, non-nanoparticle catalysts for arene and heteroarene hydrogenation. Interestingly,
the oxidized form of the catalyst (Co'"H-Ti'VsBDC) is totally inactive for arene hydrogenation,

_oxo cluster on the catalytic activity of Co''H species. The

therefore proving the crucial role of Ti
TigBDC MOF thus provides a molecularly precise model of metal oxo clusters for understanding
the SMSI effect of TiO2-supported heterogeneous catalysts. In general, the uniform structure of
MOF node-anchored catalysts allows for the spectroscopic and computational investigations of
catalyst structure and reaction pathways, thus promising deeper understanding of the key
parameters that modulate catalytic performances and guide the rational design of effective arene

hydrogenation catalysts to meet the ever increasing environmental and health regulations for the

chemical industry.
6.4 Experimental

6.4.1 Material and Methods

All of the reactions and manipulations were carried out under N2 with the use of stand-ard
inert atmosphere and Schlenk technique unless otherwise indicated. All solvents used were dry
and oxygen-free. All of the arene and heteroarene substrates were purchased from Fisher or
Aldrich. Solid substrates were used as received while liquid substrates were distilled and dried
over 4 A molecular sieves prior to use. Toluene and tetrahydrofuran were degassed by sparging

with N2, filtered through activated alumina columns, and stored under Na.

137



Powder X-ray diffraction (PXRD) data was collected on a Bruker D8 Venture diffrac-
tometer using a Cu Ko radiation source (I = 1.54178 A). N sorption experiments were per-formed
on a Micrometrics TriStar 11 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. Electron paramagnetic resonance (EPR) spectra were collected with a Bruker Elexsys 500 X-
band EPR spectrometer at 20 K. X-ray photoelectron spectroscopy (XPS) data was collected using
an AXIS Nova spectrometer (Kratos Analytical) with monochromatic Al Ka X-ray source. For
this instrument, the Al anode was powered at 10 mA and 15 kV, and the instrument work function
was calibrated to give an Au 4f7> metallic gold binding energy (BE) of 83.95 eV. Instrument base
pressure was ca. 1x10~° Torr, and the analysis area size was 0.3 x 0.7 mm?. For calibration
purposes, the binding energies were referenced to the C 1s peak at 284.8 eV. Survey spectra were
collected with a step size of 1 eV and a pass energy of 160 eV. ICP-MS data was obtained with an
Agilent 7700x ICP-MS and analyzed using ICP-MS Mas-sHunter version B01.03. Samples were
diluted in a 2% HNO3z 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. A Shimadzu GC-2010 Plus gas chromatograph equipped
with a flame ionization detector (FID) was used for gas chromato-graphic analysis (GC). Column:
SH-Rxi-5Sil MS column, 30.0 m in length, 0.25 mm in diame-ter, 0.25 pum 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. *H NMR spectra were recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz,
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and referenced to the proton resonance resulting from incomplete deuteration of CDCls (6 7.26)

or CsDs (5 7.16).

6.4.2 Synthesis of TisBDC

TigBDC was synthesized from 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 gen-
tly for 5 minutes at room temperature and then further inserted into a Teflon liner and put into a
metallic Parr bomb at 150 °C for 24 hours. After cooling to room temperature, the white solid was
recovered by centrifugation and then sequentially washed three times with DMF, three times with
THF, and three times with benzene. This solid was then freeze-dried in benzene and stored within

an N»-filled glove box.
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Figure 6-20. TEM image of the TisBDC MOF, showing thick-plate morphology. Scale bar is 1
um.
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6.4.3 Synthesis of CoCI-TisBDC

In an N2-filled glovebox, LiCH2SiMes (1.0 M in pentane, 2.3 mL, 10 equiv. to Tig node)
was added dropwise to a suspension of Tig-BDC (500 mg, 29% solvent content by TGA, 0.23
mmol Tig node) in 15 mL hexanes, and the resultant light-yellow mixture was stirred at 25 °C for
6 h. The resulting light-yellow solid was collected through centrifugation, and washed with
hexanes six times. The lithiated Tis-BDC was then transferred to a vial containing 11.5 mL of a
CoCl; solution in THF (20 mM). This mixture was stirred for 12 h at 25 °C and the turquoise solid
was then centrifuged and washed with THF five times. The Tig-BDC-CoCl was freeze-dried in
benzene and stored in the glovebox for further use. ICP-MS analysis showed a Ti/Co ratio of 11.4,
indicating 0.7 Co per Tig node. PXRD, TEM and BET showed the crystallinity of MOF was

maintained after metalation.

6.4.4 Typical Procedure for CoH-Ti'">Ti'VeBDC Catalyzed Arene Hydrogenation

Scheme 6-1. Hydrogenation of benzene to cyclohexane.

© CoH-Ti",Ti"V(BDC (0.05 mol % Co)
50 bar H,, neat

120°C, 18 h

The Ti'",Ti'Vs-BDC-CoH catalyzed hydrogenation of arenes was set up in Parr reactor.
Typically, in an N-filled glove box, CoCl-TigBDC (5 umol of Co) in 1.0 mL heptane was charged
into a glass vial. NaBEtsH (10 equiv. to Co, 50 uL, 1.0 M in toluene) was then added to the vial
and the mixture was reacted for 30 min. The solid was then centrifuged, washed with heptane three
times, and transferred to a Parr reactor with a glass liner using benzene (0.89 mL, 10 mmol). The
reactor was sealed in the glovebox, and then charged with hydrogen to 50 bar. After stirring at

120 °C for 18 h, the pressure was released and the MOF catalyst was removed from the reaction
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mixture via centrifugation. The supernatant was then analyzed by *H NMR, revealing a 100% yield
of cyclohexane. ICP-MS analysis of the supernatant showed <0.1% leaching of Co from the CoH-

Ti",Ti'VeBDC catalyst.
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Flgui’e 6-21. *H NMR spectrum (500 MHz, CDCls) of crude reaction product, showing complete
hydrogenation of benzene to cyclohexane.
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Chapter 7. Cerium-Hydride SBUs in a Porous MOF for Catalytic

Hydroboration and Hydrophosphination

7.1 Introduction

MOFs provide a unique approach to develop reusable and highly active single-site solid
catalysts via direct solvothermal synthesis or post-synthetic functionalization.! All the structural
components of MOFs, including their inorganic nodes, organic linkers, and void spaces, have been
used to install catalytic species.>? In particular, the previous chapters have discussed the
straightforward metalation of bridging hydroxides in MOF nodes to provide an intriguing
opportunity to design single-site solid catalysts that do not have homogeneous counterparts.
However, the direct use MOF nodes for catalysis has been very rare and has been mostly limited
to weak Lewis acid or Brgnsted acid catalysts. This chapter describes one of the few examples of
straightforward transformation of MOF SBU into organometallic-type of catalyst for challenging

organic reactions.

Lanthanide (Ln) catalysts are used for a wide range of reactions, including polymerization,
hydroamination, hydrogenation, hydroboration, Diels-Alder reactions, and Aldol reactions.!3-23
They are more favored for these reactions due to their high natural abundance, low toxicity, and
better tolerance to inhibitive functional groups (e.g. phosphines) than precious metal catalysts.?*
While most lanthanide catalysts are based on La, Sm, and Lu, little effort has been devoted to the
more abundant Ce, despite its broadly application in stoichiometric organic transformations.?>-?°

Furthermore, Ln catalysts are often supported on sterically hindered ligands, notably ns-CsMes

(Cp*), to prevent catalyst disproportionation and oligomerization. These ligands restrict the
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electronic and steric tuning of catalyst properties. Although some elaborately designed ligands like
Me,Si(Cp*)2 can increase the open space around Ln centers, their syntheses are typically lengthy
and laborious. 3031 We thus aimed to develop new synthetic strategies to produce Ln catalysts with

low steric hindrance and unique electronic properties.

In this chapter, we explore the direct transformation of the Ce'Vg(us-O)a(us-
OH)4(OH)e(OH2)s nodes in a new Ces-BTC MOF into previously unknown metal-hydride nodes
with the formula of Ce'"'s(uus-O)a(us-OLi)a(H)s(THF)s and its application in catalytic
hydroboration of pyridines and alkenes as well as hydrophosphination of alkenes. The CesHs-BTC
catalyst exhibits superior activity and unique regioselectivity than existing homogeneous

lanthanide catalysts as a result of having low steric hindrance and unique electronic properties.
7.2 Results and Discussion

7.2.1 Ce oxidation state in Ces-BTC

Ces-BTC was synthesized in 54% yield by reacting (NH4).Ce(NOz)s with HzBTC in a
mixture of DMF and H20 at 100 °C for 15 min (Figure 7-1). The Ce oxidation state of Ces-BTC
was investigated through XANES analysis, by using (NH4)2Ce'V(NO3)s and Ce'''Cl; the tetravalent
and trivalent standards. The Ce'V species features a set of two peaks at the L-edge, while Ce'"
features has only a single peak with lower edge-energy. Ces-BTC displayed a set of two edge peaks
with the energy of 5730 and 5738 eV that are identical to the Ce' standard, indicating the
tetravalent oxidation state in Ces-BTC (Figure 7-2). We attributed the stability of Ce'V toward
potential reductants (either DMF or water) under high temperature to the strong electron-donation

of bridging oxide/hydroxide groups and the carboxylates.
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Figure 7-1. Synthesis and the structural model of Ces-BTC. The structure features a large
uniform channel with the diameter of 22 A.
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Figure 7-2. XANES analysis of Ces-BTC (blue) shows the Ce'V oxidation state in the as prepared

Ces-BTC MOF. XANES spectra of CeClz and (NH4)2Ce(NO3)s were shown in red and black,
respectively.
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'H NMR of digested Ces-BTC in DsPO4/DMSO-ds showed only the signals of HsBTC and
adsorbed  solvents, consistent with the proposed formula of CeVe(usO)a(us-
OH)4(OH)e(OH2)s(BTC)2. The proposed Ceg structural model well fitted the Ce Lz EXAFS data,
with an average Ce-OH/Ce-OH, distance of 2.43 A, similar with the typical Ce'V-O distances

(Figure 7-3).

3r o Real (exp) N i ,
I Real (fit) AN ! /
. P ,
2+ o IFT (exp) PN
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= 1 HO | =1~ OH
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Figure 7-3. XAFS fitting on Ces-BTC and the chemical structure of the fitting model.

The Ce coordination environment of [(u3-0)2(us-OH)2(u2-CO27)2]Ce(OH)(OH2) in Ces-
BTC is analogous to that of Cp.Ln(X)(L) (X = anionic ligand and L = neutral ligand) which have
been widely used in many catalytic reactions. A structural model of Ces-BTC indicates that Ce-
OH and Ce-OH, moieties point toward the largest channel which has the diameter of 22 A,
affording low steric hindrance around the Ce centers. We thus sought to activate the Ce(OH)(OH>)
sites to prepare Ce catalysts that are readily accessible to organic substrates through the large open

channels of Ces-BTC.
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7.2.2 Synthesis of CesHs-BTC

Ces-BTC was activated by deprotonation with LiCH.SiMes followed by reduction with
pinacolborane (HBpin) to generate the first MOF-supported Ce-hydride catalyst for several
important organic transformations. The lithiated MOF, denoted Ces(OH)12-BTC, was obtained by
treating Ces-BTC with 10 equiv. of LiCH2SiMes (w.r.t. Ce) to deprotonate (p3-OH)Ce(OH)(OH>)
to form [(us-OLi)Ce(OH)2]Li, and generate SiMes as the by-product (Scheme 7-1). The amount
of SiMes was used to probe the deprotonation step. After removing Ces(OH)1-BTC, 1.74+0.15
equiv. of SiMes (w.r.t. Ce) was detected in the supernatant by *H NMR, which corresponds well
to the calculated result of 1.67. ICP-MS analysis of Ces(OH)12-BTC gave a Li/Ce ratio of
1.69+0.05, also matching our calculated result of 1.67. Based on these quantitative studies, the

formula of Ces(OH)12-BTC was proposed to be Ce'Ve(ps-0)a(us-OLi)a[(OH)12Lis] (BTC)2.

Scheme 7-1. Activation of Ces-BTC to form Ceg(OH)12-BTC through lithiation with
LiCH2SiMes.
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Ces(OH)12-BTC was reduced to form CesHs-BTC by treatment with HBpin at 60 °C in
THF for 6 h (Scheme 7-2). GC analysis of the head space gas indicated the production of 0.5 equiv.
of Hz w.r.t. Ce. After removal of CegHs-BTC, 2.02+0.14 equiv. of HOBpin (w.r.t. Ce) was detected
in the supernatant by *H NMR, which corresponds to our calculated result of 2 equiv. The identity
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of HOBpin was confirmed using !B NMR, which showed chemical shift & of 22.7 ppm, close to

literature reported value.

Scheme 7-2. Activation of Ce-OH to form CesHe-BTC using HBpin.
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Based on the formation of 0.5 equiv. of H> and 2 equiv. of HOBpin, we propose that the
reduction occurred via an H/OH exchange between HBpin and Ce(OH), to form Ce'V(H). and
HOBpin, followed by bimetallic reductive elimination of H, from neighboring Ce'V(H). species to

form Ce""H(THF), with the concomitant formation of 0.5 equiv. of H, w.r.t. Ce (Scheme 7-3).

Scheme 7-3. Proposed bimetallic reductive elimination mechanism to generate Ce'''sHs-BTC.

0
— " -
AN N/
. . . MO /~——d.n
Ceg(OH),,-BTC H/O/// \\b\H Bimetallic Reductive //Ce/cem Ce "
Lit H H L Sol 0
I Li N Elimination Lit H Sol
L HBpin —» S Li > ' Li Li*
H “Ce™ _H - 0.5 equiv. H, 0
> < H\Ce'“/ceW\Ce'"/SOI
TN o /
- i+ -
O§LI/O \O Lit d
! %z/
! 1
! 1
. . . 1
Dihydride Intermediate CegH,-BTC

149



XANES of CegHs-BTC showed a single Ce peak at 5726 eV, identical to the absorption
feature of CeCls (Figure 7-4). The amount of hydride in CesHe-BTC was confirmed by treating
CegHs-BTC with hydrochloric acid. The reaction immediately generated 0.98+0.11 equiv. of Hy,

while no Hz was observed when Ceg-BTC or Ceg(OH)12-BTC was treated with hydrochloric acid.

Ce 'H-BTC

— OH-BTC

E— -BTC

Normalized y(E)

ce'cl,

—— (NH,),ce"(NO),

| L | L | L | L | L |
5680 5700 5720 5740 5760 5780
Energy (eV)

Figure 7-4. XANES analysis of Ces-BTC (blue), Ces(OH)12-BTC (pink), and CesHs-BTC
(green) shows the reduction of Ce'V in Ces(OH)12-BTC to Ce'!' in CegHs-BTC.

The proposed Ce'"H(THF) coordination model fitted well to the Ce Lz edge EXAFS data
of CegHe-BTC, with an R-factor of 0.015 (Figure 7-5). The fitted Ce'""'-(us-O) distance of 2.44 A
is slightly longer than the Ce'V-(js-O) distance of 2.25 A in Ces(OH)12-BTC, which is consistent
with the larger Ce""" ionic radius than Ce'V. The Ce[(ps-0)2(us-OH)2(u2-CO2)2] moiety is expected
to be more electron-deficient than other organolanthanide catalysts (e.g. Cp*.Ln), therefore

potentially endowing the CegHs-BTC catalyst with better activity and unique selectivity.
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Figure 7-5. XAFS fitting on CesHs-BTC confirms the proposed structure for the catalytic species.
The R factor is 0.0146.

The PXRD pattern of CegHs-BTC is identical to that of Ces-BTC, indicating that the
framework structure remains intact after the lithiation and reduction (Figure 7-6). The framework
porosity of is maintained after desolvation. Ce'"'sHs-BTC has a BET surface area of 721 m?/g based
on N2 sorption isotherm, which is very similar to that observed for Ces-BTC (Figure 7-7). Pore

size distribution analysis of CesHs-BTC shows two types of pores at 15 A and 19 A.

CeH-BTC
(after hydroboration of pyridine at 1st run)

CeOH-BTC
(after activation with LiCH_SiMe,)

Ce-BTC
(as synthesized)

5 10 15 20 25

Figure 7-6. PXRD patterns of CesHs-BTC compared to that of Ces(OH)12-BTC and Ces-BTC.
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Figure 7-7. Nitrogen sorption isotherms (77 K) and the pore size distributions of Ce¢He-BTC.

7.2.3 CesHs-BTC catalyzed pyridine hydroboration.

CesHe-BTC is a highly active catalyst for pyridine hydroboration with high 1,4-selectivity.
1,4-dihydropyridines are an important class reducing reagents, and important building block for
natural products and biologically active intermediates. Although hydroboration of pyridines
provides a convenient synthetic route to 1,4-dihydropyridines, but at the time of this report, only
one organoborane catalyst and one example of ruthenium catalyst were reported to effect 1,4-
selective hydroboration reactions. At 4 mol% CesHe-BTC catalyst loading and 80 °C, pyridine
was efficiently reduced by HBpin in 71% yield with almost exclusive 1,4-selectivity (Table 7-1).
The 1,4-selectivity is distinct from other lanthanide catalysts which exclusively prefer 1,2-
selectivity. The pyridines hydroboration by CesHe-BTC also has a broad substrate scope. At 2-4
mol% catalyst loading, CesHe-BTC converted 3-bromopyridine and 3-methylpyridine to their
corresponding 1,4-addition products in high yields and only with small amounts of 1,2-addition

byproducts. 3,5-disubstututed pyridines (e.g. 3,5-dimethylpyridine) was also hydroborated in high
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yield by using 10 mol% CesHes-BTC. CesHs-BTC also exhibited good hydroboration activity for

quinoline.

Table 7-1. CesHe-BTC Catalyzed 1,4-Selective Hydroboration of Pyridine Derivatives.
AN R AN R BN R
- N . Ceg(OH)g-BTC 0 - N
- | _J t+ HBpin > . | + . |
SN 80°C,36h Sy Sy

N N N N
Bpin Bpin Bpin Bpin Bpin
4 mol% Ce 2 mol% Ce 4 mol% Ce
71% (32:1) 51% 80% (1.5:1)
Me Me Me N Me .\ N
| 4+ |
y N N N
Bpin Bpin Bpin Bpin
10 mol% Ce? 2 mol% Ce
73% (5.3:1) 86% (3:1)

The reaction yields are based on *H NMR by using mesitylene as an internal standard.

7.2.4 CesHs-BTC catalyzed alkene hydroboration.

CesHe-BTC is also active in the hydroboration of alkenes, a useful catalytic reaction for
the facile reduction of alkenes. Reacting styrene and 1.5 eq. of HBpin with 0.1 mol% CesHe-BTC
catalyst loading at 80 °C for 18 h selectively gave the anti-Markovnikov addition product in 40%
yield (Table 7-2). Increasing catalyst loading to 0.5 mol% afforded the addition product in 79%
yield. The hydroboration reaction has a very broad substrate scope for alkenes. Both styrene

derivatives (e.g. 4-fluorostyrene, a-methylstyrene) and aliphatic alkenes (e.g. allylbenzene, 1-

octene) were effectively hydroborated in high yields.
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Table 7-2. CesHe-BTC Catalyzed Hydroboration of Alkenes.

R? Ce,(OH),-BTC R?
6 6 .
+ HBpin > Bpin
Rl& P 80 °C, 18 h Rl)\/
Catalyst Loading . 0/a
Entry  Substrate (mol% Ce) Yield (%)
1 ©/\ 0.1 40
2 0.5 79
SN
3 1 99
F
/
4b O/\/ 1 90
5b S 1 97
6be Q)L 1 56

aNMR vyield using CHsNO: as an internal standard. ®36 h. ©100 °C.

7.2.5 CesHs-BTC catalyzed alkene hydrophosphination.

Alkene hydrophosphination is a powerful, direct, and atom-economical method to
synthesize organophosphines, which is an important class of compounds for agrochemical and
pharmaceutical industries. Moreover, organophosphines are among the most important ligands in
homogeneous catalysis. While several examples of alkene hydrophosphination have been reported,
the scope of substrates is very limited, and the examples for hydrophosphinating unactivated
aliphatic olefins are rare. CesHe-BTC efficiently catalyzed the hydrophosphination of various
unactivated alkenes. At 4 mol% Ce-loading, 1-octene was hydrophosphinated in 18 h to yield 74%

of n-octyldiphenyl phosphine (Table 7-3). Prolonging the reaction to 5 d afforded the addition
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product in 99% yield. The hydrophosphination reaction also proceeded for 1-decene and 6-
chlorohexene. The reaction also proceeds with more hindered substrates 2-methyl-1-pentene and

cis-B-methylstyrene with high activity.

Table 7-3. CesHe-BTC Catalyzed Hydrophosphination of Alkenes

R2 R?
CeH-BTC
> PPh
Rl)\ + HPPh, 80°C 54 Rl)\/ 2
R3 R3
Entry Substrate Product Cat. Loading Yield (%)“
(mol% Ce)
1° N PPh, 4 74
2 \HF’/\ \HS/\/ 4 99
3 \97/\ \97/\/ PPh, 4 75

PPh,

4 M N 4 80
Me Me
PPh, 12 50

7

6 PN Ph/ﬁ\T/PPhZ 12 41

alH NMR yield was determined by CHsNO> as an internal standard. *18 h. €100 °C.

The PXRD of CesHe-BTC recovered from hydroboration of pyridines and alkenes
remained the same as that of freshly prepared Cee¢Hs-BTC, indicating the high stability under
reaction conditions. We conducted several experiments to demonstrate the heterogeneity of CesHe-
BTC. We used ICP-MS to show that the amounts of Ce leached into the supernatant during the

hydroboration of pyridine and styrene and the hydrophosphination of 1-octene were less than 0.6%,
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0.75%, and 0.03%, respectively. Moreover, the CesHs-BTC could be recovered and reused 1 to 7

times for each of the above reactions without any loss of activity (Figure 7-8).

100 - m | 4-adduct =1 .2-adduct

Run

Figure 7-8. Plots of yields (%) of 1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-
dihydropyridine and 1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,2-dihydropyridine at
different runs in the recycling experiments of CeOH-BTC for hydroboration of pyridine with
pinacolborane. The Ce-loadings were 20 mol%.

7.3 Conclusion

This chapter reports the synthesis of a new Ces-BTC MOF with a Ce'Ve(uz-O)a(us-
OH)4(OH)s(OH2)s SBU, which was transformed to a [Ce'"'s(uz-O)a(us-OLi)a(H)s(THF)s]®* node.
The cerium hydride node is an active catalyst for the selective hydroboration of pyridine and
alkenes as well as the hydrophosphination of alkenes. The CesHs-BTC catalyst is more electron-
deficient and sterically open than other lanthanide catalysts, which likely accounts for the unique
1,4-regioselectivity for the pyridine hydroboration. MOF nodes thus have great potential for
sustainable chemical synthesis through transformation into single-site solid catalysts without

homogeneous counterparts.
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7.4 Experimental

7.4.1 Material and Methods

All of the reactions and manipulations were carried out under nitrogen with the use of
standard inert atmosphere and Schlenk techniques unless otherwise indicated. Tetrahydrofuran
was purified by passing through a neutral alumina column under N.. ds-Benzene was distilled
over CaH,. Alkenes and pyridine derivatives were purchased from Fisher, distilled and then dried
over 4A molecular sieves prior to use. (NH4)2Ce(NOs)s was purchased from Sigma-Aldrich and
used as received. Powder X-ray diffraction data were collected on Bruker D8 Venture
diffractometer using Cu Ka. radiation source (I = 1.54178 A). Nitrogen adsorption experiments
were performed on a Micrometrics TriStar 11 3020 instrument. TGA was performed in air using a
Shimazu TGA-50 equipped with a platinum pan and heated at a rate of 3 °C per min. 'H NMR
spectra were recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz or a Bruker NMR
400 DRX spectrometer at 400 MHz, and referenced to the proton resonance resulting from
incomplete deuteration of the CDCls (8 7.26) or CsDg (5 7.14). 3C NMR spectra were recorded
at 125 MHz, and all of the chemical shifts were reported downfield in ppm relative to the carbon
resonance of CDCls (5 77.00) or CsDs (5 128.00). 'B NMR spectra were recorded at 128 MHz,
and all of the chemical shifts were reported downfield in ppm relative to an external BFs*OEt
standard. The following abbreviations are used here: s: singlet, d: doublet, t: triplet, g: quartet, m:
multiplet, br: broad, app: apparent. Gas chromatography data were obtained on an Agilent 7890B
Gas Chromatograph. ICP-MS data were obtained with an Agilent 7700x ICP-MS and analyzed
using ICP-MS MassHunter version B01.03. Sample were diluted in a 2% HNO3s matrix and

analyzed with a ™ Tb internal standard against a 12-point standard curve over the range from
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0.1ppb to 500ppb. 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 replicates.

7.4.2 Synthesis and characterization of Ces-BTC

Ces-BTC was synthesized in 54% yield by treating (NH4).Ce(NO3)s with HsBTC in a
mixture of DMF and H20 at 100 °C for 15 min. This synthetic procedure is special compared to
the synthesis of Zr-MOFs because (i) no acidic modulator were added, and (ii) the reaction time is
very short. This is because the Ces SBU assembly is very dynamic and efficient. Because the MOF
synthesis is so quick, no crystal structure of Ces-BTC was obtained. Attempts to slow down the
MOF growth through the addition of acidic modulators leads to the reduction of Ce'V to Ce'"!, and
affording trivalent cerium-based MOFs with completely different structure and smaller channels.
The structure of Ces-BTC was modelled using the crystal structure of Zr-BTC (MOF-808) by
elongating the Zr-psO distance of 2.16 A to Ce-psO distance of 2.25 A, while maintaining the

space group and M-carboxylate bond distances.

Similarities between PXRD patterns of as-synthesized Ces-BTC and the simulated pattern
confirmed the spn topology (Figure 7-9). The Ce centers were believed to possess square
antiprismatic geometry, with a coordination environment of [(us-O)2(us-OH)2(u2-
C02)2]Ce(OH)(OHy), similar to the Zr coordination in MOF-808. Since Ce'V has a larger ionic
radius than Zr'V [r(Ce'V)=0.97 A and r(Zr'V)=0.84 A], the Ces node in Ces-BTC is larger than the
Zrs node in MOF-808, with a Ce-Ce distance of 3.74 A vs the Zr-Zr distance of 3.57 A. This
difference in SBU size leads to the shift of the first diffraction peak to lower angle than Zr-BTC

MOF.
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Figure 7-9. Comparison of experimental PXRD pattern (black solid line) with the simulated
pattern (blue solid line).

N2 sorption isotherms of Ces-BTC at 77 K gave a BET surface area of 1008 m?/g and a
largest pore size of 22 A, which corresponds well to the size of the hexagonal pore in the simulated

structure of Ces-BTC (Figure 7-10).
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Figure 7-10. Nitrogen sorption isotherms (left) of Ces-BTC (77 K, which gives calculated BET
surface areas of 1008 m?/g. DFT simulated cylinder-shape pore size distribution (right) shows that
Ces-BTC has the largest pore size of about 22A, which is consistent with the simulated Ces-BTC
structure.
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TGA analysis was adopted to investigate the thermal stability of Ces-BTC, and validate the
chemical composition of the material (Figure 7-11). The first weight loss (39.4%) in the 25—
240 °C temperature range corresponds to the removal of coordinated water molecules on Ce
centers and adsorbed solvents (e.g., benzene) in the pores. The second weight loss (39.8%) in the
240-800 °C temperature range corresponds to decomposition of CegOa(OH)10(OH2)s(BTC)2 to

Ce203 (experimental 39.8%; calculated 38.5%).
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Figure 7-11. TGA curves of freshly prepared Ces-BTC in the 25~800 °C range.
7.4.3 Quantification of SiMes during the Ces-BTC lithiation

After activation with LiCH2SiMes overnight using the aforementioned procedure, 5
equivalent of cyclohexane (100 umol) was added to the suspension as internal standard for *H
NMR. The MOF was removed by centrifugation, and one drop of supernatant was diluted with
CsDs and used for *H NMR. 1.74+0.15 equivalent of SiMe4 per Ce was detected after repeating
the same experiment for three runs, very close to calculated 1.67 equiv. from the proposed reaction.

Pentane was introduced as a result of the addition of LiICH2SiMes in pentane solution.
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Figure 7-12. 'H NMR of the liquid product from Ces-BTC activation with LiCH,SiMes showing
the formation of 1.74+0.15 equiv of SiMes per Ce.

7.4.4 Quantification of SiMes during the Ces-BTC lithiation

GC was used to quantify the head-space gases in the J.Young tubes during the reduction

of Ces(OH)12-BTC by HBpin. The figure below shows three different runs affording consistent

results. The amount of Hy, after subtraction of background, was calculated to be 10.2+0.26 umol,
which corresponds to 0.51+0.013 equiv. of Hz w.r.t. Ce (Figure 7-13).

The identity of HOBpin was confirmed using 1B NMR, which showed chemical shift § of
22.7 ppm, close to literature reported value (Figure 7-14). The frequency of the spectrometer is
128 MHz. MeNO: (2 equiv. to Ce) was used as internal standard. 2.02+ 0.14 equiv. of HOBpin

was detected w.r.t. Ce. Identity of HOBpin was confirmed by !B NMR (CDCls, 128 MHz). Peak
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position of detected boron species at 6 21.7 ppm matched well with the HO-Bpin standard at &

22.7 ppm; No peak matching HBpin at 6 28.4 (green) was observed (Figure 7-15).

-

Figure 7-13. GC trace of head-space gases during the reduction of Ces(OH)12-BTC by HBpin.
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Figure 7-14. *H NMR quantification of HOBpin in three runs.
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Figure 7-15. 1B NMR (CDCls, 128 MHz) for identifying HOBpin species.
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Chapter 8. Transformation of MOF SBUs into Hexanuclear Zr-Alkyl Catalysts

for Ethylene Polymerization

8.1 Introduction

The last chapter discussed the activation of Ce-OH bond with HBpin to form Ce-H species
as the active catalyst for multiple addition reactions. We are interested in extending this strategy
of using oxo-philic reagents to cleave hydroxide groups to other MOF systems. This chapter
discusses the stepwise and quantitative transformation of the ZrsO4(OH)4(HCO2)s nodes in Zre-
BTC (MOF-808) to the [Zrs04(OH)4Cl12]® nodes in ZrsCli2-BTC, and then to the organometallic
[Zrs04(OLi)4R12]% nodes in ZrR>-BTC (R = CH,SiMes or Me). Activation of ZrsCli,-BTC with
MMAO-12 generates ZrsMeg-BTC as an efficient catalyst for ethylene polymerization to produce
high-molecular-weight linear polyethylene. Compared to homogeneous Zr catalysts, ZrsMes-BTC
displays unique electronic and steric properties with the proximity of multiple active sites. MOF
nodes can thus be directly transformed into novel single-site organometallic catalysts for

polymerization reactions.

Group 1V metal complexes form an important class of catalysts for a broad range of
reactions including olefin polymerization, 2 hydrogenation, 3® hydroboration, 7 and
hydroamination. ! For most of these reactions, group IV metal catalysts are advantageous over
precious metals for their high natural abundance, low toxicity, and above all, unique reactivity
through ionic pathway. For example, several benchmark Zr-catalysts including zirconocenes, ansa-
zirconocenes, and constrained geometry catalysts (CGCs) have been developed over the past few

decades as highly active catalysts for olefin polymerization (Figure 8-1).% 12 All of these catalysts
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are coordinated with electron-rich Cp ligands or other ancillary ligands, including amido,
amidinate, aryloxide, and imine ligands. Here we report a simple strategy to directly transform the
Zre SBU into a hexanuclear Zr-alkyl species that is supported by all-oxygen ligand for olefin

polymerization.

Prior to this work, electrophilic Zr-benzyl species were supported on the SBUs of Hf-NU-
1000 to afford active catalysts for olefin polymerization.> MOF-based olefin polymerization
catalysts have also been generated by partial substitution of Zn centers in the ZnsCls SBUs of
MFU-4l with Ti or Cr species followed by MAO activation.'* However, the multimetallic nature
of metal cluster SBUs in MOFs has not been utilized for olefin polymerization. In homogeneous
system, there has been significant interest in developing multinuclear catalysts to harness the
cooperative effects of multiple metal centers to tune the molecular weight and the micro-structure
of polymer products. For example, dinuclear zirconocene catalysts and CGC catalysts generate
polyolefins with higher MW and branching content than their mononuclear analogs, which was
ascribed to agostic interactions and the bimetallic chain transfers process (Figure 8-1). We
hypothesize that MOFs can provide a novel strategy to access multinuclear Zr catalysts with
unique electronic and steric properties than homogeneous catalysts. We illustrate this approach by
transforming Zre-BTC to organometallic Zrg(O)s(OLi)4aR12LIs (ZrR2-BTC, R = CH2SiMes or Me)
and Zrg(0)4(OLi)sMes (ZrsMes-BTC) nodes. ZrsMes-BTC efficiently catalyzes the polymerization

of ethylene to generate high-MW linear polyethylene.
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Figure 8-1. Zr coordination environments in (a) homogeneous mononuclear Zr olefin
polymerization catalysts, (b) homogeneous dinuclear Zr catalysts, and (c) mononuclear versus
hexanuclear view of the ZrsMeg-BTC catalyst.

8.2 Results and Discussion

8.2.1 Synthesis of ZrsCli2-BTC

Scheme 8-1. Synthesis of Zrg(OH)s-BTC via formate removal from Zre-BTC.
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Zre-BTC was synthesized in 70% yield using a solvothermal reaction as described in the

experimental section (Scheme 8-1). *H NMR analysis of digested Zre-BTC indicated the presence
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of six formic acids per Zre node. The capping formate groups were removed by stirring Zre-BTC
in 1M aqueous solution of HCI at 90 °C for 12h to afford Zrs(OH)e-BTC. The complete removal
of formate was confirmed from the *H NMR of the digested Zrs(OH)s-BTC. The inorganic node
in Zrg(OH)e-BTC is therefore formulated as Zre(O)4(OH)4[(OH)(OH2)]e. Formate removal likely
occurs via protonation of the Zr-formate species followed by the H2O displacement to form a
Zr(OH2)?* intermediate that is deprotonated to form the Zr(OH)(OH.) species in Zrg(OH)s-BTC.
The MOF crystallinity of Zre(OH)e-BTC was maintained as indicated by its similar PXRD pattern

to Zre-BTC.

Scheme 8-2. Synthesis of ZrsCl1>-BTC via deoxygenation of Zrg(OH)e-BTC with MesSiCl.
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The terminal Zr-OH/-OH2 bonds in Zrs(OH)e-BTC were cleaved with 10 equiv. of MesSiCl
at 23 °C to generate Zr-Cl bonds in ZrgCl12-BTC along with two equiv. of (SiMes)20. The formula
of ZrsCli2-BTC was therefore proposed to be ZrgOs(OH)a(Cli2Hg)(BTC)2 (Scheme 8-2).
(SiMe3)20 is the only side product from the activation step. The identity of (SiMe3).O was
confirmed by 2°Si and *H NMR spectroscopy, and the amount of (SiMes).0 was determined by *H
NMR to be 1.97+0.22 equiv. w.r.t. Zr. MesSiCl was previously used to activate U=0 and Cd-OR
bonds to form U-CI and Cd-Cl species in molecular systems. The synthesis of ZreCl12-BTC

represents the first example of using this strategy in a MOF system.?>-16 \We propose that the Zr-

OH species is first silylated to generate Zr-OSiMes, which further reacts with MesSiCl to form a
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labile [Zr-O(SiMe3)2]Cl intermediate. The labile (SiMe3).0 was displaced by CI- to form the Zr-

Cl bond. The Zr-OH: bond can be analogously converted to [Zr-CI]H.

ZreCl12-BTC remains crystalline as indicated by PXRD studies (Figure 8-2a). TEM image
of the MOF shows the particle size of ~200 nm, and displayed clear lattice fringes with a distance
of 1.72 nm, corresponding to the d-spacing of (200) planes which was calculated to 1.75 nm

(Figure 8-2b).

(a)
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Figure 8-2. (a) PXRD patterns of Zrg-BTC (black), Zrs(OH)s-BTC (red), ZrsCli-BTC (blue), and
Zr(CH2SiMe3)>-BTC (pink) indicate the retention of crystallinity through SBU transformations.
(b)TEM image of ZrsCl12-BTC.

ZrsCl12-BTC has a BET surface area of 1693 m?/g by measuring the N2 sorption isotherms

at 77K. The surface area is slightly lower than those of Zrg-BTC (1843 m?/g) and Zrs(OH)s-BTC
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(1779 m?/g), due to the increased SBU weight of ZreCl1,-BTC (Figure 8-3). Pore size analysis of
ZreCl12-BTC MOF indicates a uniform pore of 2.1 nm, which is slightly smaller than that of Zre-

BTC (2.3 nm) as a result of having twelve chloride coordination per Zrs node (Figure 8-4).

(a) | o] (b)
0.5F

& o0r —e—7rCl -BTC
% = 04
o0 s

g 400 g
g —o— 7r-BTC Adsorption i’ 03r
2 —e— 7r-BTC Desorption g —e—ZrOH-BTC
o =
3 @ —o— ZrOH-BTC Adsorption o 0.2

i 200 —e— ZrOH-BTC Desorption o
g —o— ZrCl -BTC Adsorption S 0.1-
g —e— ZrCl,-BTC Desorption *— Zr-BTC

or 0.0 .
1 1 1 1 1 1 1 1 1 1 1 1
0.0 0.2 0.4 0.6 0.8 1.0 15 20 25 30 35 40 45
Relative Pressure (P/Po) Pore Width (A)

Figure 8-3. (a) N2 sorption isotherm of Zrs-BTC (black), Zrs(OH)e-BTC (red) and ZreCl1-BTC
(green). (b) Pore size distribution of Zrs-BTC (black), Zrs(OH)s-BTC (red) and ZrsCli2-BTC (blue).
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Figure 8-4. Structural model of ZrsCl1>-BTC showing large open channels of 2.1 nm in the largest
dimension (left) and chemical structure of octahedral ZrsCli> SBUs (right).
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The Zr coordination environment in ZreCl1>-BTC was studied using EXAFS. The Zr-Cl
scattering pathway is evident from the second peak of Zr K-edge EXAFS spectra in the R-space,
which was well separated from Zr-O scattering pathways. EXAFS fitting of the Zr coordination
environment validated the proposed [ZrsO4(OH)4Cl12]Hs model with a Zr-Cl distance of 2.50 A,
which matched well with Zr-Cl bond distances in small molecular systems (Figure 8-5). TGA
analysis of ZrsCli>-BTC showed a weight loss of 48.7% in the 140-800 °C range, corresponding

well to the decomposition of ZrsO4(OH)4(Cli12He)(BTC)2 to (ZrO2)s (calculated 47.7%).
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Figure 8-5. EXAFS fitting of Zr¢Cl12-BTC and the bond distances obtained from the fitting result.

8.2.2 Synthesis of ZreR12-BTC and ZrsMes-BTC

The Zr-Cl bonds in ZreCl12-BTC can be alkylated with alkyllithium reagents. Treatment of
ZreCl12-BTC with 10 equiv. of LiCH2SiMes converted the ZrCl> species into the Zr(CH2SiMes)
species in the ZrsO4(OLi)4(CH2SiMes)12Lis SBU (Scheme 8-3). This reaction was likely driven

by the formation of LiCl as a more stable ionic compound.
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Scheme 8-3. Alkylation of ZreCl12-BTC to form Zrg(CH2SiMez3)12-BTC.
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This step progressed with the release of 1.69 + 0.17 equiv of SiMes, which matchs well
with the calculated number of 1.67 equiv. The Li/Zr ratio was determined to be 1.68 + 0.05 by
ICP-MS, consistent with the calculated value of 1.67. ZrsMe12-BTC was similarly generated by
treating ZreCl1o-BTC with 10 equiv of LiCHs. The formation of ZreR12 (R = CH2SiMes or Me)
species was confirmed by solid-state **C-cross-polarization magic angle spinning (**C-CPMAS)
NMR spectroscopy. The methylene group of Zrs(CH2SiMe3)12-BTC appears at 6 73.8, which is
slightly more down-field than homogeneous Zr-alkyl analogues, as a result of having more
electron-deficient Zr centers in Zrs(CH2SiMes)12-BTC. The SiMes group appeared as a sharp peak
at 25.1 ppm. As for ZrsMe12-BTC, the methyl groups of this compound appeared as a broad peak
at & 71.1. This peak position is very similar to that for the methylene group in Zrs(CH2SiMe3)12-

BTC. In contrast, the ZrsCl1,-BTC control only showed *3C signals from the BTC ligand, including

the carboxylate peak at & 171.4 and arene peak at 6 134 ppm (Figure 8-6).

The Zr K-edge EXAFS data of Zrs(CH2SiMes)1-BTC was fitted well with Zr(CH2SiMes)2
dialkyl structural model, with a Zr-C bonding distance of 2.41 A. The bond distance matched well

with Zr-C bonds that are reported in small molecule systems.?
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Figure 8-6. 13 C-CPMAS NMR spectra of Zrs(CH2SiMes)12-BTC (red) and ZreCli2-BTC (black).

Because the Zr centers in ZrsR1-BTC are coordination saturated, neither of the two dialkyl
compounds are active for alkene polymerization. In homogeneous systems, LnMCI. complexes
are generally reacted with MAO to afford LnMR™ monoalkyl species as active catalysts for olefin
polymeration. Analogously, we activated ZrsCli>-BTC with aluminum methyl compounds to
generate ZreMes-BTC with node composition of Zrg(O)s(OLi)sMes, which contains neutral Zr-
monoalkyl species with one open coordination sites per Zr-center. Both MMAO-12 and AlMes
were good activators for transforming ZrsCl12-BTC into ZrsMes-BTC as a highly active catalyst

for alkene polymerizations (Scheme 8-4).

Scheme 8-4. Alkylation-alumination of ZreCl12-BTC to form ZrsMes-BTC.

H+c|\ \/ /CIH+ Me\Zr\/\ gy

Zr ri. .
Cl / Cl [All-Me~" " 1A~ Me—[Al] T r\ D
\Cl C'/ MMAO-12 Ve/| 'V'e, = ve/| Mel
o\ /Q,\ ﬂu -12"AIC [All- Me~M?\Zr/Q,\Zr{M?Me [Al] Miz.r/%\z pat
. | . " | " |
H /\\/\H LI/\\//\LI /\\//\
// OQ'/O 0 9’ O§/O 'Q\ O/ OQ'/O 0

N ’ N, ’
| \ ; | \ / |
| | |
| | |

174



The activation of Zr-Cl bond was confirmed by comparing the EXAFS spectra of ZrsMes-
BTC with that of ZrgCli.-BTC. The formation of the Zr-Me species was supported by the *3C-
CPMAS spectra of ZrsMes-BTC which displayed Zr-Me signal at 6 73.3 (Figure 8-7).
Furthermore, the Zr-monoalkyl model fitted well to the ZrsMes-BTC EXAFS data with a Zr-C

bond distance of 2.24 A, well matching literature reported Zr-Me distance (Figure 8-8).
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Figure 8-7. 1*C-CPMAS NMR spectra of ZrgCli2-BTC (black), ZrsMe12-BTC (red) and ZrsMee-
BTC (blue). * signal from residual Et,O.
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Figure 8-8. Comparison of the EXAFS spectra of ZreCl1>-BTC and ZrsMes-BTC.
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8.2.3 Olefin polymerization using ZrsMes-BTC

The in situ generated ZrsMes-BTC is active for ethylene polymerization to produce high-
MW linear PE. The activity of ZrsMes-BTC increases with temperature (20-140 °C) and ethylene
pressure (100-800 psi), reaching a maximum value of 658.6 kg PE-mol™ Zr-h™* at 100 °C and 800
psi. The maximum activity is equivalent to 3 g of PE per 1 mg of Zr-MOF within one hour. This
level olefin polymerization activity compares favorably to other MOF catalysts. The effect of
temperature on the catalyst activity and polymer MW agrees with well-established trends (Table
8-1). The effect of pressure on the catalytic performance of ZrsMes-BTC varies significantly from
homogenous Zr catalysts (Table 8-2). Typically for a homogenous Zr catalyst, polymerization
activity increases linearly with respect to monomer pressure. However, we observe a 30-fold
increase in activity with an 8-fold increase in ethylene pressure for the ZrsMes-BTC catalyst. This
effect may arise from polymer-induced fracture of the MOF particles, leading to the exposure of

additional active sites.

Table 8-1. ZrsMes-BTC catalyzed ethylene polymerization at different temperatures.?

. . Activity
Entry T (°C) Yield (g) (kgxmol'lxh'l) M, (x103) M,/M, T,
(\3‘2\0 076 1 20 0.289 241 158 2.69 137
\
'Y'E?Zr’\Zr/‘erM_e_ 2 40 0.499 4.16 189 2.62 138
- ,// \\\ D
ve l Me/ M 3 60 1.781 14.84 191 3.55 134
Me € . . .
L "‘\Zr<9">2r{'/+j
/\ /\O 4% 80 1.190 19.83 114 2.44 138
7 OVO \\\\
| 5P 100 1.431 23.85 55 491 134
/ —_— b,c
w 6 120 1.386 23.10 109 7.79 132
7he 140 1.921 32.02 47 5.78 131

8Fisher-Porter tube, 30 mL toluene, 0.06 mmol Zr, 12.0 mmol MMAO-12 (200 equiv.), 100 psi
C2H4, 2h. *0.03 mmol Zr, 6.0 mmol MMAO-12 (200 equiv.) was used. 30 mL mesitylene.
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PE samples produced by ZreMeg-BTC at 20 and 40 °C have monomodal MW distributions
with PDIs of 2.6, consistent with the proposed action of a single-site catalyst. At elevated
temperatures, the reactor becomes filled with solvent-swollen PE and diffusion of ethylene to the
active sites is limited. Broader MW distributions are observed at higher polymerization

temperatures, which we ascribe to mass transport phenomena.

For control experiments, Zrs(OH)e-BTC and Zrs-BTC were treated with MMAO-12 and
are shown to be inactive for ethylene polymerization. To further demonstrate that the MOF catalyst
is the only active species instead of any leached-out Zr complexes, ZrsCl12-BTC was treated with
activator in the absence of ethylene and centrifuged to collect the supernatant. The supernatant was
inactive for ethylene polymerization, excluding the possibility of having leached species as the

active catalyst.

Table 8-2. ZrsMes-BTC catalyzed ethylene polymerization under different pressures

Activity

Entry P (psi) Yield (g)
(kgxmol'xh™)

M, (x10) MM, T,

1 100 0.219 21.9 100 3.03 138
2 200 0.379 37.9 113 2.72 135
3 400 0.917 91.7 306 3.70 135
4 600 1.841 184.1 345 2.30 137
5 800 6.586 658.6 119 1.82 135

Conditions: Stainless steel Parr autoclave, 30 mL toluene, 100 °C, 0.005 mmol Zr, 1.00 mmol
MMAO-12 (200 equiv.), 2 h.
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ZreMegs-BTC has high thermal stability and a long lifetime. Even at 100 °C, no decrease in
activity was observed in 12 h. PXRD of the polymer product shows that the crystallinity of the
MOF is still maintained after polymerization and acid work up, further demonstrating the
robustness of the MOF catalyst. The site isolation effect of the MOF catalyst may stabilize the
active species as seen in other catalytic MOFs. The lifetime of the catalytic species was probed by
determining the activity for catalytic runs of 0.5 h, 2 h, and 12 h at 100 °C and 200 psi of ethylene

(Table 8-3). The catalyst activity remains the same within that 12 h testing period.

Table 8-3. ZrsMeg-BTC catalyst activity during different reaction time periods.

Activator  CzHa/psi  Time/h Yield/g Activity /kg PE Mn Mw/  Tm

mol? Zr ht Mn
1 MMAO-12 200 0.5 0.101 404 --- - 132
2 MMAO-12 200 2 0.379 37.9 113,000 2.72 135
3 MMAO-12 200 12 2.440 40.7 --- - 134

8.3 Conclusion

In this chapter, we demonstrate that the ZrsO4(OH)s(HCO2)s nodes in Zrs-BTC can be
converted to the [Zrs0)4(OH)4Cl12]® nodes and then to the organometallic [ZrsO4(OLi)sR12]% or
ZreO4(OLi)4(Me)e nodes. The stabilization of multimetallic active sites in ZrsMes-BTC affords a
robust catalyst with a long lifetime for the production of high-molecular-weight polyethylene.
Notably, ZrsMeg-BTC is the first MOF polymerization catalyst that uses the metals of the SBUs
as the active species, providing a cost-effective strategy for designing solid catalysts for olefin

polymerization.
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8.4 Experimental

8.4.1 Material and methods

All of the reactions and manipulations were carried out under nitrogen with the use of
standard inert atmosphere and Schlenk techniques unless otherwise indicated. Tetrahydrofuran
was purified by passing through a neutral alumina column under N.. ds-Benzene was distilled
over CaH. Ethylene was purchased from Matheson Tri-Gas. Propylene and 1-hexene were
purchased from Sigma. Alumina reagents were purchased from Sigma Aldrich. Powder X-ray
diffraction data were collected on Bruker D8 Venture diffractometer using Cu Ka radiation source
(1 = 1.54178 A). Nitrogen adsorption experiments were performed on a Micrometrics TriStar 11
3020 instrument. Thermogravimetric analysis (TGA) was performed under air using a Shimazu
TGA-50 equipped with a platinum pan and heated at a rate of 1.5 "C per min. *H NMR spectra
were recorded on a Bruker NMR 500 DRX spectrometer at 500 MHz or a Bruker NMR 400 DRX
spectrometer at 400 MHz, and referenced to the proton resonance resulting from incomplete
deuteration of the CDCls (5 7.26) or CsDs (5 7.14). 2°Si NMR spectra were recorded at 79.5 MHz,
and all of the chemical shifts were reported downfield in ppm relative to an external MesSiCl
standard. *C cross-polarization magic angle spinning (CPMAS) solid-state NMR spectra were
recorded on a Varian VXR400 (FT, 100MHz, 13C). Samples were packed into 5mm cylindrical
zirconia rotors in the glovebox and capped with a solid Teflon cap to avoid air exposure. ICP-MS
data were obtained with an Agilent 7700x ICP-MS and analyzed using ICP-MS MassHunter
version B01.03. Sample were diluted in a 2% HNO3z 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 replicates.

179



8.4.2 Synthesis of Zre-BTC

ZrOCl2(H20)s (680 mg) and trimesic acid (HsBTC, 440 mg) were dissolved in DMF (40
mL) and H2O (40 mL), and heated in a 100 °C oven for 2 days to afford Zr-BTC as a white solid
(336 mg, 70% yield). The MOF was centrifuged, and then washed with 60 mL of DMF three times

to remove residual metal and ligand precursors.

To quantify the amount of formate in Zr-BTC, the MOF was dried under vacuum then
digested with DsPO4/DMSO-ds (0.15 mL in 0.8 mL) and analyzed by *H NMR. 0.91 equiv. of

HCO2H w.r.t. Zr was detected, corresponding to 5.5 HCO™ per Zre node (Figure 8-9).
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Figure 8-9. 'H NMR of digested Zrs(OH)s-BTC (top) and Zre-BTC (bottom).

8.4.3 Synthesis of Zrs(OH)s-BTC

The experimental procedure for formate removal to access Zrs(OH)s-BTC is very
straightforward. Zrs-BTC (800 mg) in DMF was washed with 60 mL of deionized H2O three times
to remove DMF, then suspended in 80 mL of HCI (1M in H20) and heated in a 90 °C oven for 12

h. The mixture was centrifuged and sequentially washed with deionized H,O three times, acetone
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three times, and THF three times before freeze-drying in benzene to yield Zrs(OH)s-BTC as a
white powder (650 mg, 85% yield). The Zrs(OH)s-BTC sample was stored in a nitrogen-filled
glove box. The amount of formate in Zrs(OH)e-BTC was determined to be 0.05 equiv. of HCO2H

w.r.t. Zr, corresponding to 0.3 HCO2™ per Zrs node (Figure 8-9).

8.4.4 Synthesis of ZrsCl2-BTC

Experimental procedure for the activation is described as following. In a nitrogen-filled
glovebox, Zrg(OH)s-BTC (200 mg) was dispersed in 10 mL toluene. 10 equiv. of trimethylsilyl
chloride (0.78 mL) w.r.t. Zr were added to the suspension. The mixture was stirred for 6 h at room
temperature, then centrifuged and washed with toluene three times, and then freeze-dried in

benzene to yield ZrsCl1.-BTC as a white powder (225 mg, 96% yield).

29Si NMR was taken for the supernatant from the MesSiCl activation of Zrs(OH)s-BTC.
The chemical shifts of MesSiCl (red) and (Me3zSi)20 (blue) control are 6 = 30.00 and 7.95 ppm,
respectively. 2°Si NMR of the supernatant from Zrs(OH)s-BTC activation showed the formation
of (MesSi)20 along with the unreacted MesSiCl starting material (Figure 8-10). This suggests that
the conversion of Zr-OH/Zr-OH2 into Zr-Cl is driven by the formation of strong Si-O bonds. The
amount of (MesSi)20 was monitored by *H NMR. The chemical shifts of (MesSi).0 control,
SiMesCl, and mesitylene CHs groups (as internal standard) are ¢ = 0.12, 0.18, and 2.16 ppm,
respectively (Figure 8-11). The amount of (MesSi).O was averaged to be 1.97+0.22 equiv. w.r.t.

Zr in 3 runs, matching well with the expected value of 2.

181



e
8
g
H

|

(Me,Si),0 {

[N AR A AN A AAA AT NN Ao A A SN oA o P M
Me,;SiOH n
Me,SiCl r

VAW “AW\/U\WN\M’" " Vi V) ’*‘""VJ"\’-JW’W»\,\»w“*r“%‘»“w«/rwwM\/NWw/\_M“/W‘WW"“V

Chemical Shift (ppm)

Figure 8-10. 2°Si NMR of the supernatant from Zrs(OH)s-BTC activation with MesSiCl.
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Figure 8-11. *H NMR of the supernatant from Zrg(OH)e-BTC activation with MesSiCl.
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Figure 8-12. *H NMR of the supernatant from ZrsCli,-BTC lithiation with LiCH,SiMes showing
the formation of 1.69 + 0.17 equiv of SiMesw.r.t. Zr.

8.4.5 Application of ZrsMes-BTC for ethylene polymerization

High pressure homopolymerizations of ethylene and lifetime experiments were performed
in a 300 mL stainless steel Parr autoclave equipped with a water-cooling loop, thermocouple and
magnetically coupled stirrer, and controlled by a Parr 4842 controller. In a glovebox, ZrCl,-BTC
was washed three times with toluene and then suspended in 30 mL of Toluene. The suspension
was then transferred to a glass liner. Cocatalyst was added to the suspension and the liner was
placed inside the autoclave. Then the autoclave was sealed and transferred out of the box. The
autoclave was heated to the desired temperature (100 °C) and kept at that temperature for at least
10 min while the mixture was stirred at the rate of 150 rpm. The autoclave was pressurized with

ethylene to the desired pressure and had a constant flow of ethylene. After the desired time the
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ethylene flow was terminated and the pressure was slowly released in a fume hood. The mixture
was cooled to room temperature and 100-150 mL of acidified MeOH (10% HCI) was added. The
polymer was collected by filtration, washed with MeOH (3 x 20 mL). The polymer was then
transferred into a tared scintillation vial and dried in a vacuum oven overnight.

For low pressure homopolymerization of ethylene that was used to screen activators and
temperature, a glass Fischer-Porter bottle equipped with a magnetic stir bar was used. In a
glovebox, ZrCl>-BTC was washed three times with toluene and then suspended in 30 mL of
Toluene. The suspension was then transferred to a Fischer-Porter bottle. The bottle was then sealed
and taken out of the glovebox. The bottle was then heated in an oil bath at the desired temperature
for 30 minutes (For room temperature polymerizations, the bottle was placed in a room
temperature water bath). The bottle was then pressurized with ethylene to 100 psi and released to
20 psi three times. Then at 20 psi the cocatalyst was injected using a gas-tight syringe through a
septum at the top of the Fischer-Porter bottle. The bottle was then charged to 100 psi with a
constant flow of ethylene. After 2 h the ethylene flow was terminated and the pressure was slowly
released in a fume hood. The mixture was cooled to room temperature and 100-150 mL of acidified
MeOH (10% HCI) was added. The polymer was collected by filtration, washed with MeOH (3 x
20 mL). The polymer was then transferred into a tared scintillation vial and dried in a vacuum
oven overnight.

Gel permeation chromatography (GPC) data were obtained on a Polymer Laboratories PL-
GPC 200 instrument at 150 °C with 1,2,4-trichlorobenzene (stabilized with 125 ppm BHT) as the
mobile phase. Three PLgel 10 um Mixed-B LS columns were used. Molecular weights were
calibrated using narrow polystyrene standards (ten-point calibration with Mn from 570 Da to 5670

kDa) and are corrected for linear polyethylene by universal calibration using the following
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Mark—Houwink parameters: polystyrene, K = 1.75 x 1072 cm® g~' , a = 0.67; polyethylene, K =
5.90x102cm®g!, a=0.69

Melting points of the PE samples were determined using DSC. DSC measurements were
collected on a TA Instruments DSC 2920 instrument. Samples (4-5 mg) were annealed by heating
to 180 C at 15 °C/min, cooled to 50 C at 15 °C/min, and then analyzed while being heated to 180

°C at 15 °C/min.

Figure 8-13. Picture of polyethylene product from ZrsMes-BTC catalyzed reaction.

8.4.5 Application of ZrsMes-BTC for the polymerization of propylene and 1-hexene
The Zr¢Mes-BTC is also active for the polymerization of propylene. The activity of
ZreMeg-BTC for the homopolymerization of propylene was screened at low pressure. The trials

were conducted in a Fisher-Porter bottle equipped with a magnetic stirring bar with ZreCl12-BTC
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(20 mg, 0.06 mmol) suspended in 30 mL of toluene and 200 equiv. (12 mmol) of cocatalyst were

added in the presence of propylene.

In a glovebox, ZreCli1.-BTC was washed three times with toluene and then suspended in
30 mL of toluene. The suspension was then transferred to a Fischer-Porter bottle. The bottle was
then sealed and taken out of the glovebox. The bottle was then heated in an oil bath at the desired
temperature for 30 minutes (For room temperature polymerization, the bottle was placed in a room
temperature water bath). The bottle was then pressurized with propylene to 40 psi. After 30
minutes, the pressure was released to 20 psi and the cocatalyst was injected using a gas-tight
syringe through a septum at the top of the Fischer-Porter bottle. The bottle was then charged to
40 psi with a constant flow of propylene. After 2 h the propylene flow was terminated and the
pressure was slowly released in a fume hood. The mixture was cooled to room temperature and
100-150 mL of acidified MeOH (10% HCI) was added. The polymer was collected by filtration,
washed with MeOH (3 x 20 mL). The polypropylene (PP) was then transferred into a tared
scintillation vial and dried in a vacuum oven overnight. The polymerization activity under different

temperature were listed in Table 8-4.

Table 8-4. ZrsMes-BTC catalyst activity for propene polymerization

Entry Activator CsHe/psi Time/h T/°C Yield/g Activity/ kg PP mol? Zr h!

1 MMAO-12 40 2 20 0.025 0.21

2 MMAO-12 40 2 40 0.038 0.32

The activity of ZreCl1>-BTC for the homopolymerization of 1-hexene was screened. The

trials were conducted in a 15 mL pressure vessel equipped with a magnetic stirring bar with
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ZreCl12-BTC (5 mg, 0.015 mmol) suspended in 2 mL of 1-hexene and 200 equiv. (3 mmol) of

cocatalyst were added to the suspension.

3 mmol of MMAO-12 in toluene was added to a Schleck flask and was dried overnight at
room temperature on a high vacuum manifold, yielding a white powder. The flask was then
pumped into the glovebox and the white powder was then dissolved in 1.5 mL of 1-hexene,

yielding a 2M solution of MMAO-12 in 1-hexene.

In a glovebox, ZrsCl1.-BTC was washed three times with 1-hexene and then suspended in
5 mL of 1-hexene. The suspension was then transferred to a pressure vessel. Then 1.5 mL of the
2M MMAO-12 in hexane solution was added and the vessel was then sealed and taken out of the
glovebox. The bottle was then heated in an oil bath (For room temperature polymerization, the
bottle was placed in a room temperature water bath). After 2 h, the pressure vessel was opened and
10 mL of hexanes was added to the reaction mixture, which was then transferred dropwise to 100-
150 mL of acidified MeOH (10% HCI). The mixture was stirred for 2 hours and then the hexanes
layer was separated from the acidified methanol layer. The hexanes layer was washed with MeOH
(3 x 30 mL). The hexanes solution was added to a tared flask and then concentrated in vacuo. The
resulting poly(1-hexene) (PH) was a viscous oil and was dried in a vacuum oven overnight. The

polymerization activity under different temperature were listed in Table 8-5.

Table 8-5. ZrsMes-BTC catalyst activity for 1-hexene polymerization.

Entry Activator Time/h T/°C Yield/g Activity/ kg PH mol? Zr ht

1 MMAO-12 2 20 0.053 1.77

2 MMAO-12 2 60 0.066 2.20

187



Branching per 1000 carbons was determined to be 167 by following formula:

2l ye

x 1000

total

This suggests exclusive 1,2-enchainment of 1-hexene.

7.26 CDCI3 Residue

Figure 8-14. 'H NMR spectrum of poly(1-hexene) in CDCls. Poly(1-hexene) sample from entry
2, table S7. Bruker NMR 500 DRX spectrometer at 500 MHz with the following parameters: aq.
=3.7,d1 =42.2, and ns = 120.
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Chapter 9. A Trivalent Zirconium MOF for Catalytic 1, 4-Dearomative

Additions of Pyridines and Quinolines

9.1 Introduction

The last chapter established the stepwise transformation of Zre-BTC to Zr'V¢Mes-BTC for
olefin polymerization. Spectroscopic data suggests that the Zr'V¢Mes-BTCis more electron-
deficient than classical zirconocene alkyl compounds as a result of having weak-field and less
electron-donating carboxylate/oxo ligands. We surmised that the electron-deficient nature of such
complexes should facilitate the reduction of Zr'V centers to Zr'""", affording a unique opportunity
for studying the electronic properties and catalytic activities of previously elusive Zr'""" species.
This chapter describes the quantitative conversion of [Zr'Vs04(OH)4Cl12]® nodes in the ZrgCla,-
BTC MOF into the [Zr'"'s04(ONa)4Hs]® nodes in Zr'"'sHs-BTC via bimetallic reductive elimination
of H, from the proposed [Zr'V6O4(OH)sH12]® intermediate. The same reduction process also
applies to HfsCli.-BTC. The coordinatively unsaturated Zr''H centers are highly active and
selective for 1,4-dearomative hydroboration and hydrosilylation of pyridines and quinolines. The
activity is 20-fold higher than the previously described Cee¢Hs-BTC catalyst. This work
demonstrates the potential of SBU transformation in generating homogeneously-inaccessible

hexanuclear solid catalysts with unique electronically properties for organic synthesis.

The chemistry of Ti'' has been the focus of intense research, leading to important
applications in photocatalysis, organic synthesis, and organometallic catalysis. 2 In contrast,
examples of Zr'" and Hf'"' complexes are rare, due to their highly negative potentials and chemical

instability.3° Low concentrations of transient Zr''' species were recently proposed to exist in Zrs
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SBUs that are responsible for photocatalysis and CO2 hydrogenation, based on low-intensity
features in EPR spectra.l%13 We report here the synthesis, spectroscopy, electron transfer
properties, and catalytic applications for M''sHs-BTC that composed exclusively of Zr'"" or Hf"!
centers. The framework rigidity and site-isolation effect can stabilize these sterically open and
coordination-unsaturated Zr'' complexes with unique electronic properties, providing a highly
effective solid catalyst for dearomative 1,4-additions of pyridines and quinolines with boranes and

silanes to access useful synthons to nitrogen-containing natural products (Figure 9-1).14-16

Figure 9-1. Reduction of M"sCl12-BTC to M'"'sHe-BTC (M=Zr and Hf) by NaBEts;H via
bimetallic reductive elimination of H..
9.2 Results and Discussion

9.2.1 Synthesis and characterization of ZrsHs-BTC
In this work, ZreCli12-BTC was prepared through MesSiCl activation of Zrs(OH)s-BTC in

toluene, and used as a precursor to synthesize Zr'''sHs-BTC. Treating ZrsCli12-BTC with excess
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NaBEtsH vigorously evolved H through the deprotonation of ps-OH groups and proton counter
cations on the Zrg SBUs, as well as the reduction of Zr'V centers. The reduction process occurs
with a concomitant color change from white to deep red, which is generally a characteristic color
of Zr'" species. This reduction is proposed to go through an unusual bimetallic reductive
elimination mechanism (Scheme 9-1).17-1° The [ZreCl12]® core in ZrgCli,-BTC first undergoes
chloride/hydride metathesis to afford the putative [ZrsH12]® intermediate. Within this intermediate,
two Zr-hydrides from two neighbouring Zr'V centers reductively eliminates H, while supplying

electrons to generate Zr'"',

Scheme 9-1. Synthesis of Zr'"'sHe-BTC via chloride/hydride metathesis of ZrsCli2-BTC followed
by bimetallic reductive elimination of Ho.
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PXRD patterns of the generated Zr''sHs-BTC matched well with the simulated pattern of
Zr-BTC, indicating the framework structure remained intact through the stepwise transformation
of Zre-BTC—Zrg(OH)e-BTC—ZrsCli2-BTC—Zr''sHe-BTC (Figure 9-2). ICP-MS analysis of the
digested Zr'"'sHs-BTC revealed an Na/Zr ratio of 1.65 + 0.08, consistent with the expected value

of 1.67 for the proposed formula [ZrsO4(ONa)sHs]Nas(BTC)..
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Zr "H-BTC as synthesized
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Figure 9-2. PXRD patterns of simulated Zre-BTC (black) and Zr'"'sHeg-BTC (red), indicating the
retention of crystallinity through SBU transformations.

Several different spectroscopic methods including XPS, XANES and EPR were utilized to
study the oxidation state and electronic property of Zr'!' centers. XPS is a very useful tool to study
metal oxidation states in solid material. For the ZrsCli>-BTC control, the Zr 3ds/» peak exhibited a
binding energy of 182.9 eV, corresponding to the Zr'V oxidation state. For the Zr'"'sHs-BTC sample,
however, the 3ds/, peak binding energy is 182.6 eV, which is 0.3 eV lower than tetravalent control,
indicating the reduction of Zr' to zr'"" in the SBU. Furthermore, Zr'"'sHs-BTC displayed very
strong shake-up features of Zr'"' 3ds/» and 3ds» peaks, which is expected for Zr'' centers with
unpaired d electrons (Figure 9-3). Such shake-up features of Zr'' 3ds» and 3ds» peaks have never

been reported due to the inability to obtain Zr samples with exclusively Zr'"' centers.20-21

K-edge XANES analysis was also employed to characterize Zr'"'sHs-BTC. Unlike the
ZrsCl12-BTC control, the pre-edge features of Zr'''sHe-BTC at 18003.5 eV which are generally

associated with 1s-4d transitions exhibited greatly enhanced intensity. The post-edge peaks at
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18021.1 eV and 18027.2 eV also changed significantly, indicating the 1s-5p and other electron
transitions have change (Figure 9-4). As a control, the Zr'V¢He-BTC sample which was obtained
via oxidation of Zr'"'sHg-BTC with FcPFs (described later), displayed almost identical XANES
features to the ZreCl1>-BTC standard, further validating that the XANES feature changes are a

result of Zr reduction.
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Figure 9-3. Zr 3d XPS spectra of Zr'VeCli2-BTC (bottom) and Zr'"'sHe-BTC (top). Black circle,

experimental data; Black solid line, fitting results.
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Figure 9-4. XANES analysis of Zr'VsCl1,-BTC (black), Zr'"'sHs-BTC (red) and Zr'VsHs-BTC(blue),
showing pre- and post-edge features of Zr'"' and Zr'V centers in Zrs SBUs.

195



EXAFS spectroscopy was used to study the Zr coordination environment in Zr''sHg-BTC.
The proposed (u3-0)a(p2-CO2)2ZrH(THF) structural model fitted well to the Zr K-edge spectrum,
with an R-factor of 0.011. The fitted Zr-H and Zr-O™F distances were 1.90 A and 2.28 A,
respectively. Interestingly, the evident Zr-Zr scattering pathway in the R-space spectrum has a
fitted distance of 3.35 A, which is 0.20 A shorter than that in ZrgCli2-BTC, suggesting the potential

Zr'"'-zr'" bonding interactions in Zr'''s SBUs (Figure 9-5).2224
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O-p, H/,//Tr\\\ \SOI 0 Q i
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...... O-THF Zr\ 4 \
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AN N Zr H-BTC

Figure 9-5. EXAFS fitting of Zr''sHe-BTC, showing the Zr coordination environment as (us-
0)a(p2-CO2)2ZrH(THF).

9.2.2 Electron transfer reactions of ZrsHs-BTC

Zr'lsHg-BTC was treated with FCPFs, oxygen, and quinone to establish its electron transfer
properties. FCPFg was used as an oxidant to titrate the amount of Zr'"' in Zr'"'sHs-BTC. Upon adding
to Zr'"'sHs-BTC, the deep-blue solution of FcPFs immediately changed to orange, suggesting rapid
reduction of Fc* to Fc and oxidation of Zr'''sHs-BTC to Zr'VeHs-BTC (Scheme 9-2). The amount
of ferrocene was determined by GC to be 0.99 + 0.04 equiv. w.r.t. Zr, consistent with having

exclusively reduced Zr'" centers in Zr'"'sHs-BTC.
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Scheme 9-2. Electron transfer from Zr""'sHg-BTC to FcPFs to form Zr'VeHs-BTC and Fc as the
side product.
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The EXAFS data of the oxidized Zr'V¢Hs-BTC product was well fitted using the proposed
(u3-0)a(u2-CO2)2ZrH(THF) coordination model. The EXAFS fitting afforded a Zr-Zr distance of
3.59 A, which is longer than the Zr-Zr distance of 3.35 A in Zr''sHs-BTC, indicating the absence
of zr'-zr'"" bonding interactions in the oxidized MOF (Figure 9-6). The significant change in Zr-
Zr interactions are visibly apparent by comparing the EXAFS spectra of Zr'VeHs-BTC and Zr'"'sHe-

BTC (Figure 9-7).
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Figure 9-6. EXAFS fitting of Zr'V¢He-BTC, showing the Zr coordination environment as (us-
0)4(n2-CO2)2ZrH(THF).
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Figure 9-7. Comparison of the EXAFS spectra of Zr'VsHs-BTC and Zr'"'sHs-BTC.

Zr'lsHg-BTC was EPR-silent at both 200K and 20K, indicating strong antiferromagnetic
coupling between the six Zr'' centers.2224 After treating with O, Zr'''sHs-BTC displayed two sets
of intense signals. The first set of peaks displayed g-values of 2.029, 2.010 and 2.002, similar to
the Zr'V-bound superoxide radicals which has been observed on zirconia surface (Figure 9-8). The
second set of peaks showed an isotropic signal with g-value of 1.978, which was assignable to Zr'""
centers. The Zr'"' signal was only observed in the partially oxidized sample because of the presence

of isolated Zr'""" centers which are not antiferromagnetically coupled with each other.

Furthermore, menadione, a quinone derivative, was reacted with Zr'"'sHs-BTC to form Zr-
bound semiquinone radical, which exhibited a strong EPR signal at a g-vale of 2.003 (Figure 9-
9). These experiments have established Zr'"'sHs-BTC as a very reactive electron donor to a variety
of oxidants, confirming the high reactivity of the Zr'" centers, and pinpointed their potential role

in Zr-MOF mediated photocatalytic and gas-phase reactions.
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Figure 9-8. (a) Electron transfer from Zr'"'sHs-BTC to Oz to form Zr'V-bound superoxide. (b) EPR

spectrum of Zr(O2)-BTC, showing strong superoxide and Zr'"" signals.

To demonstrate the bimetallic reduction strategy is generally applicable to other metals,
we also applied the strategy to synthesize the analogous Hf'''sHs-BTC. The freshly synthesized
Hf-BTC was first treated with 1M aqueous HCI to form Hfs(OH)s-BTC, which was subsequently
activated with MesSiCl to yield HfsClio-BTC in quantitative yield. Although Zr and Hf have
similar chemical properties due to the lanthanide contraction, Hf"V is still more difficult to reduce
than Zr'"V, evidenced by the more negative Hf/Hf'Y reduction potential of -1.70 V (vs. SHE)
compared to that of -1.53 V for Zr/Zr'"V. While the reduction of ZrsCli2-BTC with NaBEtsH was

completed in less than 0.5 h at room temperature, the reduction of HfsCl1>-BTC by NaBEtzH took

2 h to complete (Scheme 9-3).
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Figure 9-9. (a) Electron transfer from Zr'"'sHs-BTC to menadione to form Zr'V-bound semiquinone.

(b) EPR spectrum of Zr(MD")-BTC, showing strong oxygen-center EPR signal.

The proposed (p3-0)a(p2-CO2),HfH(THF) structure model for the Hf centers in Hf'"'sHs-
BTC fitted well to the Hf Ls-edge EXAFS spectra. The Hf-Hf distance was determined to be 3.32
A, which is 0.23 A shorter than that found in Hf'VsHe-BTC. This result suggests Hf-Hf bonding
interactions in Hf'''s SBUs. Analogously, EPR spectrum of Hf''sHg-BTC showed no signal due to
strong antiferromagnetic coupling between Hf'"' centers. Upon treatment with Oz, however, the
partially oxidized Hf'''sHs-BTC showed two sets of intense EPR signals. One with g-values of
2.029, 2.010 and 2.001, corresponding to Hf-O2. Species, and the other has g-value of 1.978,

corresponding to isolated Hf'"' centers. Hf'"'sHs-BTC could also reduce 1 equiv. of menadione to
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form Hf'V-bound semiquinone with a strong EPR signal at a g-vale of 2.003. These experiments

represent the first study of electron transfer properties and EPR signatures of Hf'"' compounds.

Scheme 9-3. Synthesis of Hf'"'sHs-BTC via chloride/hydride metathesis of HfsCl12-BTC
followed by bimetallic reductive elimination of Ha.
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9.2.3 ZrsHes-BTC catalyzed pyridine hydroboration.

Zr' complexes have found applications in catalyzing a broad scope of reactions including
alkene polymerization and hydroelementation reactions. In contrast, little is known about the
catalytic properties of Zr''' complexes. This is because all homogeneous Zr'' compounds are
difficult to prepare, chemically unstable, and coordinatively saturated. But the Zr'"H species is
expected to have strong hydridic character for readily insertion into unsaturated bonds and enable

novel catalytic reactions. Zr''sHg-BTC thus offers a unique platform to stabilize the coordinatively
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unsaturated Zr""' centers with unusual electronic properties, and allowed for exploring the catalytic

activity of Zr'"" metal centers.

Zr'lsHg-BTC is a highly active catalyst for the 1,4-selective hydroboration of pyridines and
quinolines. The selective dearomative addition of pyridines affords the partially reduced azacyclic
compounds as important precursors for synthesizing bioactive alkaloids. Although several
catalysts have recently been reported for the 1,4-hydroboration of pyridines, most of them suffer
from low activities (up to 20 mol% catalyst loading) and/or low chemoselectivity.'>-16 25> The
Zr'sHg-BTC MOF is so far the most productive catalyst for pyridine hydroboration. At only 0.2
mol% Zr''sHe-BTC loading, pyridine was reacted with HBpin at 90 °C to afforded the 1,4-addition

product in 73% yield within 18 h, with a TON of 365 (Table 9-1).

Table 9-1. Zr'"'sHs-BTC catalyzed 1,4- hydroboration of pyridines and quinolines

> +
(CN N - s RO
So- H (1.2 eq) P N >N

90°C, 18 h
Br CO,Et CN
g wy o oo
N N N N N N
| | | | | |
[0.2 mol% zr'"]  [0.2 mol% zr'"]  [0.4 mol% zr' [0.4 mol% Zzr'"']  [0.4 mol% Zr'"']  [0.4 mol% zr'"]
73 % yield 83 % yield 93 % yield 38 % yield 84% yield 50 % yield
(14:1) (11:1) (pure 1,4) (1.4:1) (4.3:1) (2.8:1)
0]
NEt, MeO A
[ ] | | | 1
N N N N b
| | | |
[0.4 mol% zr''] [0.2 mol% zr'] [0.1 mol% zr'] [0.2 mol% zr'] [0.2 mol% zr'']
87 % vyield 97 % yield 96 % yield 97 % yield 100 % yield
(2.2:1) (1.8:1) (7.7:1) (2.4:1) (pure 1,2)

Yield was determined by 1H NMR using mesitylene as internal standard. The ratio of 1,4 product
vs 1,2 product was shown in the parenthesis.
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Zr'"sHe-BTC also catalyzed the hydroboration of a broad scope of pyridine derivatives,
including more hinder pyridines (e.g. 3-methylpyridine, 3,5-dimethylpyridine) and pyridines with
reducible functionalities (e.g. bromo, nitrile, ester, and amide groups). The reactions all proceeded
with high TONs and 1,4-selectivities. Moreover, quinolines and derivatives (e.g. 6-
methoxyquinoline, 6-methylquinoline) were also hydroborated with high TONs and 1,4-
selectivities. For substrates that cannot undergo 1,4-addition, such as isoquinoline, Zr''sHs-BTC
catalyzed the 1,2-hydroboration of the substrate with high activity. Hf''sHs-BTC is a less active
catalyst for pyridine 1,4-hydroboration. At 0.2 mol% catalyst loading, pyridine was converted in

57% yield.

Zr'sHe-BTC was reused 5 times for 1,4-hydroboration of 6-methoxyquinoline without any
significant drop in yield or selectivity (Figure 9-10), indicating the robustness and recyclability of
the catalyst. Interestingly, the tetravalent form of the catalyst, Zr'VeHs-BTC, showed no activity
for the hydroboration of pyridine or 6-methoxyquinoline. This experiment demonstrates the unique

reactivities of Zr''-H species toward substrate insertion.

Lol 1,2 [ 14
I = .

]
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Figure 9-10. Plots of yields (%) for the 6-methoxyquinoline hydroboration products in six runs.
The loading of Zr'"'sHs-BTC catalyst were 1 mol%.
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Besides recycle experiments, additional experiments were performed to exclude the
possibility of having leached-out species catalyzing the reactions, therefore validate the
heterogeneity of Zr'''sHs-BTC catalyst. By examining the space-filling model of the MOF, a large
tetraquinoline substrate which cannot easily diffuse through MOF channels was designed. The
substrate was synthesized through Suzuki-Miyaura coupling of tetrabromo precursor with
quinoline boronic acid in high yield. The structure model in Figure 9-11 displayed the largest
channel of the MOF, which is smaller than the size of the tetraquinoline substrate (1,1,2,2-
tetrakis(4-(quinolin-6-yl)phenyl)ethene). Therefore, the large substrate cannot diffuse into the

channel and access catalytic Zr'"' metal centers, and displayed almost no conversion.

Figure 9-11. Space-filling model of Zr'"'sHs-BTC (left) and the large tetraquinoline substrate.

9.2.4 ZrsHes-BTC catalyzed pyridine hydrosilylation.

Silanes are generally more diverse and easily available than boranes. Therefore, the
hydrosilylation of pyridines and quinolines presents an even more versatile and practical method

to synthesis azacyclic compounds. However, only a handful of catalysts were reported to effect
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pyridine hydrosilylation reactions. Zr'"'sHe-BTC is a highly active and selective catalyst for 1,4-
hydrosilylation of pyridines and quinolines with triethoxysilane (Table 9-2). At 2 mol% loading,
Zr'"sHs-BTC hydrosilylated pyridine in 72% yield with exclusive 1,4-selectivity. At 0.2 mol%

loading of zr""!

6He-BTC, a broad scope of pyridines and quinoline with various substituents are
hydrosilylated in high yields and selectivity. For substrate that cannot undergo 1,4-addition (e.g.
isoquinoline), Zr'"'sHe-BTC effected the 1,2-addition of triethoxysilane with a high activity.
Similar to hydroboration reactions, the oxidized form Zr'VsHg-BTC showed no activity for the

hydrosilylation of pyridines and quinolines, likely a result of sluggish substrate insertion of Zr'V-

H functionality.

Table 9-2. Zr'"'sHs-BTC catalyzed 1,4-hydrosilylation of pyridines and quinolines

NP z'"H-BTC
R | : =R+ |
SNPEN H-Si(OEt), N

= N 100 °C N
Si(OEt),
OMe
(] (r ) wr
N ) N N
Si(OEt), Si(OEt), Si(OEt), Si(OEt),
[2.0 mol% zr''P [4.0 mol% zr'M° [4.0 mol% zr'"P [4.0 mol% zr'"°
72 % yield 78 % yield 69 % yield 55 % yield
(pure 1,4) (pure 1,4) (10:1) (pure 1,4)
(I j \©\/j C:: : : S|(OEt
Sl(OEt Sl(OEt s.(OEt)3
[0.2 mol% zr'"] [0.5 mol% zr'"] [0.2 mol% zr'"] [0.5 mol% zr'""]
88 % vyield 81 % vyield 63 % yield 59 % yield
(3.4:1) (7.1:1) (12:1) (pure 1,2)

1 equiv. of HSi(OEt)s w.r.t. pyridine or quinoline was used unless otherwise indicated. Yield was
determined by *H NMR using mesitylene as internal standard. The ratio of 1,4 product vs 1,2
product was shown in parenthesis.
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9.3 Conclusion

In this chapter, we demonstrate the quantitative conversion of [M'Vs04(OH)4Cl12]® nodes
in MsCl12-BTC to the [M"'s04(ONa)sHs]® nodes (M = Zr, Hf) via a novel bimetallic reductive
elimination process. The bridging oxo/carboxylate ligands and the site-isolation effect of the MOF
framework stabilize coordinatively unsaturated M""H centers to afford highly active and selective
catalysts for dearomative 1,4-hydroboration and 1,4-hydrosilylation of pyridines and quinolines.
This work demonstrates SBU transformation as a general and powerful strategy to create
homogeneously inaccessible, and coordinately unsaturated single-site MOF catalysts with unique

electronic properties for organic synthesis.
9.4 Experimental

9.4.1 Material and methods

All of the reactions and manipulations were carried out under N2 with the use of a glove
box or Schlenk technique, unless otherwise indicated. Tetrahydrofuran and toluene were purified
by passing through a neutral alumina column under N2. Benzene and ds-benzene were distilled
over CaH». Pyridine and quinoline derivatives were purchased from Fisher, distilled, and then
dried over 4A molecular sieves prior to use. Pinacolborane and silanes were purchased from
Sigma-Aldrich and used as received. Powder X-ray diffraction (PXRD) data was collected on
Bruker D8 Venture diffractometer using Cu Ko radiation source (I = 1.54178 A). N sorption
experiments were performed on a Micrometrics TriStar 11 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. X-ray photoelectron spectroscopy
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(XPS) data was collected using an AXIS Nova spectrometer (Kratos Analytical) with
monochromatic Al Ka X-ray source; Al anode was powered at 10 mA and 15 kV, and the
instrument work function was calibrated to give an Au 4f7 metallic gold binding energy (BE) of
83.95 eV. Instrument base pressure was ca. 1x10~° Torr. The analysis area size was 0.3 x 0.7 mm?.
For calibration purposes, the binding energies were referenced to the C 1s peak at 284.8 eV. Survey
spectra were collected with a step size of 1 eV and 160 eV pass energy. 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% HNO3z matrix and analyzed with a ***Tb internal standard against a 12-point
standard curve over the range from 0.1ppb to 500ppb. 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.

9.4.2 Synthesis of a large quinoline substrate

Scheme 9-4. Synthesis of large quinoline substrate through Suzuki-Miyaura coupling.

o ‘ O o Pd(PPh,)
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Br

1,1,2,2-tetrakis(4-(quinolin-6-yl)phenyl)ethene
1,1,2,2-tetrakis(4-(quinolin-6-yl)phenyl)ethene was synthesized by a Suzuki coupling

reaction. 1,1,2,2-tetrakis(4-bromophenyl)ethene (318 mg g, 0.5 mmol), quinoline boronic acid
(519 mg, 3 mmol), tetrakis (triphenylphosphine) palladium (116 mg, 0.1 mmol) and K>COs (691
mg, 5 mmol) were charged into a heavy-walled glass tube and dried under vacuum for 10 min.

Degased THF (10 mL) and H20 (4 mL) were then added to the glass tube via cannula transfer.
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The glass tube was sealed with a Teflon cap and heated at 80 "C for 24 h. After cooling to room
temperature, the crude product was extracted with CH2Cl», and recrystallized from THF to obtain
1,1,2,2-tetrakis(4-(quinolin-6-yl)phenyl)ethene product as a bright yellow powder (192 mg, 47%

yield).
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Figure 9-12. *H NMR of 1,1,2,2-tetrakis(4-(quinolin-6-yl)phenyl)ethene |4n CDCI3
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9.4.3 Synthesis of Zr'"'sHs-BTC

In a No-filled glove box, ZreCli>-BTC (20.0 umol of Zr) was weighed out in a 1.5 mL
centrifuge tube and dispersed in 1.0 mL of toluene. NaBEtsH (0.2 mL, 0.2 mmol, 1.0 M solution
in toluene) was then added dropwise to the suspension. The color of the MOF immediately changed
from white to deep red while vigorously evolving H> gas. The resulting suspension was kept at
room temperature for 30 min to ensure complete reduction. The red solid was then centrifuged out
of the suspension and washed with toluene 3 times to remove excess NaBEtsH and side products

(NaCl, BEts).

9.4.4 Typical procedure for Zr'''sHe-BTC catalyzed pyridine 1,4-hydroboration

Zr'lsHg-BTC (2.2 umol Zr) was prepared as described above. 6-methoxyquinoline (300 pL,
2.17 mmol) was then added to a solution of Zr'""'sHs-BTC and pinacolborane (378 uL, 2.60 mmol).
The reaction mixture was stirred under N2 at 90 °C for 18 h. The MOF was removed from the
solution by centrifugation. The supernatant was transferred to a vial, and the MOF was washed
with Hexanes. The combined organic extracts were concentrated in vacuo to afford a mixture of
6-methoxy-1-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-1,4-dihydroquinoline (1.84 mmol, 85%
NMR vyield based on mesitylene as an internal standard) and 6-methoxy-1-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)-1,2-dihydroquinoline (0.24 mmol, 11% NMR yield based on mesitylene
as an internal standard). 0.4% of Zr leaching was determine by ICP-MS analysis of the organic

extract, indicating minimal MOF decomposition during catalysis.
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9.4.5 Typical procedure for Zr'''sHe-BTC catalyzed pyridine 1,4-hydrosilylation
Zr'"sHg-BTC (11 pmol Zr) was prepared as described above. 6-methylquinoline (291 pL,
2.17 mmol) was added to a solution of Zr'"'sHe-BTC and triethoxysilane (480 pL, 2.60 mmol). The
reaction mixture was stirred under N2 at 90 °C for 18 h. The MOF was removed from the solution
by centrifugation. The supernatant was transferred to a vial, and the MOF was washed with
Hexanes. The combined organic extracts were concentrated in vacuo to afford a mixture of 6-
methyl-1-(triethoxysilyl)-1,4-dihydroquinoline (1.54 mmol, 71% NMR yield based on mesitylene
as an internal standard) and 6-methyl-1-(triethoxysilyl)-1,2-dihydroquinoline (0.22 mmol, 10%

NMR vyield based on mesitylene as an internal standard).
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Figure 9-16. *H NMR of hydrosilylated pyridine with almost exclusive 1,4-selectivity.
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Chapter 10. Tuning Lewis Acidity of MOFs via Perfluorination of Bridging

Ligands: Spectroscopic, Theoretical, and Catalytic Studies

10.1 Introduction

MOF Lewis acidity has attracted broad research interest in recent years. This chapter
describes the development of two quantitative methods for determining MOF Lewis acidity
through either the EPR spectroscopy of MOF-bound superoxide (O2™) or the fluorescence
spectroscopy of MOF-bound NMA. The techniques were used to quantitatively measure the
enhanced Lewis acidity of perfluorinated MOFs. Two novel perfluorinated MOFs, Zrs-fBDC and
Zre-fBPDC, were shown to be significantly more Lewis acidic than non-substituted UiO-66 and
UiO-67 MOFs as well as the nitrated MOFs Zrg-BDC-NO2 and Zrs-BPDC-(NO2)2. Zrs-fBDC was
therefore used as a highly active solid Lewis acid for catalyzing the Diels-Alder and arene C-H

iodination reactions.

Early demonstrations of MOF catalysis utilized the metal-connecting points as Lewis
acidic sites, but these MOFs only displayed limited catalytic activities (Figure 10-1). The advent
of highly stable MOFs based on Group IV metals with d° electronic configurations brought about
porous solid catalysts with greatly enhanced Lewis acidity, and have been used for a number of

catalytic reactions including isomerization, hydrolysis, and dehydrations.®

Despite recent progress, existing MOFs still exhibit much lower Lewis acidity than the

benchmark homogeneous systems (e.g. Sc(OTf)3).%> The Lewis acidity of homogeneous catalysts

can be precisely measured. In contrast, no techniques are currently available to quantitatively

assess the MOF Lewis acidity, mainly due to the insolubility and structural complexity of MOFs.
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Although notable efforts were made to probe Lewis acidity using reaction Kinetics, but such
measurements are convoluted with the varied substrates/products diffusion rates through different
MOFs, and the partition of substrates/products between different MOF channels. The objectives
of this work are to develop quantitative methods to determine MOF Lewis acidity and to discover
effective strategies to enhance their Lewis acidity, with the goal of making porous solid catalysts

with much larger channels than zeolites for fine chemical synthesis.
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Figure 10-1. Notable examples of MOF Lewis acids.

This chapter describes a series of UiO MOFs featuring defect ZrsO4(OH)4 inorganic nodes

with missing linkers and unsaturated coordination around Zr centers.'6-2! EPR and fluorescence

methods were applied to measure a variety of Lewis acidic MOFs to unveil a strong correlation
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between dicarboxylate electron density and ZrsO4(OH)4 Lewis acidity. Based on this insight, we
have significantly enhanced the Zr-MOF Lewis acidity using perfluorinated bridging ligands to
afford porous solid catalysts for challenging transformations that typically effected by strongly

Lewis acidic homogeneous catalysts (Figure 10-2).
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Figure 10-2. Framework structures and bridging ligands of two series of MOFs isostructural to
Ui0-66 and UiO-67 with defect ZreO4(OH)4 nodes.

10.2 Results and Discussion

10.2.1 EPR method for measuring Lewis acidity

Two perfluorinated UiO-MOFs, Zrs-fBDC and Zre-fBPDC were synthesized. The structure

of these two MOFs can be viewed as replacing BDC in UiO-66 and BPDC in UiO-67 with fBDC
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and fBPDC ligands, respectively (Figure 10-2). These two MOFs were synthesized by heating a

mixture of ZrOCl,-8H,0 and fluorinated linkers in acidic THF at 80 °C.
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Figure 10-3. Synthesis of defect Zre-fBDC (a) and Zre-fBPDC (b) from ZrOCl,-8H20 and
perfluorinated linkers. The missing organic linkers give rise to unsaturated coordination around
the Zrs nodes. The coordination environments of the Zr active sites are approximately Zr(us-
0)2(u3-OH)2(L)3(OHy) in these two MOFs (L is fBDC or fBPDC).

Spectroscopic measurements of MOFs using UV-vis, fluorescence or EPR have been
challenging. The signals tend to be weak and noisy because MOFs are poorly dispersed in solvents
and scatter photons very strongly. One solution to this problem is to utilize probes that have high
sensitivity toward photon excitations. We have chosen O>™ and NMA as two sensitive probes to
assess the Lewis acidity of MOFs. Superoxide ions display strong EPR signals and NMA is a

highly emissive fluorescent dye. More importantly, their signals are sensitive to the Lewis acidity

218



of metal ions. In this work, we show for the first time that EPR of MOF-bound superoxide and

fluorescence of MOF-bound NMA provide sensitive indicators for the Lewis acidity of MOFs.

O™ can be in situ generated by the 1 e” reduction of O using (BNA): as the photo-reductant.
02" is very small and easily diffuses through the MOF channel before quenching. Moreover, Oz
is very electron-rich and strongly binds to the Zr defect sites in UiO-MOFs by displacing the

weakly coordinating H2O molecule to form the EPR-active Zr(O.") species (Scheme 10-1).

Scheme 10-1. Proposed mechanism for the superoxide binding to the defect Zr sites in Zre-
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The coordination to Lewis acids significantly changes the EPR signature of O,". The
rhombic g-tensor of the EPR spectrum, most evidently the g, component, is diagnostic of the
binding strength between O>™ and the Lewis acid. This effect is due to coordination of the electron

pair in the HOMO of the O™ (ng¥), which increases the energy splitting (AE) between the HOMO

and the SOMO of the O2™ (ng*). The AE is related to the g,, value following the Ké&nzig-Cohen
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equation. More Lewis acidic metal centers would split the * orbitals to a greater extent to give

larger AE values.

g, =2.0324

Zr -fBDC ~AE =0.9304 eV

- g,=20330

Zr -BDC-NO, ~AE =0.9114 eV

g =20344
\ AE = 0.8735 eV

Zr-BDC

Normalized Intensity

3360 3380 3400 3420 3440 3460
Field (G)

Figure 10- 4. Zr(O2") EPR spectra of Zre-BDC (black), Zre-BDC-NO: (red), and Zre-fBDC
(blue).

The EPR spectra of a variety of UiO MOF-bound superoxide ions were measured at 100
K, and the measured g.; values displayed a clear trend. UiO MOFs grown from more electron-
deficient dicarboxylates, namely those with electron-withdrawing groups, showed smaller gz,
indicating larger AE values. For example, Zre-BDC produced a gz, value of 2.0344, corresponding
to a AE of 0.8735 eV. The Zre-BDC-NO2 MOF, which has more Lewis acidic Zr centers, showed
a smaller gz, value of 2.0330, corresponding to a larger AE of 0.9114 eV. In contrast, the Zrs-fBDC
MOF exhibited a g, of 2.0324 and a AE of 0.9304 eV, making it the most Lewis acidic MOF in

the UiO-66 series (Figure 10-4).
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To validate the trend observed for the UiO-66 series, three MOFs of the UiO-67 series
were prepared and measured for EPR spectra. Zrs-BPDC showed a gz, of 2.0343, corresponding
to AE of 0.8743 eV, similar to that of Zre-BDC. Zre-BPDC-(NO3)2 gave a gz, of 2.0334 and a AE of
0.9014 eV. The perfluorinated Zre-fBPDC is much more Lewis acidic than the other two MOFs,
with a gz of 2.0326 and a AE of 0.9246 eV. These experiments established that perfluorination is
an effective way to enhance Lewis acidity of defect ZrsO4(OH)4 nodes in UiO-MOFs (Figure 10-

).
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Figure 10-5. Zr(O2") EPR spectra of Zrs-BPDC(black), Zrs-BPDC-(NO2)2 (red), and Zre-fBPDC
(blue).

10.2.2 DFT calculations to validate the EPR method
DFT calculations were carried out to gain insight into the coordination mode and electronic
structure of O™ bound to Zrs nodes. The optimized structures for the models of all six MOFs

showed a side-on binding mode of the O>™ on the Zrs node (Figure 10-6). 2° The side-on

coordination is analogous to that proposed for superoxide ions bound to a zirconia surface. For the
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Zrs-fBDC-02" model structure, the O-O distance at the Zr(O2™) site is 1.301 A, longer than the O-
O distance in a free O, species (1.28 A). This is presumably due to the weakening of the O-O
bond by the coordination to Zr centers. The Zr-O bond distances in Zre-fBDC-(0.") are 2.18 and
2.21 A, with a small degree of binding asymmetry. Comparing the Zr(O2™) bond distances in the
Zrs-BDC and Zre-fBDC models offered insight into the binding strength of O, to different Zr
centers. Indeed, the Zr-O distances in Zre-fBDC are 2.18 and 2.21 A, shorter than those in Zre-
BDC (2.19 and 2.23 A). These computational results therefore verified that electron withdrawing

groups on the organic linker increase the Lewis acidity of Zr sites in defect UiO-MOFs.

Figure 10-6. DFT optimized superoxide binding mode on Zrs-fBDC-O,".

The enhancement of MOF Lewis acidity by installing electron withdrawing groups on the
linker was also verified by DFT through calculation of AE values. The molecular orbital diagram
of a Zr(O2™) fragment in the Zre-BDC model structure was analyzed using biorthogonalization
method. The bonding orbitals for the O™ significantly overlap with the Zr** orbitals, indicating

strong binding of O>™ onto the Zr center instead of simply electro-static attachment. The energy
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gaps between the HOMO and SOMO were calculated using restricted open shell methods, and are

correlated to the EPR-measured AE values. (Figure 10-7a).
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Figure 10-7. (a) Molecular orbital diagram for Zr(O>") in the model structure. The HOMO-SOMO
gap for Zre-BDC-0O>™, indicated by the dotted line, is 2.74 eV. (b) The linear relationship be-tween
AE values calculated by DFT, AEprt, and AE values measured by EPR, AEepr, With an adjusted
R? of 0.953.

We have observed that the HOMO-SOMO energy gaps increase in the following order:

Zre-BDC =~ Zrg-BPDC < Zrg-BDC-NO:z < Zrs-BPDC-(NO2). < Zre-fBPDC < Zre-fBDC (Figure

10-7b). A linear relationship between the calculated AEprr with the EPR measured AE was
observed with an adjusted R? of 0.953. Therefore, DFT calculations support the proposal that
electron-withdrawing groups on the MOF ligand significantly increase the binding strength of

superoxide on the MOF node.

10.2.3 DFT calculations to compare Zrs nodes with multiple defect sites.
DFT calculations have also been utilized to elucidate the impact of defect density on the

MOF Lewis acidity. For Zrs-fBDC, two additional models for the superoxide-bound MOF nodes,
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one with two missing carboxylate defects (Zre-fBDC-2def- O,™) and another with three missing
carboxylate defects (Zrs-fBDC-2def- O2™), were optimized and analyzed for SOMO-HOMO gaps.
The open Zr sites generated from linker removal were capped with H.O and OH (Figure 10-8, 10-
10). The superoxide moieties in the optimized doubly or triply defected models adopt identical
coordination modes as the singly defected model and produced identical SOMO-HOMO gaps of
2.84 eV (Figure 10-9, 10-11). Unlike the change of carboxylates, the inclusion of more defects

does not alter the primary coordination environment around the Lewis acidic Zr centers.

Figure 10-8. DFT optimized structure for Zrs-fBDC-2def-O>™ with two defects. The missing
carboxylate defect sites are highlighted in yellow.

AE=2.84eV

Figure 10-9. Molecular orbital diagrams for Zrs-fBDC-2def-O,". The SOMO-HOMO gap for
superoxide in this model is 2.84 eV.
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Figure 10-10. DFT optimized structure for Zre-fBDC-3def-O.". The missing carboxylate defect
sites are highlighted in yellow.

=

AE=2.84¢eV

), SOMO )J HOMO

Figure 10-11. Molecular orbital diagrams for Zre-fBDC-3def-O.". The SOMO-HOMO gap for
superoxide in this model is 2.84 eV.

10.2.4 Fluorescence method for measuring Lewis acidity
Although O>™ is an accurate indicator of MOF Lewis acidity, the experimental procedures
for superoxide generation and EPR measurement are lengthy and tedious. Therefore, we have also

used NMA fluorescence to probe Lewis acidity of MOFs. NMA is a commercially-available
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fluorescent dye, which features lone pairs of electron that can effectively bind to vacant metal sites

(Figure 10-12).
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Figure 10-12. The coordination of NMA dye to the Zr defect sites in Zre-fBDC, leading to a
dramatic shift in the emission maxima.

The fluorescence maxima (Amax) of NMA shifts significantly upon binding to metal centers
(Figure 10-13). These shifts are indicative of the binding affinity of the probe to the metals and
thus can be used as a measure of Lewis acidity. A large excess of Lewis acids is typically used
with respect to NMA to avoid the emission of non-coordinated NMA molecules. The fluorescence
spectra of NMA coordinated to three different UiO-66 MOFs are shown in Figure 10-14. In the
case of Zrs-BDC and Zrs-BDC-NO3, the Amax of NMA changed dramatically from 433.0 nm to
466.4 nm and 469.0 nm, respectively, upon coordination of the dye to defect Zr sites. Zrs-fBDC
shifted the NMA emission wavelength the most, with a Amax of 470.6 nm. The same trend was
observed for the three UiO-67 MOFs, where the Zre-fBPDC shifted the NMA emission wavelength

the most, with a Amax 0f 469.6 nm.
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Figure 10-13. (a) Fluorescence spectra of NMA binding to Zre-BDC (black), Zrs&-BDC-NO: (red),
and Zre-fBDC (blue) in MeCN at 298 K. (b) Fluorescence spectra of NMA binding to Zrs-BDPC
(black), Zrs-BPDC-(NOz)2 (red), and Zre-fBPDC (blue) in MeCN at 298 K.

We also found that the Amax Of Zr-bound NMA was linearly related to the AE measured
from the EPR method, with an adjusted R-squared value of 0.954. A fitted empirical relationship
(Figure 10-23b) between the Amax and AE was used to calculate the NMA fluorescence-derived
AE values (AEnma) for every MOF. The AEnma values were compared with the EPR-measured
AE values to check the reliability of the fluorescence method. The Amax, AEnma and AE for each
of the six different MOFs are summarized in Figure 10-15a. The AEnma consistently reproduces
the EPR-measured AE, indicating that the fluorescence dye is a convenient probe for assessing

Lewis acidity in MOFs.
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(@) MOFs Amax (nm)  AEnma (eV) | AEgpr (eV)
Zrs-BDC 466.4 0.8788 0.8735
Zrs-BDC-NO2 469.0 09121 09114
Zre-fBDC 470.6 0.9326 0.9304
Zre-BPDC 465.5 0.8673 0.8743
Zre-BPDC-(NO2)2 | 468.4 0.9044 0.9014
Zre-fBPDC 469.6 0.9200 0.9246
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Figure 10-14. (a) Linear relationship between the EPR measured AEgpr and the DFT calculated
AEprr. (b) List of the fluorescence maxima (Amax), calculated AEnma from NMA Amax, and
AEEPR measured from Zr-(O.") EPR spectra.

The coordination mode and electronic structure of NMA bound to the Zrg node was also

studied by DFT. The optimized structure showed that the carbonyl group (instead of the aryl or

nitrogen) is coordinated to the vacant site of the Zrs node, adopting a side-on coordination mode

(Figure 10-16). Molecular orbital calculations of the NMA fluorescent dye revealed the electronic

structure of the HOMO orbital, which is proposed to be responsible for the NMA coordination to

Zr.
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Figure 10-15. Coordination mode of NMA on Zrg node of defect UiO-66.

10.2.5 Zrs-fBDC catalyzed Diels-Alder reactions.

We first tested Zre-fBDC for Diels-Alder reactions. The Diels-Alder reaction is of great
synthetic value to the organic chemistry community and has been widely applied to the synthesis
of six-member ring structures with high regioselectivity and stereoselectivity. However, the
reaction generally requires high temperatures and long reaction times when performed without the
addition of an acid catalyst. Unlike classical Lewis acidic metal complexes, MOF catalysts benefit
from having uniform active sites which can lead to better reaction selectivity. The solid nature of
MOFs offers additional advantages, including easy separation from reaction mixtures and catalyst
reusability.

For the cyclization of 1,4-benzoquinone with 2,3-dimethylbuta-1,3-diene, only 4% vyield
of product was observed in the absence of catalyst at 25 °C after 2 h (Table 10-1). In the presence
of Zre-BDC and Zre-BDC-NO3, the product yields increased to 14% and 25% respectively. In
contrast, Zre-fBDC afforded the cycloaddition product in 78% yield at the same reaction condition.
Elongation of the reaction time from 2 h to 8 h further increased the yield to 98%. Considering

Zre-fBDC has a higher density of defect sites, additional control experiments were performed by
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increasing the catalyst loading of Zre-BDC and Zrs-BDC-NO- to the same loading of defect sites
as Zre-fBDC. However, the yields of product are still much lower than that of Zre-fBDC catalyzed
entries. The reaction is proposed to be initiated by the coordination of the lone pair electrons of
the quinones to the Zr centers. This coordination is expected to lower the energy of the LUMO
orbital to enhance the overlap with the HOMO orbital of the dienes.

Table 10-1. Catalyst evaluation of Zre-fBDC catalyzed Diels-Alder reactions.

O @)
5 mol% Zr-MOFs _
I ' 25°C, CH,Cl,
@) @)
Entry Product Catalyst Time Yield
1 No catalyst 2h 4%
2 o MOF-5 2h 8%
3 HKUST 2h 46 %
4 Zrs-BDC 2h 14 %
5 Zrs-BDC-NO> 2h 25 %
6 0 Zre-fBDC 2h 78 %
7 Zre-fBDC 8h 98 %

Reaction conditions: dienophile (1 equiv., 1 mmol), diene (1.2 equiv.), Zr MOFs (5 mol%, 0.05
mmol), CH,Cl, (3.0 mL), 25 °C. Reaction yields were determined from *H NMR using mesity-
lene as an internal standard.

The MOF-catalyzed Diels-Alder reaction displayed a broad substrate scope (Table 10-2).
Cyclohexa-1,3-diene, a less reactive diene than cyclopentadiene or 2,3-dimethylbuta-1,3-diene,
was cyclized with 1,4-benzoquinone in 94% yield in 12h in the presence of 5 mol% Zre-fBDC.
Quinone substrates containing electron-donating groups, such as the 2-methyl-1,4-benzoquinone,
are generally less reactive in Diels-Alder reactions due to their much higher LUMO energy and

increased steric hindrance. Impressively, in the presence of 5 mol% Zrs-fBDC, 2-methyl-1,4-

benzoquinone efficiently reacted with cyclohexa-1,3-diene and 2,3-dimethylbuta-1,3-diene at
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25 °C to afford cycloaddition products in 74% and 84% yields, respectively. Moreover, Zre-fBDC

was reused for at least three runs without significant loss of catalytic activity (Figure 10-17).

Table 10-2. Catalyst evaluation and substrate scope of Zre-fBDC catalyzed Diels-Alder

reactions.

8 h, 98% vyield

H
0
/
)

12 h, 94% yield

5 mol% Zr-MOFs 77! o
25°C,CH,Cl,
o X

48 h, 84% vyield 24 h, 99% yield

H H
0 0
/ /
O Me o T
48 h, 74% vyield 30 h, 95% vyield

Reaction conditions: dienophile (1 equiv., 1 mmol), diene (1.2 equiv.), Zr MOFs (5 mol%, 0.05
mmol), CH2Cl, (3.0 mL), 25 °C. Reaction yields were determined from 1H NMR using mesity-

lene as an internal standard.

10% Zrg-fBDC

(@) o
+ Q<
al CH,Cl,, 2 h, 25 °C
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Recovered Zr-fBDC
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0
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Figure 10-16. (a) Experimental procedure for the recycling experiment of Zre-fBDC catalyzed
Diels-Alder reactions. (b) Plots of yields (%) and error bars for Diels-Alder reaction products in

four consecutive runs.
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10.2.6 Zrs-fBDC catalyzed arene C-H iodination reactions.

Aryl iodides are very useful building blocks in organic synthesis. The C-I bonds of arenes
readily undergo cross-coupling reactions and nucleophilic substitutions. There are multiple
synthetic methods to access these compounds, including the Sandmeyer reaction, halide exchange
reactions, and electrophilic substitutions. The most straightforward method is the direct C-H
iodination using iodine or N-iodosuccinimide (NIS). Many acid catalysts have been developed to
perform such reactions, notably the BF3-H.O system reported by Olah and co-workers which could
iodinate very challenging electron-deficient arenes. For electron-rich arenes, however, many
catalysts suffer from poor regioselectivity, leading to the formation of multi-iodinated products.
Zre-fBDC was tested for the iodination of anisole at 25°C using MeCN as the solvent. These
conditions afforded exclusively the mono-idodination product in 96% yield after 30 h. Other arene
substrates, such as 2-methoxynaphthalene, aniline, and N-methylaniline, were also iodinated in

high yields with excellent regioselectivity (Table 10-3).

Table 10-3. Substrate scope of Zre-fBDC catalyzed C-H iodination reactions.

= 4 mol% Zr-MOFs =7~
S R = R
Sy- NIS NS
25 °C, MeCN

12 h, 85% yield 30 h, 96% yield 2 h, 95% yield 2 h, 93% vyield
Reaction conditions: arenes (1 equiv., 0.5 mmol), N-iodosuccinimide (1.1 equiv.), Zr MOFs (4

mol%, 0.02 mmol), MeCN (1.5 mL), 25 °C. Reaction yields were determined from *H NMR using
mesitylene as an internal standard.
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The catalytic performance of Zre-fBDC was compared to other MOFs to show the
importance of ligand perfluorination. At identical reaction conditions and catalyst loading, Zre-
BDC and Zre-BDC-NO: only iodinated 2-methoxynaphthalene in 16% and 28% yield, respectively,
while Zrs-fBDC gave 85% yield of the 3-iodinated product. Other Lewis acidic MOF catalysts, i.e.
MOF-5 and HKUST-1, also displayed much lower catalytic performance than Zre-fBDC (Table
10-4). Impressively, Zre-fBDC could be recycled at least 6 times without a significant drop in

catalytic activity, illustrating the robustness of the solid Lewis acid catalyst (Figure 10-19).

Table 10-4. Catalyst evaluation and substrate scope of Zre-fBDC catalyzed C-H iodination

reactions.
|
4 mol% Zr-MOFs “
R - U
NIS
25 °C, MeCN
Product Catalyst Time Yield
1 No catalyst 12h 10 %
2 | MOEF-5 12h 32 %
3 OMe HKUST-1 12h 16 %
4 Zre-BDC 12h 16 %
5 Zre-BDC-NO2 12h 28 %
6 Zre-fBDC 12 h 85 %

Reaction conditions: arenes (1 equiv., 0.5 mmol), N-iodosuccinimide (1.1 equiv.), Zr MOFs (4
mol%, 0.02 mmol), MeCN (1.5 mL), 25 °C. Reaction yields were determined from *H NMR using
mesitylene as an internal standard.
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Figure 10-17. Plots of yields (%) and error bars of 4-iodoaniline in seven consecutive runs of Zre-

fBDC catalyzed iodination of aniline with N-iodosuccinimide. The Zr-loadings were 10 mol%
(total Zr w.r.t. to aniline). The catalyst loading of defective site w.r.t. aniline is 4.33 mol%.

10.3 Conclusion

In this chapter, we developed two general methods quantify the Lewis acidity of MOFs by
measuring the changes in superoxide EPR signals and shifts of NMA fluorescence peaks upon
their coordination to MOFs. We prepared a series of UiO-MOFs featuring defect ZrsO4(OH)a4
nodes with missing linkers and unsaturated coordination around Zr active sites. The application of
the EPR and fluorescence methods to a variety of MOFs unveiled a strong correlation between
dicarboxylate electron density and ZrsOs(OH)s Lewis acidity, leading to the discovery of
significantly enhanced Lewis acidity within Zr-MOFs containing per-fluorinated bridging ligands.
The new perfluorinated MOFs, Zrs-fBDC and Zre-fBPDC, are significantly more Lewis acidic
than non-substituted UiO-66 and UiO-67 as well as the nitrated MOFs Zre-BDC-NO> and Zre-
BPDC-(NO,)2. Zrs-fBDC was shown to be a highly active Lewis acid catalyst for Diels-Alder and

arene C-H iodination reactions. This work therefore establishes the important role of ligand
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perfluorination in enhancing MOF Lewis acidity and the potential of designing novel MOFs with

high Lewis acidity as porous solid catalysts for fine chemical synthesis.

10.4 Experimental

10.4.1 Synthesis and characterizations of Zrs-fBDC and Zrs-fBPDC.

| have synthesized two perfluorinated UiO-MOFs, Zre-fBDC and Zre-fBPDC, by replacing
BDC in UiO-66 and BPDC in UiO-67 with fBDC and fBPDC ligands, respectively (Figure 10-2).
Zre-fBDC was synthesized in 86% vyield by heating a mixture of ZrOCl-8H,0 and H>fBDC in
acidic THF at 80 °C. PXRD studies indicated that Zre-fBDC is isostructural to UiO-66 (Figure

10-20).

Experimental Zr-fBDC

| — Simulated UiO-66
I Reflections

—
6

I
NI

10 12 14 16 18 20 22 24
20

Figure 10-18. PXRD pattern of Zre-fBDC (black) matched well with that simulated for UiO-66
(navy). The diffraction peaks of Zre-fBDC matched those expected for a UiO-type of MOF.

The porosity of Zre-fBDC was confirmed by N2 sorption isotherms, which displayed a BET

surface area of 1021 my/g. DFT fitting of the N sorption isotherms of Zre-fBDC gave pore sizes
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of ~6 and ~8 A that are attributable to the tetrahedral and octahedral cages of the UiO structure,

respectively, in addition to a larger pore at ~12 A due to the missing fBDC ligands (Figure 10-

21).
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Figure 10-19. (a) N sorption isotherms of Zrs-fBDC with a BET surface area of 1021 m?/g. (b)
Pore size distribution of Zre-fBDC calculated from DFT.

The surface area of Zre-fBDC is lower than that of UiO-66 due to the increased formula
weight in the perfluorinated MOF (1875 Da for Zre-fBDC vs 1664 Da for UiO-66). Unlike
previously reported perfluorinated MOFs, Zre-fBDC features high thermal stability with a
decomposition temperature of 380 °C as measured TGA. 2226 A combination of *F NMR and ICP-
MS techniques showed the number of missing linkers to be 1.33 per Zrs node (Figure 10-22).
Based on this information, the formula of Zre-fBDC is calculated to be ZrsOs(OH)4(fBDC)a4.67-

[(OH)(OH2)]2.65-
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Figure 10-20. *°F NMR of Zrs-fBDC (2.0 mg) digested in DsPO4/DMSO-ds. The amount of fBDC
was quantified to be 4.83 umol by using 6 umol 2-fluorobenzoic acid as an internal standard. The
amount of Zr was quantified by ICP-MS to be 6.2 umol, thus affording 4.67 ligands per Zrs node.

The defect density of Zre-fBDC is slightly larger than that of defect UiO-66, which was
reported to be 0.7 missing linkers per Zre node, presumably due to the relatively weaker
coordination strength of the fBDC ligand to the Zrs node.61 The structure of Zre-fBDC was

unaltered after desolvation and catalysis based on the retention of the Zrs-fBDC PXRD patterns.

Zre-fBPDC, a UiO-67 analogue of Zrs-fBDC with larger channels, was prepared similarly.
The H.fBPDC linker was synthesized by CuClz>-mediated oxidative aryl-aryl coupling of the
methyl tetrafluorobenzoate organozinc reagent followed by ester hydrolysis. Zre-fBPDC was
synthesized in 90% vyield by heating a mixture of ZrOCl,-8H.0 and H.fBPDC in acidic THF at
80 °C. The PXRD pattern of Zre-fBPDC matched well with the simulated pattern for UiO-67,

indicating their isostructural nature (Figure 10-23).
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Figure 10-21. PXRD pattern of Zre-fBPDC (black) matched well with that simulated for UiO-67
(navy). The diffraction of Zrs-fBPDC displayed all the expected reflections for a UiO-type of MOF.

Compared to Zrs-fBDC, Zre-fBPDC has a larger BET surface area of 1148 m?/g while
maintaining high thermal stability with a decomposition temperature of 310 °C as measured by
TGA. Zrs-fBPDC displayed two types of pores at ~12 and ~15 A, corresponding to the tetrahedral
and octahedral cages, respectively, and a larger pore at ~22 A due to the missing fBPDC ligands

(Figure 10-24).
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Figure 10-22. (a) N sorption isotherms of Zrs-fBPDC with a BET surface area of 1148 m?/g. (b)
Pore size distribution calculated from DFT showed that Zrs-fBPDC possesses tetrahedral and
octahedral pores at 10-17 A. The larger pore at ~22 A is caused by the missing linkers.
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The number of missing linkers per Zrs node was determined by *°F NMR and ICP-MS to
be 1.73 per Zrs node, giving the formula ZreO4(OH)4(fBPDC)4.27[(OH)(OH2)]3.46 for Zre-

fBPDC (Figure 10-25).
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Figure 10-23. **F NMR of Zre-fBPDC (2.4 mg) digested in DsPO4#/DMSO-ds. The amount of
fBPDC was quantified to be 4.59 pumol by using 6 umol 2-fluorobenzoic acid as an internal
standard. The amount of Zr was quantified by ICP-MS to be 6.45 umol, thus affording 4.27 ligands
per Zrs node.

10.4.2 Synthesis and characterizations of Zrs-BDC-NO2 and Zrs-BPDC-(NO2)z2.
Zrg-BDC-NO2 and Zre-BPDC-(NO2). were synthesized to compare their Lewis acidity
with those of perfluorinated MOFs. Zre-BDC-NO> was prepared from H>BDC-NO, and
ZrOCl,-8H20 in acidified DMF. PXRD studies indicated its isostructural nature with UiO-66. N2
sorption isotherms of Zrs-BDC-NO> afforded a BET surface area of 960 m?/g and pore diameters

of ~6, ~8, and ~12 A. The similar porosity of Zrg-BDC-NO2 and Zrs-fBDC makes them a good
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pair to study the impact of Lewis acidity on catalytic performance without the complication of
varying diffusion kinetics through MOF channels. The number of missing linkers was determined
by 'H NMR and ICP-MS to be 0.94 per Zrg node, thus giving Zrs-BDC-NO; the formula
Zrs04(OH)4(BDC-NOz2)s.06[ (OH)(OH2)]1.88. The defect density of Zre-BDC-NO: is essentially the

same as that of Zre-fBDC.

Zre-BPDC-(NO»)2 with larger channels was synthesized in 85% yield by heating a mixture
of H.BPDC-(NO2). and ZrOCl»-8H,0 in acidified THF at 80 °C. The H.BPDC-(NO>). ligand was
synthesized in high yield using the Pd-catalyzed Suzuki-Miyaura cross-coupling reaction followed
by ester hydrolysis. Zrs-BPDC-(NOz)2 is isostructural to UiO-67 based on the similarity of their
PXRD patterns. The porosity of The Zrs-BPDC-(NO>), was confirmed by N2 sorption isotherms,

affording a BET surface area of 1205 m?/g and pore diameters of ~12, ~15, and ~22 A.

10.4.3 EPR measurement of MOF Lewis acidity

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 100 K (Figure 10-26). The sample was loaded into the cavity and held for 10
minutes to ensure superoxide generation and coordination to the MOF and the freezing of the

dispersion. The EPR spectrum was collected at 9.63 GHz.

For Zre-fBDC, the coordinated superoxide showed a typical anisotropic signal with gz, =
2.0324, gyy = 2.0105 and gxx = 2.0038. The superoxide binding energy to Zr centers can be

calculated using the following equation adopted from literature reports:2’-?

AZ
972 =9 +2 773 Az
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where the free spin value ge = 2.0023, A is the spin-orbit coupling constant of oxygen known to

be 0.014 eV, and AE is the energy splitting of g levels due to superoxide coordination to Zr.
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Figure 10-24. (a) EPR experiment setup for the characterization of Zr-bound superoxides. An EPR
tube loaded with a Zr MOF, (BNA), and oxygen was irradiated with intense white light. (b) EPR
spectrum (100 K) of superoxide bond to Zre-fBDC measured in MeCN/toluene mixed solvents.

10.4.4 Fluorescence measurement of MOF Lewis acidity

For the measurement of MOF Lewis acidity, 0.8 mmol of Zr MOF (w.r.t. Zr) was added to
a 2-dram vial in an No-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 fluorescence of NMA-bound Zrs-fBDC is shown as an example. The
incident violet light (413 nm) was adsorbed by the Zr-bound NMA and emitted as blue/cyan light
(452.6 nm and 470.6 nm). Both spectra were measured using an excitation wavelength of 413 nm.
The emission peaks of NMA at 413.0 nm and 433.0 nm shifted to 452.6 nm and 470.6 nm,

respectively, upon binding to Zre-fBDC.
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To exclude the possibility that the Bransted acidic ps-OH (pKa ~ 3.52) might have caused
the shift in the NMA emission, a series of Brgnsted acids (trifluoroacetic acid, benzoic acid, ace-
tic acid, and 4-aminobenzoic acid) covering the pKa range of -0.25 ~ 4.86 were mixed with NMA
in MeCN to measure fluorescence. None of the four acids caused any shift in the NMA emission
spectra, indicating Brgnsted acids are not responsible for the shifts in NMA fluorescence in the

UiO series.
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Figure 10-25. (a) Tyndall effect of Zre-fBDC fine suspension in MeCN. (b) The fluorescence
spectra of NMA in MeCN (black) and NMA bound to Lewis acidic sites in Zrs-fBDC (cyan).

10.4.5 DFT calculation

DFT calculations were carried out to gain insight into the coordination mode and electronic
structure of O™ bound to Zre nodes. To reduce the computational expense, only the three ligands
that were directly connected to the Zr(O2") species were allowed to fully relax. The corresponding
linkers and clusters were optimized at the MO06 level of theory. All other dicarboxylate ligands
were replaced with acetates and held fixed. The optimized structures for the models of all six

MOFs showed a side-on binding mode of the O™ on the Zrs node.?®
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10.4.6 Typical procedure for Zrs-fBDC catalyzed C-H iodination

Zre-fBDC was prepared as described above and stored in an No-filled glove box. To a 15
mL Teflon-sealed tube were added 2-methoxynaphthalene (79 mg, 0.5 mmol), N-iodosuccinimide
(123 mg, 0.55 mmol, 1.1 equiv.), Zre-fBDC (20 pumol Zr), and acetanitrile (1.5 mL). The reaction
mixture was sealed with a Teflon cap and stirred in the dark at 25 °C for 12 h. The reaction was
monitored by *H NMR and GC, which gave a yield of iodination product of 98%. The reaction
mixture was centriguged to remove MOF catalyst. The supernatant was condensed under rotavap,
then purified with chromatography using hexane as eluent to give the pure product (128 mg, 90%

isolated yield).
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Figure 10-26. 'H NMR of pure 1-iodo-2-methoxynaphthalene product isolated by column
chromatography.
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