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Binuclear metal active sites are found throughout all subfields of catalysis, from
homogeneous and heterogeneous systems to enzymes. The installation of bimetallic active sites
within metal-organic framework (MOF) pores is an enticing strategy to leverage the intrinsic
benefits of MOFs for catalysis — their porosity derived site isolation, rigid periodic secondary
structure, and high degree of tunability. However, the actual construction of bimetallic sites is
nontrivial. While a small number of bimetallic sites in MOFs have been reported, progress in this
space is limited by synthetic challenges in controlling both the local coordination environments
and relative metal positioning within the framework. The work herein describes progress towards
the installation of precisely templated bimetallic active sites within MOF pores, and the

exploration of these bimetallic sites as catalysts for oxidative catalysis.



Chapter 1 provides an overview and perspective of the current landscape for the
installation of bimetallic sites within MOFs for catalysis. Particular emphasis is placed on the
synthetic strategies employed, as well as the spectroscopic shortcomings in designing active sites
that are explicitly bimetallic in nature.

Chapter 2 describes the development of an initial templating strategy. The strategy
leverages simple protecting group chemistry (i.e. tertiary esters) to install cross-linked ligand
dimers into the framework, Mg>dotpdc (dotpdc* = 4,4"-dioxido-[1,1":4",1"-terphenyl]-3,3"-
dicarboxylate), wherein the length of the cross-linking tether restricts the tethered struts to a
single conformation (~ 7A down the pore channel). Subsequent thermal removal of the cross-
linker under microwave conditions exposes templated carboxylate pairs.

The generalizability of this templating method is a key advantage over other synthetic
approaches. Chapter 3 details the expansion of the strategy first explored in Chapter 2 to other
functional group pairs, specifically templated aryl and alkyl amines via tertiary carbamate cross-
linkers. The ability to install templated amine pairs is particularly exciting because they are
amenable to a variety of post-synthetic covalent modifications to generate diverse chelating sites
for metal cations. As initial examples, the quantitative conversion of the aryl amine and alkyl
amine pairs to iminopyridine (IP) and dipicolylamine (DPA) sites, respectively, is described. The
iminopyridine and pyridyl amine sites can then be metalated with a variety of M(I/II) cations (M
= Mn(II), Fe(II), Co(II), Ni(II), Cu(Il) and Cu(I)). Detailed characterization of the metalated
materials, including electron paramagnetic resonance (EPR) spectroscopy and extended X-ray
absorption fine structure spectroscopy (EXAFS) are provided.

Chapter 4 details a departure from the installation of bimetallic sites to explore the

structural implications of cross-linker incorporation in flexible MOFs. Incorporation of a primary



ester cross-linker into a previously unreported terphenyl expanded analogue of MIL53(Al)
revealed that the otherwise highly flexible framework was stabilized in an open-pore
configuration. The degree of flexibility could be further tuned by changing the concentration of
ligand dimer used. While the parent framework is inactive, the cross-linked MOF is a competent
Prins condensation catalyst. This work highlights the potential versatility of the templating
strategy to dictate other parameters beyond installing functional groups.

Appendix A marks a return to the installation of bimetallic sites, specifically the
expansion of the previously discussed post-synthetic chemistry to other N-donor ligands. Here,
the modularity of the post-synthetic covalent modification is highlighted. Beyond the
aforementioned IP and DPA scaffolds, di[2-(2-pyridyl)ethyl]amine, di[2-
(diethylamino)ethyl]amine, alkylamine-based iminopyridine, and thiazole-2-carboxaldehyde
based ligand scaffolds and their ability to bind transition metals are discussed.

An initial investigation of our Cu(Il) metalated DPA and iminothiazole materials as
catalysts for the oxidation of catechols and is explored in Appendix B, including a foray into
statistical modeling and the use of design of experiments (DoE) to elucidate key parameters. Our
results suggest that while our materials are catalytically competent, there is not a major
templating effect, highlighting the importance of a metal-metal distance match between the
framework active sites and the target reaction.

Appendix C provides additional context for how the strategies presented in this body of
work compare to other common heterogeneous platforms: mesoporous silicas and zeolites. While
both mesoporous silicas and zeolites can be post-synthetically modified, the molecular level
precision and modularity of our MOF chemistry detailed in Chapters 2 and 3 cannot be

replicated in those materials. As highlighted in Chapter 4, the rich landscape of MOF



architectures also provides an exciting and unique opportunity to explore structural implications
such as rigidification in a way that cannot be done with amorphous materials like silica nor

rigidly crystalline zeolitic materials.
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Chapter 1: Engineering Bimetallic Active Sites in Metal-Organic
Frameworks: Challenges and Opportunities

1.1 Introduction

Binuclear metal active sites can be found throughout all subfields of catalysis, from
homogeneous and heterogeneous systems to enzymes. The mechanisms by which two metal
centers may interact synergistically are as rich and varied as the diverse bimetallic structures that
have been synthesized in the laboratory and evolved in biology. For example, two redox-active
metals can work together to share the redox load of demanding multi-electron transformations.!
Similarly, redox-inactive metal centers can cooperatively bind and orient reaction partners,
enhancing their local concentration, electrophilicity, and/or nucleophilicity.>~” In other cases, the
second metal may have no direct interaction with the substrate(s), but serves a critical role in
modulating the reactivity of its partner.®* While an exhaustive discussion of the different classes
of bimetallic catalysis is beyond the scope of this perspective, these selected examples underscore
the diversity of bimetallic structures and catalytic mechanisms.

Even from the brief overview outlined above, it is evident that different bimetallic
mechanisms require different metal identities, ligand environments, and metal-metal distances.
Thus, both structural precision and tunability are key to engineering productive bimetallic
catalysts. While these structural parameters are easily controlled in enzymes and molecular
catalysts, comparable synthetic control is more difficult to achieve in a heterogeneous platform.
However, while the synthetic barriers are high, the potential pay-off is also considerable.
Heterogeneous supports allow researchers to explore unique catalyst design parameters, including
site isolation, highly constrained geometries, pore confinement, and microenvironment effects.!*-

15 As crystalline porous solids built from metal nodes connected by bridging organic linkers,

Reprinted (adapted) with permission from: 1
1. Jackson Geary and Dianne J. Xiao, Chemistry of Materials, 2024 36, 10, 4916-4928.
Copyright 2024 American Chemical Society



metal-organic frameworks (MOFs) maximize both structural precision and chemical tunability.
From this perspective, MOFs are an ideal platform for investigating bimetallic motifs in a
heterogeneous context. Indeed, many of the cooperative mechanisms observed in enzymes,
molecular catalysts, and heterogeneous systems have been implemented in MOFs (Fig. 1.1). For
example, redox-active diiron and dicopper pairs have been explored in MOFs for methane

16-18 and diiron sites have been studied for photochemical H, production.'®?* Redox-

oxidation,
inactive pairs have also been investigated, such as Zr(IV) and Zn(II) sites for CO; hydrogenation
to methanol.?! Finally, bimetallic sites containing one redox-active and one redox-inactive metal
have also been designed, such as the pairing of anionic [Co(CO)4]~ complexes and Lewis acidic
metal nodes for epoxide and B-lactone carbonylation (Fig. 1.1).2%2

Here, we summarize the different ways researchers have approached the synthesis of
bimetallic active sites in metal-organic frameworks and discuss the strengths and limitations of

each method. Finally, we conclude with an outlook on the challenges and opportunities in MOF-

supported bimetallic catalysis.

Enzymes Molecular Catalysts Heterogeneous Catalysts
I/(NH proton reduction L .‘L ° CH, oxidation o}
[4Fe4s} S5 toH, L'.'L O)‘] Cl, m to methanol @ QLAI
Cys’S%CO Glu epoxide Cl=£2zr7™ Sl\ ,s|
oG g cC Cy 4\ carbonylation o 5 ; O 3
< o
el zi, zn Zr
S O } Oo l 0'( olefin \ |\(|)’ | \(l)/ CO, hydrogenation
4 oxidation 020 ) ti o =z00)-=0 to methanol
to methanol ) Z 1 . polymerization CI N 2O
HIS’<;|\_)| GI\Llr LNH His zr zT
. HO, OH,
/ O«
.06 zr o, H G o—zn PG
s 8 ,‘O\AEI) \ > 0P\ 0. Bimetallic Active Sites in // \\
Ccg Fek 1 >.c0 7 No e (Fed o/A\I Metal-Organic Frameworks OO O\Cr/o\czo HO oH
o Co <0 M 033 H O ' VN e\ T I \
8 o ' Ovo Zr‘o/Zr

Fig. 1.1 | Overview of bimetallic active sites in biological and synthetic systems. Top. Selected examples of
bimetallic active sites in enzymes, molecular complexes, and heterogeneous systems, redrawn from references
1-4, 5-7, 10, and 15. Bottom. Overview of how these bimetallic active sites have been replicated in metal—
organic frameworks, redrawn from references 16-23.



1.1.1 Scope and Aims

The aim of this perspective is to introduce readers to the different ways binuclear metal
active sites have been synthesized in metal-organic frameworks. Selected examples from the
literature will be used to illustrate both the diversity of synthetic approaches as well as the diversity
of bimetallic structures that can be obtained. While catalytic applications will be touched upon

briefly within the context of each example, more comprehensive discussions on MOF catalysis

12,24,25 26-28

can be found elsewhere, including focused reviews on MOF electrocatalysis and

photocatalysis.?’*! Furthermore, our discussion will be restricted to well-defined active sites

where the two metal centers are colocalized within the same pore. Thus, we will not discuss

32-36

systems where the metals are more spatially separated, such as core—shell structures, or

36-39

systems that are less molecularly defined, such as MOF-derived amorphous materials and

MOF-supported bimetallic nanoparticles.**#!

Finally, while there are several elegant examples of
using cooperative metal-metal interactions to enhance gas sorption,**~#* the emphasis here will be

on the use of bimetallic sites for reactivity and catalysis. We encourage readers interested in these

areas to consult the articles and reviews cited above.



1.2 Synthetic strategies

An overview of the strategies researchers have used to achieve two proximal metal centers
in MOFs is provided in Fig. 1.2. The different synthetic methods can be broadly divided into two
categories: 1) the use of multinuclear metal nodes directly for catalysis (Section 1.2.1), and 2)

surface grafting approaches, where bimetallic sites are anchored to the pore walls (Sections 1.2.2—

a Multinuclear Metal Nodes b Surface Grafting

Grafting to metal nodes Grafting to ligand struts Combination

O < / / /
NN\ @ & |:% |_@@’

[+] * Hydroxyl/aquo sites /
@ e « Lewis acidic sites
@ @ @ « lon pairing

[%

Fig. 1.2 | Overview of strategies to incorporate bimetallic active sites in metal—-organic frameworks. Examples
include (a) the direct use of multinuclear metal nodes and (b) surface grafting strategies: grafting to metal nodes,
grafting to ligand struts, and combinatorial approaches.

1.2.4). The grafting approaches can be further subdivided according to where the metal center is
attached, such as at the metal node (1.2.2), ligand strut (1.2.3), or a combination of the two (1.2.4).
1.2.1 Multinuclear metal nodes

In many metal-organic frameworks, the inorganic building blocks are not isolated
monomeric metal cations, but rather multinuclear metal clusters or even infinite 1D metal-ligand
chains. These clusters and chains can serve directly as binuclear or multinuclear active sites for
catalysis, either in single metal or mixed-metal variants (Figs. 1.3 and 1.4). While this approach
affords somewhat lower chemical tunability, as it is limited to the structures of existing metal
nodes, the advantage of this approach lies in its relative synthetic ease. Bimetallic active sites can
often be obtained directly upon MOF formation, with no additional post-synthetic modifications

required.



1.2.1.1 Multinuclear clusters

Frameworks containing redox-active bi- and multinuclear cluster-based nodes have been

used to facilitate challenging multi-electron processes, both stoichiometrically and catalytically

a Cl

O: O,
—® Rugbtc,Cl; < o
O 1)9
0o ™
/

b P ) OH,
p P J Lot
MOF-818 ﬁ°@\
H,0 - ‘OH,
\I §
(o
O—Fell==0
. MIL100(Fe) i
& Os |||/o\ (0
PCN-250 Fel Fe
) 7
0\70
d MnMnBTT

(with CI- vacancies)

G ity HO—CHo

S ¥4
N=N/ \N—N
AN 1)
N \/Mn Mn\/ A
H C’OH N—N/ HO\CH

Fig. 1.3 | Multinuclear MOF nodes, including (a)
diruthenium sites for C—H amination, (b) trinuclear
copper clusters for aerobic catechol oxidation, (c)
trinuclear iron(IT)/(IIT) clusters for methane oxidation,
and (d) tetranuclear manganese sites for reversible Oz
cleavage. Figures redrawn from references 45, 47, 49,
and 51.

(Fig. 1.3). For example, Powers and coworkers
have studied C—H amination in RusbtcsCls
(btc>*> = benzene-1,3,5-tricarboxylate), a
framework containing dimeric Rux(II/III)
nodes (Fig. 1.3a). The axial chloride bound to
each dimer was replaced with N3~ and used to
carry out the stoichiometric conversion of
toluene to benzylamine.*>#6

Redox-active trinuclear metal nodes
have also been explored for oxidative
reactions. One example is MOF-818, which
contains trinuclear copper(Il) nodes with three
open coordination sites (typically bound by
water or solvent) (Fig. 1.3b).*” These tricopper
centers have been explored as catalysts for bio-
oxidation using ..

inspired catechol

Similarly, the trinuclear iron nodes in MIL-100(Fe) (MIL = Materials of Institute Lavoisier) and

PCN-250 (PCN = Porous Coordination Network) have been investigated for the stoichiometric

oxidation of methane to methanol in the presence of N>O. In these frameworks, the reactivity is



attributed to the one coordinatively unsaturated Fe(II) site per cluster that forms upon framework
activation (Fig. 1.3¢).4>°

Finally, stoichiometric O> reactivity has been observed in the framework MnMnBTT
(MnMnBTT = Mns[(MnsCl1);BTTs]2, BTT? = 1,3,5-benzenetristetrazolate), which is constructed
from tetranuclear [MnsCl1]’* nodes.>! Recently, Dinca and coworkers discovered that a portion of
the bridging chlorides can be removed post-synthetically, leaving behind an unusual cavity with
four inward-oriented open metal sites (Fig. 1.3d). By distributing the redox burden across four
metals, these square-pyramidal tetramanganese clusters are able to reversibly cleave and re-form
the O-O bonds in O, a challenging 4 ¢~ process.>” This example nicely highlights how the
structural rigidity of MOFs allows the formation of unusual metal arrangements and geometries
that would be difficult to achieve otherwise.
1.2.1.2 1D chains

The short intermetal distances and strong metal-metal communication in frameworks
constructed from infinite 1D metal-ligand chains have been leveraged to cooperatively bind

molecules such as CO; and CO.%*

In addition to gas separation applications, such systems have
also been investigated for cooperative reactivity. For example, Wade and coworkers synthesized
Fe(bppdi)(DMF)os (H2bppdi = 2,6-bis(1H-pyrazolyl)pyromellitic diimide), a framework

containing 1D chains of coordinatively unsaturated Fe(II) centers, and showed it could be used to

carry out the stoichiometric reduction of NO to N>O (Fig. 1.4a).>



In addition to using the monometallic
a Fe(bppdi)(DMF)y 5

frameworks directly, researchers have also

rH N—N . .
@3’ &? i _b B explored the use of mixed-metal frameworks to
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K) achieve site-isolated bimetallic species within an

extended 1D chain. One example of efforts in this
b MIL-53(Al,Fe)

area is the work by Pidko, Gascon, and
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Fig. 1.4 | Frameworks containing 1D chains, the formula M(OH)bdc (dez_ = 14
including (a) Fe(bppdi)(DMF)os, a framework

containing coordinatively —unsaturated Fe(II)- benzenedicarboxylate).54‘57 The framework is
pyrazolate centers, and (b) -electrochemically

synthesized MIL-53(ALFe). Figures redrawn from . ) . .
references 53 and 16. composed of infinite chains of corner-sharing

M3* octahedra bridged by bdc? and hydroxide ligands to generate a framework with diamond-
shaped one-dimensional channels. Pidko, Gascon, and coworkers proposed that isolated
monomeric and dimeric Fe(Ill) centers could be achieved in the electrochemically synthesized
mixed-metal framework MIL-53(Al,Fe), which contains a mixture of AI(IIl) and Fe(III) sites (Fig.
1.4b).'® The researchers showed that the mixed-metal system catalyzed the selective oxidation of
methane using H»O; as the oxidant, with a combined selectivity for oxygenates (MeOH, MeOOH
and formic acid) of ~80%. Spectroscopic methods such as Mdssbauer spectroscopy suggested the
presence of both isolated, monomeric Fe(Ill) sites and antiferromagnetically coupled Fe(III)—
Fe(Ill) dimers, though longer chain oligomers cannot be ruled out based on the spectroscopic
evidence provided.

The distribution of monomeric, dimeric and potentially oligomeric active sites in MIL-
53(ALFe) highlights the main shortcoming of mixed-metal frameworks: controlling active site

nuclearity. While the overall metal composition is readily tuned, the spatial distribution of metal



cations is not. However, Gandara and coworkers recently showed that pre-formed molecular
clusters can be used to control the relative arrangement of metals in mixed-metal MOFs.*® As such
strategies mature, they may become promising routes to achieve the selective synthesis of site-
isolated bimetallic species in mixed-metal frameworks.

1.2.2 Grafting to metal nodes

The surfaces of metal nodes often feature reactive functional groups, such as Brensted
acidic hydroxyl/aquo ligands, Lewis acidic metal centers, and loosely bound counterions. The
chemistry of these reactive groups can be leveraged to attach additional metal centers via covalent
bonds, coordination bonds, and electrostatic interactions. While many of these procedures were
originally developed in the context of grafting mononuclear metal complexes, they have since been
adapted to achieve bimetallic active sites.

The majority of MOFs that have been explored for grafting at the metal node are
constructed from highly oxophilic metals (e.g., Ti**, Zr**, and Hf*"). The polynuclear metal oxide
clusters found in these structures have both high chemical stability as well as rich surface chemistry
(Fig. 1.5).%° For example, these metal oxide clusters are often decorated with surface hydroxyl and
aquo groups, which can be deprotonated and used to anchor additional metal cations (Section
1.2.2.1). Similarly, dangling surface monocarboxylates can be exchanged for ditopic ligands that
can react with additional metal cations (Section 1.2.2.2). Finally, charged metal nodes with loosely
bound counterions can be used to tether oppositely charged metal complexes through ion pairing

(Section 1.2.2.3).



1.2.2.1 Anchoring to surface hydroxyl/aquo groups

The use of surface hydroxyl/aquo groups to anchor organometallic species and other metal
complexes has been most extensively explored in zirconium-based frameworks. The structures of
three representative zirconium frameworks, UiO-66 (UiO = University of Oslo),° NU-1000 (NU
= Northwestern University),®! and MOF-808,% are illustrated in Fig. 1.5. While the nodes of all
three frameworks share the same hexanuclear Zrs(p3-O)4(n3-OH)4 core, the clusters differ in the
number of bound bridging ligands. For example, the nodes in UiO-66 are 12-connected (i.e., bound
by 12 ligand struts, see Fig. 1.5a), to give an overall formula of ZrsO4(OH)s(bdc)s (bdc* = 1,4-
benzenedicarboxylate). On the other hand, the nodes of NU-1000 and MOF-808 are 8- and 6-
connected, respectively. In NU-1000, the excess charge of the cluster and open coordination sites
are balanced by additional hydroxide (4x) and water molecules (4x) to give an overall formula of
Zrs04(OH)3(H20)4(TBAPy), (TBAPy* = 4,4'4".4"-(pyrene-1,3,6,8-tetrayl)tetrabenzoate) (Fig.

1.5b). In MOF-808, the remaining charge and coordination sites are balanced by six additional

a UiO0-66 b NU-1000 c MOF-808

y AN
/ N\ /
hydroxyl/aquo /

exchangeable

anchoring sites anionic ligands S

[2rg(13-0)4(13-OH)4] (bdc)g [Zrg(13-0)4(13-OH)4(OH)4(H;0)4] (TBAPY), [2rg(13-0)4(13-OH)4(RCO0)g] (btc),

Fig. 1.5 | Overview of the hexanuclear Zrs nodes found in UiO-66, NU-1000, and MOF-808. Both the reactive
Brensted acidic hydroxyl/aquo groups, as well as the dangling anionic ligands attached to Lewis acidic Zr*" sites,
can be used as attachment points for grafting additional metals. For clarity, the bridging ligand struts are omitted
in the Lewis structure depictions of the Zrs nodes. Figures redrawn from references 60, 61, and 62.



monoanionic ligands (e.g., a monocarboxylate RCOO™, such as acetate or formate) to give the

overall formula unit ZrsO4(OH)4(RCOO)e(btc). (btc*™ = 1,3,5-benzenetricarboxylate) (Fig. 1.5¢).
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Fig. 1.6 | Grafting metal centers to the surface hydroxyl
species in NU-1000 and MIL-125(T1). In principle, this
strategy can be used to install (a) monometallic sites,
(b) bimetallic sites using mononuclear precursors, and
(c) bimetallic sites using preformed binuclear
complexes. Figures redrawn from references 61, 18,
69, and 70.

Farha, Hupp, and coworkers were
among the first to recognize that these
zirconium nodes could be used as grafting sites.
In 2013, they reported the gas-phase metalation
of NU-1000 with reactive organometallic
complexes.®! In a procedure analogous to
atomic layer deposition (ALD), NU-1000 was
exposed to volatile organometallic precursors
such as AlMe; and ZnEt; in the gas-phase,
which led to the deprotonation of the surface-
bound hydroxyl/aquo ligands and subsequent
metalation (Fig. 1.6a). The strategy, named
atomic layer deposition in metal-organic
frameworks (AIM), was later extended to other
volatile organometallic precursors, including
InMe; and metal bis(amidinate) complexes
(M(II) = Ni, Co, Cu).5*-% Conceptually similar
approaches have also been developed for

solution-phase metalation. For example, Lin

and coworkers showed that the hydroxyl groups in UiO-68, the terphenyl-expanded analogue of

Ui0-66, can be deprotonated using nBuLi.’” Subsequent salt metathesis with MX> salts (e.g.,
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CoClz, FeBr2) can be used to quantitatively achieve mononuclear transition metal active sites.
Wang and coworkers extended this strategy to MOF-808.2! They used ZnEt; to simultaneously
deprotonate and metalate the four surface hydroxyl groups with Zn(Il), creating Zn—Zr sites for
CO; hydrogenation.?!

A major challenge in extending this grafting approach from mononuclear sites to binuclear
sites is controlling and characterizing active site nuclearity. As the metal loading increases, the
speciation of active sites becomes more difficult to control and can even vary depending on the
synthetic route. For example, Lercher and coworkers have studied methane oxidation in copper-
metalated NU-1000 frameworks synthesized via gas-phase and solution-phase routes.'®% Gas-
phase metalation routes led to higher Cu loadings (10 wt%),% whereas solution-phase metalation
with copper(Il) acetate generated lower Cu loadings (0.6-2.9 wt%).!® Both samples were
pretreated with O; at 200 °C, exposed to CH4, and then purged with H>O/He to desorb the products
of methane oxidation. While both frameworks exhibited similar methanol yields (11.1 mmol
CH;0H per mol Cu and 9.7 mmol CH30OH per mol Cu for the gas-phase and solution-phase
metalated materials, respectively), the solution-phase material shows markedly higher selectivity
for methanol over other products (70% selectivity vs. 40—60%). For the gas-phase metalated
material, the authors attributed the reactivity to predominantly tricopper clusters on the basis of
extended X-ray absorption fine structure (EXAFS) data and density functional theory (DFT)
calculations.®® On the other hand, for the solution-phase metalated samples, reactivity was
attributed to dicopper sites (Fig. 1.6b).!* However, as both materials likely contain a complex
distribution of isolated copper cations in addition to dimeric and oligomeric species, more rigorous

spectroscopic investigation is needed to confirm the identity of the active sites.
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In principle, it is possible to limit the formation of higher nuclearity clusters by carefully
designing the binding pocket. For example, the framework MIL-125(Ti) is formed from cyclic
Tig(u2-O)s(u2-OH)s clusters, and has an overall formula of TigOs(OH)s(bdc)s (bdc* = 1,4-
benzenedicarboxylate).®® The octameric titanium cluster creates a small cavity lined by four
bridging hydroxides, with opposing hydroxides slightly less than 6 A apart (Fig. 1.6b). Due to
these steric constraints, Lin and coworkers showed that deprotonation of the bridging hydroxides
and metalation with excess Cu(CH3CN)4BF4 leads to the installation of just two copper centers per
Tis cluster (Fig. 1.6b).®° A short Cu—Cu distance of 2.80 A was observed by EXAFS. Mononuclear
control samples could be made by using a subcess of the copper precursor. The binuclear system
exhibited substantially higher activity for the aerobic epoxidation of olefins, with a TOF of 175
h™! compared to 10 h™! for the mononuclear control.

Another promising approach to control active site nuclearity is to use pre-formed bimetallic
precursors, a strategy that was pioneered by the Lu group (Fig. 1.6¢).”%’! This approach is
particularly attractive for installing heterobimetallic sites. For example, cobalt-aluminum sites
were installed in NU-1000 by treating it with a predefined molecular Co-Al complex, (pystren)-
AlCoMe (pystren®” = N,N,N-tris(2-(2pyridylamino)ethyl)amine). Further heating of the material
at 300 °C under air resulted in the loss of the pystren ligand and the generation of a Co-Al diamond
core.” Both the ligated and the heat-treated materials were competent catalysts for the oxidation
of benzyl alcohol to benzaldehyde in the presence of tert-butyl hydroperoxide (TBHP), showing
7.5-fold greater activity per Co atom relative to the monometallic control framework. Similarly,
Ga-Rh—functionalized NU-1000 could be synthesized by soaking the framework in a solution of

(pystren)GaRhX (X = Me, OPh).”! Compared to molecular analogues and the Rh-only MOF, the
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Ga/Rh-functionalized catalyst showed much higher selectivity for FE-alkenes in the semi
hydrogenation of diphenylacetylene.
1.2.2.2 Anchoring to Lewis acidic surface sites

In addition to Brensted acidic hydroxyl sites, Lewis acidic surface sites can also be used
as grafting points for post-synthetic metalation. For example, the nodes of MOF-808 contain
monocarboxylates anchored to Lewis acidic Zr*" metal centers (Fig. 1.5). These surface ligands
can be exchanged with other anions, including ditopic ligands capable of binding additional metals.

Yaghi and coworkers leveraged the controlled stoichiometry of inward-facing capping
ligands and the spatial constraints of the pores to install dicopper sites for the oxidation of methane
to methanol (Fig. 1.7).!7 Metal-binding sites were introduced into MOF-808 by exchanging the
monoanionic capping ligands with different imidazole-containing carboxylic acids (e.g., L-
histidine, 4-imidazoleacrylic acid, and 5-benzimidazolecarboxylic acid). A series of oxygen-
bridged dicopper(Il) sites were then installed by metalation with copper(I) iodide under air. To
probe the reactivity of these copper-functionalized frameworks with methane, the frameworks
were activated at 150 °C with flowing He, then treated sequentially with 3% N>O/He, CHa4, and
3% steam/He. After this treatment, roughly 12.5-25 mmol MeOH was generated per mol Cu,
depending on the ligand used.!” Given these yields, the speciation of copper is likely more complex
than what is shown in Fig. 1.7, with a subpopulation of copper sites active for methane oxidation.
While the authors use computational modeling to propose the active bridged copper dimers,

additional spectroscopic evidence is needed to confirm the active site identity.
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Fig. 1.7 | Grafting metal centers to Lewis-acidic surface sites in MOF-808. The exchange of anionic carboxylate
ligands with imidazole-containing carboxylic acids is proposed to provide binding sites for copper(I) pairs. Figure
redrawn from reference 17.

1.2.2.3 Ion pairing

Ion-exchange methods can be used to install bimetallic sites in cationic or anionic metal—
organic frameworks containing weakly bound counterions. In an example of this strategy, Dinca,
Romaén-Leshkov, and coworkers used post-synthetic anion exchange to electrostatically tether
anionic [Co(CO)4]” complexes to the cationic trinuclear chromium(III) nodes of Cr-MIL-101 (Fig.
1.8).22 The strongly bound F~ anions in the as-synthesized framework were first exchanged for
more labile CI™ anions, which were then exchanged for [Co(CO)4] . This leads to heterobimetallic
active sites where anionic metal carbonyl complexes are held in proximity to strongly Lewis acidic

Cr(IIT) centers. Like the homogeneous [Lewis acid] [Co(CO)4] catalysts developed by Coates and

E thf 04]@

Cr==Q, excess AICl; -@- Na[Co(CO),] O==Cr==Q,
0/ \\v H,0, A // o ihf, RT o{/ ! A
OGP AR > X~ \Crzo >0 O
/ S / \ Hy x~13-x HQO \0 0/ \ — NaCl thf/ \ / \thf
Y Y g
Cr-MIL-101-F Cr-MIL-101-CI Cr-MIL-101-Co(CO),

Fig. 1.8 | Overview of ion pairing strategy in Cr-MIL-101. Anchoring of Co(CO)4™ near the Lewis acidic Cr(III)
sites is achieved through stepwise ion exchange to yield bimetallic Cr/Co sites for ring-expansion carbonylation of
epoxides and -Lactones. For clarity, ligands have been truncated at the terminal carboxylate unit. Figure redrawn
from reference 22.

coworkers,’”>”3 the Co(CO)s -incorporated Cr-MIL-101 framework (abbreviated Co(CO)scCr-

MIL-101) is a highly active catalyst for the ring-expansion carbonylation of epoxides?? and p-

Lactones.?> We note that, relative to other tethering strategies, an advantage of the ion-pairing
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approach is that it offers much greater flexibility in the relative M—M distance and coordination
sphere. For example, in Co(CO)scCr-MIL-101, the Co(CO)s~ complex is free to adjust its primary

coordination sphere and the relative Co—Cr distance.

1.2.3 Grafting to ligand struts
In addition to grafting metal cations to the framework nodes, it is also possible to install
metal chelating sites to the framework struts. One advantage of this approach is the diversity of

ligand environments that can be obtained (Fig. 1.9). Binding sites can be pre-integrated into the

74-76 i1, 78-80

ligand strut and installed during framework formation. Bipyridine, salen,”” porphyrin, and
di-pyrazole®! groups have been incorporated using this route (Fig. 1.9a). Chelating sites can also
be installed after MOF synthesis through post-synthetic ligand exchange or covalent modification
strategies. Iminopyridine,?? salicylidene,®’ aminopyridineimine,* and  bis(2-
pyridylmethyl)amine® groups, among others, have been introduced in this manner (Fig. 1.9b).

These different strategies have been comprehensively summarized by Moon and coworkers in a

recent review.5°

ﬁ Chelating Sites on Framework Struts ﬁ

a directly installed during MOF synthesis b installed post-synthetically
/ (‘ +
F | | ‘
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: modification AN NR
@ & metalation ; © \('!'// ’
: ' H

Fig. 1.9 | Overview of strategies to install metal—binding sites on ligand struts. Chelating sites can be installed either
a) during synthesis, or b) after synthesis via post-synthetic modification strategies.
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While the metalation of ligand struts was initially developed for mononuclear metal
complexes, researchers have recently extended these methods to bimetallic active sites. As with
grafting to the metal nodes, the dominant challenge is controlling active site nuclearity. At low
surface coverages, mononuclear sites dominate, while at high coverages larger clusters can form.
Several strategies to overcome this challenge have been reported, including the use of pre-formed
clusters (Section 1.2.3.1) and exogenous bridging ligands to dimerize metals bound to neighboring
struts (Section 1.2.3.2). In addition, templating approaches have been developed to selectively
functionalize neighboring ligands (Section 1.2.3.3).

1.2.3.1 Anchoring pre-formed clusters

7 Using a post-synthetic  ligand
e Fea(Habdcdt)(CO)g Z~q 7
2, o — Hybde / O~z
0)_@,(/ —_— .Y exchange strategy, Cohen, Ott, and coworkers
/ Osgp post-synthetic o X\ 5
"-Zr/o ligand exchange C Fe_’o
" "Q, . . .o
“g 8 © were able to attach dithiolate-bound diiron
Uio-66 Ui0-66-[FeFe](dchdt)(CO)g

Fig. 1.10 | Overview of post-synthetic ligand exchange clusters to the struts of UiO-66 (Fig. 1.10)."
to install pre-formed dithiolate diiron clusters in UiO-

66 for photocatalytic proton reduction. Figure redrawn ~ Up to 14% of the original 1,4-

from reference 19.
benzenedicarboxylate ligands could be exchanged for a diiron-functionalized strut,
[Fe2(debdt)(CO)s)* (debdt?> = 1,4-dicarboxylbenzene-2,3-dithiolate). One advantage of using pre-
formed clusters is their structural fidelity. Extended X-ray absorption fine structure (EXAFS)
spectroscopy confirmed that the local coordination environment around the iron centers in UiO-
66-[FeFe](dcbdt)(CO)s is identical to molecular analogues, with a short Fe—Fe distance of ~2.4 A.
The MOF-supported diiron system, which closely resembles the active site of [FeFe]

hydrogenases, catalyzes the photocatalytic reduction of protons into Hz in the presence of

[Ru(bpy)s]** as the photosensitizer and ascorbate as the electron donor. Relative to a molecular
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analogue, the MOF-supported dimer showed both higher initial rates and greater overall
production of Ha.
1.2.3.2 Anchoring to neighboring ligand struts

Metal-organic frameworks constructed from 1D metal-ligand chains (also called “rod-
shaped” secondary building units) often display one-dimensional pore channels that are densely
lined with bridging ligands.?”#® In these frameworks, anchoring metals to neighboring struts is an
appealing way to design bimetallic sites due to the short distance between adjacent ligands (~6—
10 A).

A nice example of this strategy was reported by Cui and coworkers in 2016, who
synthesized a Cd-based framework with 1D channels lined with chiral vanadium-salen units (Fig.
1.11a).%° The authors showed that the neighboring vanadyl sites, which are roughly 8 A apart,
work together to activate and pre-orient the substrates for the asymmetric cyanation of aldehydes.
To confirm the bimetallic nature of the mechanism, an isostructural framework with alternating

vanadium and copper sites was used, which 2

ﬁ _@g_ﬂ &)
showed both lower conversion (50% vs. 98%) . ~
and lower enantioselectivity (75% ee vs. 86% @3

ee) than the all-vanadium framework.
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bpydc™ = 2,2"-bipyridine-5,5'-dicarboxylate). Fig. 1.11 | Neighboring ligand struts can be used to
install (a) bimetallic vanadyl sites for asymmetric

The framework, which is isostructural with aldehyde cyanation and (b) Fe(III) dimers for benzylic
C-H oxidation and alkene epoxidation. Figures
redrawn from references 89 and 90.
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MIL-53, contains rhombic, one-dimensional channels lined with 2,2’-bipyridine-functionalized
struts spaced roughly 6.6 A apart. Metalation of the bipyridine units with FeCl, followed by
bubbling O> in MeOH resulted in the formation of dihydroxo-bridged Fe(IIl) dimers (Fig. 1.11b).
The Fex(n-OH), dimers were characterized by EXAFS, which showed a strong Fe—Fe scattering
feature consistent with the expected ~3 A distance between Fe sites. The diiron MOF was a
competent catalyst for both benzylic C—H oxidation and alkene epoxidation reactions using O2 as
the oxidant and pivaldehyde as the sacrificial reductant. A mononuclear control framework was
synthesized where only ~11% of the ligands are functionalized with bipyridine units. The
bimetallic framework showed a 27-fold increase in activity compared to the mononuclear control,
highlighting the impact of the bimetallic sites.

1.2.3.3 Templating approaches

As described in Section 1.2.3.2, neighboring ligand struts can support the formation of
well-defined bimetallic sites with the addition of exogenous bridging ligands such as hydroxide
(Fig. 1.11). However, this strategy is less effective at lower metal loadings, as it is difficult to
control the relative distribution of partially metalated ligand struts. At low loadings, isolated
mononuclear metal sites are predominantly formed. This can be limiting, as lower metal loadings
may be desired to reduce pore clogging or prevent cross-reactivity between neighboring active
sites.

To address this challenge, we recently reported a strategy to introduce closely spaced pairs
of functional groups within MOF pores, irrespective of functional group loading.’! We first
showed that thermolabile tertiary ester-based cross-linkers can be used to template pairs of
carboxylic acids ~7 A apart down the pore channels of Mg,dotpdc (dotpde* = 4,4"-dioxido-

[1,1":4',1"-terphenyl]-3,3"-dicarboxylate), a mesoporous framework with one-dimensional
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hexagonal channels. We later developed tertiary carbamate-based cross-linkers that, upon
thermolysis, reveal pairs of templated amines (Fig. 1.12a).%° These amine pairs could be post-
synthetically elaborated into iminopyridine and bis(2-pyridylmethyl)amine chelating sites (Fig.
1.12b) and metalated with a variety of first-row transition metals (M = Mn(Il), Fe(Il), Co(Il),
Ni(II), Cu(I), and Cu(II)).

Relative to the other synthetic approaches described here, templating strategies require
much larger upfront synthetic investment, as a suitable labile cross-linker must first be designed
and incorporated into the desired framework. However, once the templated functional groups are

installed, there is the potential for rapid catalyst derivatization via well-established post-synthetic

covalent
MOF ligand modification
F ‘i synthesis and metalation

crosslinked
free ligand  ligand dimer crosslinked framework templated amine pairs templated bimetallic sites

DFT-optimized structure DFT-optimized structure
Fig. 1.12 | a) Thermolabile cross-linkers can be used to template amine pairs, which can be elaborated into
bimetallic sites with tunable ligand environments, such as b) iminopyridine and c) bis(2-pyridylmethyl)amine.
Figure adapted from reference 85.

modification reactions. Indeed, the main advantage of molecular templating is the structural
versatility. In principle, it should be possible to independently control the pore architecture, metal

identity, local ligand environment, and metal-metal distance of the templated bimetallic sites.
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1.2.4 Other strategies

A combination of grafting approaches

— grafted to node
N N \N )/ -— . . ‘

o739 ’N@ can also be used to generate bimetallic sites,

jH@ ‘O'Qﬁﬁo Ma) .

o— I/ e N N o} .

..... ¢ H-o—/-l-if—oﬂ ) . <\—/> (\—/> . % such as attaching one metal to the framework

C)'?étf—oﬁ%!&/ © O
\o / nodes and the other to the struts. For example,

grafted to strut

Fig. 1.13 | Multiple grafting strategies can be used in ~ Lin and coworkers took advantage of distinct
tandem. For example, Ru-based photosensitizers at the
ligand struts can work cooperatively with Re or Mn
cocatalysts post-synthetically grafted to the Hf cluster

through carboxylate exchange. Figure redrawn from . . . .
reference 92. functionalize hafnium-based metal-organic

metal node and ligand strut chemistry to

sheets with both Ru-based photosensitizers and Re or Mn-based cocatalysts (Fig. 1.13).°> The Ru-
based photosensitizer was bound to bipyridine-functionalized struts and installed directly during
framework synthesis. The Re or Mn-based cocatalyst was post-synthetically grafted to the metal
nodes by exchanging surface-bound trifluoroacetate groups with carboxylate-functionalized
bipyridine ligands and metalating with either Re(CO)sCIl and Mn(CO)sBr. Both Ru/Re and Ru/Mn
systems showed good activity for the photoreduction of CO» to CO in the presence of sacrificial
electron donors, with turnover numbers of up to 3849 and 1367 after 25 h, respectively. Greater
than 70-fold increase in catalytic activity was observed in the MOF systems relative to
homogeneous controls, which the authors attributed to the proximity of the Ru photosensitizer to
the catalytic Re/Mn centers.
1.3 Critical assessment and future outlook

The synthesis of binuclear metal active sites in metal-organic frameworks has seen
significant progress over the last decade. While barriers to controlling active site nuclearity remain,
promising solutions are already emerging, including the use of pre-formed clusters,!>%7071

sterically constrained binding pockets,® and templating approaches.®>! We conclude this
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perspective by shifting our focus away from synthetic strategies and towards the future potential
of these materials as heterogeneous catalysts. Below, we highlight unique opportunities for MOF-
supported bimetallic catalysis as well as outstanding challenges.

Rigorous characterization of active site structure: The conclusive spectroscopic
identification of binuclear sites remains an open challenge in MOF catalysis and is critical for
advancing the field. In many of the examples highlighted in this perspective, a complex
distribution of metal species is both observed spectroscopically as well as inferred by the relatively
low yields of product per metal in stoichiometric reactions. While initial reports have placed
greater emphasis on synthesis and reactivity, going forward more detailed spectroscopic
investigations are needed to understand the initial metal speciation, identify which species are
catalytically relevant, and determine how these structural distributions change over time.

Balancing active site rigidity vs. flexibility: In certain cases, active site rigidity is beneficial.
Geometric constraints enforced by rigid protein superstructures and zeolite lattices can lead metal
sites to adopt unusual coordination environments, generating highly reactive “entatic” states.!®
At the same time, greater active site flexibility can also be advantageous, as different intermediates
may be stabilized by subtly different active site conformations. One advantage of metal-organic
frameworks is the ability to accommodate structures at both extremes as well as the many
gradations in between. For example, the rigid multinuclear metal nodes discussed in Section 1.2.1
greatly constrain the possible M—M distances and coordination environments that can be accessed
during catalysis, while the electrostatically tethered ion pairs discussed in Section 1.2.2.3 offers
much greater flexibility. Going forward, a challenge in catalyst design will be navigating the
wealth of choices and selecting the appropriate balance of flexibility and rigidity for a given

catalytic application.
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Leveraging pore environment effects: Many of the reports highlighted in this perspective
focus on tuning the primary coordination sphere of the two metal sites. In contrast, the interplay
between the binuclear active site and its surrounding pore environment remains understudied. The
enzyme-like ability of metal-organic frameworks to control and confine the surrounding three-
dimensional microenvironment is a distinct yet underutilized advantage of MOF catalysts.”* We
note that this is a challenge and opportunity for all MOF catalysis, beyond the binuclear active
sites focused on here.

Higher throughput catalyst synthesis and screening: Studies in this field generally report
a single bimetallic active site design for a single target reaction. To accelerate catalyst discovery,
greater throughput in catalyst synthesis and screening is needed. If the synthetic advances
described in this perspective have uncovered a treasure chest of bimetallic MOF systems, then
high throughput experimentation may be the key to unlock their untapped potential as catalysts.

Assessing active site stability: While significant strides in metal-organic framework
stability have been made,””*® active sites can be degraded even if the surrounding pore structure
remains intact. For example, in the absence of strongly chelating groups, surface-grafted systems
may be susceptible to metal leaching. Initially well-defined systems may lose structural fidelity if
metal cations become mobile under reaction conditions. In addition to identifying active site
degradation mechanisms, strategies to mitigate degradation and regenerate spent catalysts are
needed.

In conclusion, metal-organic frameworks provide an exciting opportunity to re-examine
bio-inspired and organometallic binuclear active sites in a heterogeneous context. It is possible
that greater catalytic activity, selectivity, and/or stability can be realized due to properties unique

to porous scaffolds, including site isolation, entatic states, and microenvironment effects. Going

22



forward, coupling existing synthetic routes with greater throughput catalyst screening and more
rigorous characterization may reveal new reactivity not yet observed in other heterogeneous or

homogeneous platforms.
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Chapter 2: Thermolabile Cross-linkers for Templating Precise
Multicomponent Metal-Organic Framework Pores

2.1 Introduction

In enzymes, multiple primary and secondary coordination sphere elements work in concert
to lower activation barriers and promote catalysis.!”” By controlling the spatial arrangement of
amino acids and their corresponding side chains, enzymes can direct the self-assembly of complex
metal cofactors,®® promote a single reaction outcome over many competing pathways,>’ and

enhance reaction rates by up to 10'°-fold.>!°

Crystalline porous materials such as metal-organic frameworks (MOFs) provide an
exciting opportunity to explore these bioinspired design principles in the solid state.!! In theory,
many different functional groups, comparable to that of enzymes, can be simultaneously
incorporated within MOF pores. In practice, however, current methods still lack the structural
versatility and molecular precision needed to replicate biological active sites. Two common
strategies towards mixed-ligand MOFs are briefly summarized below. The first is the multivariate
approach, where two or more geometrically similar ligands are directly combined to form mixed-
ligand frameworks.!? Multivariate frameworks are distinguished by high chemical and structural
diversity but low precision, as the location of functional groups is largely random.!* On the other
end of the spectrum, frameworks composed of two or more geometrically distinct ligands can be
used to generate precise pores where functional group positions are crystallographically
resolvable. Although creative one-pot'*!7 and sequential ligand installation strategies'®2! have
greatly expanded the scope of frameworks amenable to this strategy, this method is inherently

limited to a small subset of MOF structures and ligand geometries.

Reprinted (adapted) with permission from: 31
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A less explored but potentially more versatile route towards multicomponent metal—
organic frameworks relies on molecular templating, also known as molecular imprinting (Fig.
2.1a). This approach has a rich history in polymer and silica-based materials.??~2* Small molecules
that interact strongly with polymer or silica precursors template the formation of pores with highly
complementary surface chemistry, size, and shape. The small molecule templates feature reversible
covalent or noncovalent linkages that enable postsynthetic removal. Extending such strategies
from amorphous polymer or silica hosts to a crystalline porous framework could be an

exceptionally powerful means of generating sophisticated, bioinspired active sites.

a Templating Overview

MOF
/ =g synthesis @

crosslinked
framework

crosslinker
cleavage

free  crosslinked
ligand ligand dimers

this work: templated carboxylic acid pairs

° = templated functional groups

b 'tw Cy s ©
»e S 3 0 o OH O o o | oHo o o o oH
. : L 7A | Ho OH HO OH HO HO
;;‘:‘“ 2 )\f— O O/H\O owo o
% 127A : "
é. 2 :27 \\\ : O O 0 Tyo O 0 o 0 O O OH
N s =
\\\ N ,5‘,,’,.\':‘ Yoy o O OH O OH HO O O OH HO. O O OH
Y SIS, i ~y OH O OH O O OH| oHO O OH OH O
L= ‘ L H,dotpdc Hg-PE-LN Hg-TE-L5 L H,dotpdc-COOH
Mg,dotpdc N=4-6

Figure 2.1. (a) Overview of the templating strategy reported in this work, which relies on the use of cleavable covalent cross-
linkers to template the formation of well-defined functional group pairs. This work specifically focuses on the use of ester-based
cross-linkers to template carboxylic acids. (b) Structure of Mgydotpde, an expanded MOF-74 analogue, with four distinct
interligand distances highlighted. (c) Structures and abbreviations of ligands and cross-linked ligand dimers used in this work.

The first demonstration of molecular imprinting in MOFs, specifically ZIF-8, was recently
reported by Zhou and coworkers.? Pairs of imidazole ligands were tethered by imine-based cross-
linkers that, upon hydrolysis, revealed templated aldehyde groups. Because the imines readily
decomposed during MOF synthesis, the cross-linked ligands could only be installed via mild
postsynthetic ligand exchange methods. This may limit the scope of imine-based cross-linkers, as

not all frameworks undergo facile ligand exchange. Furthermore, from a catalysis viewpoint, the
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small pore apertures (~3.4 A) of ZIF-8 greatly restrict the types of active sites and substrates that

can be further investigated.?®

To address these concerns, we sought to design a more chemically stable cross-linker that
not only tolerates standard MOF synthesis conditions but could also be adapted to mesoporous (2—
50 nm) frameworks. Here, we report the construction of thermolabile, tertiary ester-based cross-
linkers that template synthetically versatile carboxylic acid pairs. The ester linkages remain intact
during framework formation but are readily thermolyzed into carboxylic acids upon microwave
heating. Successful cross-linker synthesis, framework incorporation, and thermolysis is
demonstrated using the mesoporous, terphenyl expanded analogues of MOF-74.2728 When short
pentyl cross-linkers are used, modeling studies suggest that the acid pairs are installed in a single

configuration down the pore channels, spaced ~7 A apart.
2.2 Results and Discussion

2.2.1 Framework selection and general templating strategy

At the outset, an important goal of this work was to extend molecular templating strategies
to a mesoporous metal-organic framework, as large pores will be critical for future reactivity
studies and catalyst development. Therefore, we selected the MOF-74 archetype (also known as
Madobdc) for our initial studies,”® as expanded MOF-74 structures with pore diameters
approaching 100 A have been reported.”’” We have focused on the magnesium-based, terphenyl
expanded analogue Mgydotpde (dotpdc* = dioxidoterphenyldicarboxylate), which is highly

amenable to ligand functionalization and postsynthetic chemistry.?%30-3!

The structure of Mgodotpde is illustrated in Fig. 2.1b. Extended, terphenylene-based
organic ligands bridge rod-like metal oxide chains to form one-dimensional, hexagonal pores with

a diameter of ~27 A. Four distinct interligand distances are highlighted in Fig. 2.1b: the distance
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across the hexagonal channel (27 A), between adjacent hexagonal edges (13 A) and next-nearest
neighbor edges (22 A), and finally, down the pore channels (7 A). We hypothesized that, by
controlling the length and geometry of our ligand cross-linker, we should be able to force
functional group pairs to adopt one out of these four relative orientations. A short cross-linker of
<10 A, for example, should tether functional groups pairwise down the pore channels (Fig. 2.1a).
Post-synthetic cross-linker cleavage would reveal two functional groups spaced just ~7 A apart.
This strategy would be especially powerful at low functional group concentrations, where all
existing methods, such as the standard multivariate approach, would lead to randomly diluted

spatial distributions.

2.2.2 Cross-linker design

Pioneering studies by the Cohen group have shown that MOFs can be synthesized from
chemically cross-linked ligand dimers,** trimers,* and even polymers,** provided that the length
and geometry of the covalent tethers are carefully selected. Although a number of cross-linked and
“polyMOF” frameworks have been reported for the MOF-5 and UiO-66 families,**3® similar
studies have not been performed for the MOF-74 structure type. Furthermore, all previous cross-
linkers have employed strong amide or ether-based linkages. Cleavage and removal of these cross-

linkers has not been previously demonstrated.

In an effort to develop a cleavable cross-linker design viable across a range of MOFs, we
sought a structural motif that possessed both high geometric tunability and controllable chemical
stability. To that end, ester-based cross-linkers were selected (Fig. 2.1¢). Diesters are readily
synthesized from carboxylic acids and diols, a number of which are commercially available.
Furthermore, the chemical stability of esters is highly dependent on its structure. Primary esters

are typically hydrolyzed under basic conditions, while tertiary esters are acid labile and susceptible
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to thermolysis at elevated temperatures.>**! Postsynthetic thermolysis is particularly attractive,
given the relatively high thermal stabilities of many metal-organic frameworks (T4 ~ 300 °C or

above).*

The primary and tertiary ester-based cross-linked ligand dimers outlined in Fig. 2.1¢ were
synthesized from 2,5-dibromobenzoic acid and the corresponding aliphatic diol over three steps in
excellent overall yields (55-80%, see SI for synthetic details). For this study, we specifically chose
short cross-linkers that can span only the smallest interligand distance (~7 A down the pore
channels, see Fig. 2.1b). The resulting dimers are abbreviated Hs-PE-LX and Hgs-TE-LX, where
PE and TE stand for primary and tertiary ester, respectively, and X refers to the number of

methylene units in the alkyl chain (Fig. 2.1¢).

2.2.3 Synthesis of cross-linked frameworks

With our ligand dimers in hand, we first tested whether the primary ester-based variants,
Hs-PE-LX (X =4, 5, and 6), could be successfully incorporated into Mg>dotpdc. These dimers
were relatively straightforward to synthesize, as both primary aliphatic diols were commercially
available. We have abbreviated all cross-linked frameworks as Mg>dotpdc-(PE/TE)-LX-R%,
where R% indicates the percentage of cross-linked dotpdc*- relative to the total amount of dotpdc*
in the framework.

All attempts to synthesize the expanded MOF-74 structure with mixtures of Hsdotpdc and
Hg-PE-L4 led to the formation of undesired phases or poorly crystalline material (Fig. 2.S1). From
these results, we concluded that a butyl chain is too short to bridge the 7 A distance between
neighboring ligands down the pore walls.

In contrast, when the pentyl cross-linker Hs-PE-L5 was combined with Hsdotpdc and

Mg(NO3)2:6H20, a clean powder X-ray diffraction (PXRD) pattern matching the parent

35



Mgzdotpdc framework was obtained. Rigorous washing of the cross-linked materials followed by

digestion and '"H NMR analysis confirmed that the amount of cross-linked dotpdc*~ incorporated

closely matches the amount predicted based on the initial ratio of Hsdotpdc to Hs-PE-L5 (Table

2.S1, Figs. 2.S2-2.S6). Infrared spectroscopy of the ester cross-linked frameworks revealed the

growth of a new peak at 1695 cm™!, consistent with an ester carbonyl stretch (Fig. 2.S7). Excellent

phase purity is maintained and no peak broadening is observed even at 100% cross-linker

incorporation (Fig. 2.2 and Table 2.S4), highlighting how well the length of the pentyl unit

matches the geometry of framework. Interestingly, the longer cross-linker Hs-PE-L6 was also
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Figure 2.2. Characterization of primary ester cross-linked
Mgodotpde frameworks. (a) PXRD patterns and (b) surface
areas of Mg»rdotpdc (16 h) and Mg,dopdc-PE-L5-R% (R = 18—
100%).

readily accommodated in the MOF-74
structure type (Fig. 2.S8). However, for
simplicity, the remainder of this study will
focus on Hg-PE-L5, as short cross-linker
lengths minimize the number of possible

ligand configurations within the framework.

The chemically cross-linked
Mgodotpde  frameworks are permanently
porous and display high Brunauer—Emmett—
Teller (BET) and Langmuir surface areas
(Fig. 2.2, Table 2.1). For example,
Mgadotpdc-PE-L5-23% displays BET and
Langmuir surface areas of 2700 and 4900
m?*/g, respectively. These values are only

slightly lower than the parent Mg>dotpdc
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framework (Table 2.1), providing strong evidence that the integrity of the framework is not
compromised by cross-linker incorporation, and that no dangling or unincorporated ligands are
trapped in the pores. Lower surface areas were observed at higher cross-linker concentrations,

consistent with the additional mass and volume present inside the pore channels.

After identifying the pentyl unit as the minimum cross-linker length, we next investigated
the structurally related tertiary ester-based dimer, Hs-TE-L5. Developing solvothermal conditions
compatible with tertiary esters proved more challenging. Under the standard MOF-74 synthesis
conditions (120 °C, 16 h), roughly 20% of the H>-TE-L5 dimer decomposed to form two
equivalents of monomeric ligand containing a free carboxylic acid, Hsdotpdc-COOH (Fig. 2.S9).
Inadvertent cross-linker cleavage is likely facilitated by the mild acidity of the initial reaction
mixture, the elevated temperature, and prolonged reaction time. Fortunately, shortening the
synthesis to 3 h eliminated any observable cross-linker decomposition. Although these short
reaction times led to slightly broadened diffraction peaks (Fig. 2.S10), similar surface areas were

obtained for the parent Mg>dotpdc framework synthesized at 3 and 16 h (Table 2.1).

Table 2.1. BET and Langmuir surface areas of Mg>dotpdc, primary ester cross-linked Mg>dotpdc-
PE-L5-R%, and tertiary ester cross-linked Mg>dotpdc-TE-L5-R%.

) S

Mgadotpde (16 h)! 2700 5120

Mgzdotpde (3 h)! 2700 4700
Mg>dotpde-PE-L5-19%! 2700 4920
Mgodotpde-PE-L5-40%! 2740 4620
Mg>dotpdc-PE-L5-66%' 2550 3970
Mg>dotpde-PE-L5-85%! 1630 2150
Mg>dotpdc-PE-L5-100%' 1580 1950
Mg>dotpdc-TE-L5-23%? 2290 3660
Mg>dotpdc-TE-L5-50%?2 2250 3300

ISamples were activated at 150 °C.
2All Mgzxdotpde-TE-L5-R% samples were activated at RT.

37



Like their primary ester analogues, the cross-linked frameworks Mg>dotpdc-TE-L5-R% (R
= 23, 50%) display relatively high BET surface areas of ~2300 m?/g (Table 2.1). To avoid any
cross-linker thermolysis, sample activation was carried out at room temperature. As these mild
conditions are not sufficient to remove solvent bound to the Mg?" sites present in the framework,
lower surface areas relative to the primary ester analogues were observed. With a 3 h reaction time,
slightly greater amounts of cross-linked dotpdc*~ are incorporated than expected (e.g., 18%
predicted vs 23% observed, see Table 2.S1 and Figs. 2.S11-2.S12), perhaps indicating a small
kinetic preference for the cross-linked ligands owing to its templated geometry and higher number

of coordination sites.

2.2.4 Modeling studies
Based on simple geometric considerations, there are only two possible configurations the
pentyl cross-linker can adopt within the framework, which we have illustrated in Fig. 2.3. In both

structures, labeled “symmetric” and “offset,”

a b
the cross-linker bridges adjacent ligands down o tion / )\}-
A
the pore channels. However, they differ in the E/L}/\» e’ =

way the esters are attached to the central phenyl

rings. To probe which orientation of the ligand

€

b
dimer TE-L5% is energetically preferred, we Offset A‘ 112

Configuration
kcal/mol

\,p

first optimized the extended structure of

Mgodotpde using the Forcite module in

Materials Studio. This structure was then ./L;'x‘.

Figure 2.3. Modeling studies. Truncated structures show the
two distinct configurations the cross-linker can adopt down
the pore channels, labeled as (a) “symmetric” and (b)
“offset.” DFT calculations show that the symmetric

partially frozen such that Only the central  configuration is more stable by 11.2 kcal/mol.

truncated to two neighboring ligands and
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phenyl rings could freely move, mimicking the geometric restrictions of the MOF lattice. A
bridging cross-linker was added, and the geometries of the cross-linker and central phenyl ring
were optimized using density functional calculations at the B3LYP/6-311+G(d,p)//B3LYP/6-
31G+(d) level of theory. These calculations suggest a strong energetic preference for the symmetric
configuration by over 11 kcal/mol (Table 2.S5). As 1.36 kcal/mol corresponds to a 10-fold shift in
equilibrium constant, we hypothesize that this configuration is the predominant structure found in

the framework.

2.2.5 Cross-linker thermolysis

With the successful incorporation of cross-linked ligand dimers firmly established, we
finally turned to the last step in our overall templating scheme: postsynthetic cross-linker cleavage.
Tertiary esters are known to decompose at elevated temperatures into free carboxylic acids and the
corresponding alkenes (Fig. 2.4a).>**! While this specific reaction has never been demonstrated
in a MOF, the analogous thermolysis of tertiary carbamates is well-established,** and we
anticipated that similar conditions could be used.

We adapted a procedure previously reported by Yaghi and coworkers to cleave tert-butyl
carbamates into free amines, which employed microwave heating at 230°C for 10 minutes in a
solvent mixture of 2-ethyl-1hexanol, ethylene glycol, and water.*> We reduced the heating time
and eliminated water out of an abundance of caution for the hydrolytic stability of the framework.
Excitingly, using this modified procedure, we obtained nearly quantitative conversion (98-99%)
of Mgydotpdc-TE-L5-R% to Mgadotpde-(t)-COOH-R% (Fig. 2.S13-2.S14). Note that the (t)
denotes the templated, pairwise nature of the carboxylic acids. Importantly, the amount of
Hadotpde-COOH observed by 'H NMR following rigorous DMF washes and digestion closely

matches the amount of cross-linked dotpdc*™ present before thermolysis. This clearly demonstrates
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that the cross-linked ligand dimers were fully incorporated in the framework. Any dangling ligands

would have been washed away after cross-

linker cleavage, leading to lower-than-

expected amounts of Hadotpdc-COOH.

While the PXRD pattern reveals no
loss in crystallinity post-thermolysis (Fig.
2.4b), Mgodotpde-(t)-COOH-49% does not
display the expected increase in surface area
(Fig. 2.4c and Table 2.S2). Given the known
sensitivity of Mgadotpde towards acidic
conditions,* we hypothesized that the
framework may be incompatible with such a
high density of free carboxylic acid sites, and
that higher surface areas may be observed at a
lower functional group concentrations.
Indeed, at lower concentrations of templated
carboxylic acid (<25%), the thermolyzed
framework appears pristine by both PXRD
and gas sorption studies (Fig. 2.4). After
thermolysis, dramatic increases in both the
BET and Langmuir surface areas are observed
for Mgodotpdc-(t)-COOH-23%, from 2290 to

2510 m*g and 3660 to 4480 m?/g,

Mg,dotpdc-TE-L5-R%

Mg,dotpdc-(t)-COOH-R%

— Mg,dotpdc-(t)-COOH-49%
——  Mg,dotpdc-(t)-COOH-23%
— Mg,dotpdc-TE-L5-50%
—— Mg,dotpdc-TE-L5-23%
— Mg,dotpdc

Intensity (a.u.)

5 10 15 20 25 30
26 (degrees)

(1]

20

Mg, dotpdc-(t)-COOH-49%
Mg, dotpdc-(t)-COOH-23%
Mg,dotpdc-TE-L5-50%
Mg,dotpdc-TE-L5-23%
Mg, dotpdc

Quantity adsobrd (mmol/g)

10 F

IR

0 1 1 L 1 1 i 1

0 0.2 0.4 0.5 0.6 1
Relative Pressure (P/P;)

Figure 2.4. Characterization of tertiary ester cross-linked
Mg,dotpdc frameworks before and after thermolysis. (a)
General thermolysis reaction scheme. (b) PXRD patterns and
(c) surface areas of Mg»dotpdc (3 h), cross-linked Mg,dotpdc-
TE-L5-R%, and thermolyzed Mg>dotpdc-(t)-COOH-R% (R =
23-50%)
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respectively (Fig. 2.4¢). Infrared spectroscopy shows a shift in the vc-o of the ester linkage from
1705 to 1675 cm™!, consistent with the conversion of the ester to a free carboxylic acid (Fig. 2.S20).
To our knowledge, this represents the first time that a thermolabile protecting group has been used
to install free carboxylic acids within MOF pores. More broadly, this work illustrates how
molecular templating can serve as a new and complementary strategy for manipulating the interior

surface chemistry of metal-organic frameworks.

2.3 Conclusion

We have shown that simple, thermolabile tertiary ester-based cross-linkers can be used to
template carboxylic acid pairs within metal-organic frameworks. A key advantage of this strategy
is how it couples structural versatility with molecular precision. By changing the cross-linker
length and geometry, as well as the overall framework topology, it should be possible to precisely
fine-tune the ultimate orientation and position of free carboxylic acids within the framework pores.
Future studies with the carboxylate pairs will investigate whether our templated carboxylic acid

4749 or the site-

pairs can mimic biological active sites, such as the diacid active site of glycosidase
isolated carboxylate-bridged diiron sites found in many metalloproteins.’®->? Additional work

expanding our templating strategy to other functional groups, such as amines, will be discussed in

the next chapter.
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2.6 Supplementary Information.
1. General materials and methods.
Reagents and solvents were purchased from commercial vendors (Millipore Sigma, TCI

America, Alfa Aesar, Fisher, Oakwood Chemical, Combi-Blocks) and used without purification
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unless otherwise noted. Deuterated solvents (CDClz, DMSO-ds) were purchased from Cambridge
Isotope Laboratories. NMR spectra were acquired on Bruker AV300, AV301, DRX499, or AV500
instruments. '"H and 1*C NMR spectra were referenced to residual deuterated solvent peaks. High
resolution mass spectrometry data of ligands and their intermediates were collected on a Thermo
Scientific LTQ Orbitrap XL instrument in positive ion mode. C, H, N combustion analysis was
conducted by Atlantic Microlabs Inc.

Powder X-ray diffraction data were collected on either a Bruker D8 Discover powder X-
ray diffractometer located in University of Washington’s Molecular Analysis Facility, or a Bruker
D2 PHASER benchtop diffractometer.

Microwave reactions were carried out using a CEM Discover SP Microwave synthesizer

housed in the University of Washington Molecular Engineering Materials Center (MEM-C).
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2. Ligand syntheses.

OH O

4.1 O'Bu
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Br O BuO O'Bu
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21 OH Br O O Br
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Br [ pE-.LN-BF Br cat. Pd(dppf)Cl,
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Scheme 2.S1. Overview of the synthesis of primary ester-based ligand dimers, Hs-PE-LN (N =
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Scheme 2.S2 Overview of the synthesis of tertiary ester-based ligand dimers, Hs-TE-LS.
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Scheme 3.S3 Overview of the synthesis of Hsdotpdc and Hadotpde-COOH.
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OH O OH O
MgSO4

OH H2SO,4 O'Bu
DCM

OH
Br Br

A 500 mL round bottom flask equipped with a stir bar was charged with MgSO4 (19.3 g, 160
mmol, 4.00 equiv.) in dichloromethane (160 mL), followed by concentrated H>SO4 (2.22 mL, 40.0
mmol, 1.00 equiv.) and the solution was stirred at room temperature for 15 minutes. Next, 5-
bromo-2-hydroxybenzoic acid (8.68 g, 40.0 mmol, 1.00 equiv) was added, followed by tert-
butanol (19.1 mL, 50.0 mmol, 5.00 equiv). The flask was capped and the inhomogeneous solution
was stirred at room temperature for 48 h. Subsequently, the mixture was filtered and neutralized
with NaHCOs. The organics were washed again with NaHCO3; (100 mL), then deionized water
(2x75 mL), dried over MgSOQs, filtered, and concentrated in vacuo. The resultant oily solid was
brought up in minimal hexanes (5-10 mL) and re-concentrated to afford ferfbutyl 5-bromo-2-
hydroxybenzoate (10.11 g, 93 % yield). 'H NMR (300 MHz, CDCl5): § 11.00 (s, 1H), 7.86 (d, J =
2.5, 1H), 7.49 (dd, J = 8.8, 2.5, 1H), 6.85, (d, J = 8.8, 1H), 1.61 (s, 9H) ppm. *C NMR: (75 MHz,

CDCls) 6 168.83, 160.98, 137.99, 132.50, 119.66, 115.51, 110.62, 83.83, 28.31 ppm.

OH O

Pd(dppf)Cl,
O‘BU KOAC
D|oxanes B
0" Mo
1.1 Equiv. ﬁ_%

A 2-neck round bottom flask equipped with a stir bar and reflux condenser was charged with fert-

O'Bu

butyl 5-bromo-2-hydroxybenzoate (8.00 g, 29.3 mmol, 1.00 equiv.), bis(pinacolato)diboron (8.18
g, 32.2 mmol, 1.10 equiv.), KOAc (8.63 g, 87.9 mmol, 3.00 equiv.) and 1,4-dioxane (75 mL). The
solution was sparged with N> for 45 minutes, after which Pd(dppf)Cl> was added (0.429 g, 0.586

mmol, 0.020 equiv.) and the solution was stirred at 70 °C for 16 h during which time the solution
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darkened considerably. The solution was cooled to room temperature and the dioxanes removed
in vacuo. The resultant dark brown residue was brought up in deionized water (150 mL) and
extracted with ethyl acetate (1x150 mL, 2x50 mL). The organics were dried over MgSOs, filtered,
concentrated, and the resultant oil triturated with hexanes to afford tert-butyl 2-hydroxy-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate as an off white solid (6.70 g, 71% yield). 'H NMR
(300 MHz, CDCl3): 6 11.37 (s, 1H), 8.20 (s, 1H), 7.85 (d, J = 8.3 Hz, 1H), 6.93 (d, J = 8.3 Hz,
1H), 1.63 (s, 9H), 1.34 (s, 12H) ppm. 1*C NMR (75 MHz, CDCl3) § 170.20, 164.49, 141.67,
137.44, 117.16, 113.70, 83.90, 83.12, 28.41, 24.98 ppm. MS (ESl/ion trap) m/z: [M+NH4]"

C17H26BOsNH4: 338.2; found: 338.1.

Br

Br (0] Br O
OH 4+ HO~~o DCC/DMAP o AP
bCM - (0] Br
Br Br
2.1 Equiv. PE-L4-Br

A 250 mL Schlenk flask under N> equipped with a stir bar was charged with 2,5-dibromobenzoic
acid (1.00 g, 3.57 mmol, 2.10 equiv.), N,N'-dicyclohexylcarbodiimide (1.05 g, 5.10 mmol, 3.00
equiv.), and 4-(dimethylamino)pyridine (0.44 g, 3.57 mmol, 2.10 equiv.), and DCM (anhydrous,
40 mL). The inhomogeneous solution was stirred for 5 minutes, followed by addition of 1,4-butane
diol via syringe (0.150 mL, 1.70 mmol, 1.00 equiv.). The solution was stirred overnight at room
temperature, filtered over celite, washed with saturated NaHCO3 (2x30 mL) and HCI (1M, 2x30
mL), dried over MgSOs, concentrated, and the resultant oily solid washed with hexanes followed
by methanol. The resultant PE-L4-Br solid (0.915 g, 88% yield) was used without further
purification. "H NMR (300 MHz, CDCl3) § 7.90 (d, J = 2.4 Hz, 2H), 7.52 (d, J = 8.6 Hz, 2H), 7.44
(dd, = 8.5, 2.4 Hz, 2H), 4.41 (bs, 4H), 1.96 (bs, 4H) ppm. '*C NMR (75 MHz, CDCls) & 164.98,

135.82, 135.57, 134.17, 121.17, 120.41, 65.51, 25.52 ppm.
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OH O

OH O O O'Bu

Br OH 0O O 0'Bu
Br O O'Bu Pd(dppf)Cl, o)
K,CO o
o NP ¥ e 0NN
THF/H,0 5

O

O Br _B{

t
Br ﬁ—% BuO
PE-L4-Br
BuO

4.1 Equiv.

[0} OH PE-L4-O'Bu
A 250 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser under N> was
charged with PE-L4-Br (1.00 g, 1.63 mmol, 1.00 equiv.), tert-butyl 2-hydroxy-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.14 g, 6.68 mmol, 4.1 equiv.), K;CO3 (1.80 g,
13.0 mmol, 8.00 equiv.), THF (60 mL) and deionized water (15 mL). The solution was sparged
with N> for 40 minutes, followed by addition of Pd(dppf)Cl> (0.0360 g, 0.0490 mmol, 0.0300
equiv.). The solution was heated to 60 °C for 16 h. The reaction mixture was cooled to room
temperature, followed by addition of deionized water (150 mL) and EtOAc (150 mL). The organics
were separated, and the aqueous layer extracted with EtOAc (2x50 mL). The combined organics
were dried over MgSQy, filtered, and concentrated in vacuo, and the resultant dark brown residue
was subjected to filtration through a pad of silica gel (DCM), and the filtrate concentrated to afford
PE-L4-O'Bu as an off white powder which was used without further purification (1.74 g,
quant.). '"H NMR (300 MHz, CDCl3) & 11.11 (s, 2H), 11.03 (s, 2H), 7.99 (dd, J = 15.1, 2.2 Hz,
4H), 7.81 — 7.63 (m, 6H), 7.47 — 7.33 (m, 4H), 7.14 — 6.88 (m, 4H), 4.00 (bs, 4H), 1.58 (s, 36H),
1.27 (bs, 4H) ppm. *C NMR (75 MHz, CDCls) 8 169.26, 168.14, 161.23, 160.84, 139.28, 138.86,
134.98, 133.45, 131.47, 131.00, 130.26, 129.05, 128.02, 127.67, 117.89, 116.92, 83.05, 82.84,
65.38, 64.06, 27.88, 24.54, 14.93 ppm. MS (ESl/ion trap) m/z: [M-H]~ Calcd for CasHesO16:

1066.2; found 1065.7.
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O OH PE-L4-O'Bu Hg-PE-L4
To a 100 mL round bottom flask equipped with a stir bar was added PE-L4-O'Bu (1.74 g, 1.63
mmol). The flask was cooled to 0 °C in an ice bath, followed by addition of DCM (15 mL) and
concentrated trifluoroacetic acid (15 mL). The solution was removed from the ice bath and allowed
to stir at room temperature for 2 h, during which time no solids precipitated out. After, the solution
was diluted with hexanes (40 mL), the resultant inhomogeneous mix centrifuged, and the mother
liquor decanted. The solids were washed with hexanes repeatedly to remove remaining acid and
afford Hs-PE-L4 as an off-white solid (1.15 g, 84% yield). 'H NMR (300 MHz, DMSO-ds) & 8.09
(d, J=2.4 Hz, 2H), 7.99 — 7.80 (m, 6H), 7.69 (d, J = 2.4 Hz, 2H), 7.51 — 7.40 (m, 4H), 7.07 (d, J
=8.6 Hz, 2H), 6.97 (d, J = 8.5 Hz, 2H), 3.94 (s, 4H), 1.19 (s, 4H) ppm. 3C NMR (75 MHz, DMSO-
ds) 0 171.93, 168.15, 161.36, 160.94, 138.85, 138.32, 135.50, 133.85, 131.66, 129.91, 129.06,
128.31, 127.23, 118.12, 117.17, 79.45, 79.04, 78.58, 64.38, 40.39, 40.33, 40.08, 39.81, 39.52,

39.23, 24.69 ppm. MS (ESl/ion trap) m/z: [M—H] Calcd for C46H33016: 841.8; found 841.6.

Br O Br O O Br
OH + HO\/\/\/OH DCC/DMAP - 0NN
Anhyd. DCM
Br Br PE-L5-Br Br
2.1 equiv.

A 100 mL oven-dried Schlenk flask equipped with a stir bar was charged with 2,5-dibromobenzoic
acid (0.500 g, 1.77 mmol, 2.10 equiv.), N,N’-dicyclohexylcarbodiimide (0.526 g, 5.31 mmol. 3.00

equiv.), 4-(dimethylamino)pyridine (0.218 g, 1.77 mmol, 2.10 equiv.) and anhydrous
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dichloromethane (25 mL), and the slurry was allowed to stir for 5 minutes. Next, 1,5-pentanediol
(0.178 mL, 0.84 mmol, 1.00 equiv.) was added via syringe. The inhomogeneous solution was
allowed to stir for 24 h, cooled to 0 °C, filtered over celite, and the organics washed with NaHCO3
(1x50 mL) and HCI (1M, 1x60 mL). The organics were then dried over MgSQs, filtered and
concentrated in vacuo to afford a pale yellow oil. The oil was brought up in fresh hexanes and
cooled to 0 °C overnight before filtration over celite and concentration to afford PE-L5-Br as an
oil which was used without further purification (0.500 g, 94% vyield). '"H NMR (300 MHz,
CDCl): 6 7.89 (d, J = 2.4 Hz, 2H), 7.51 — 7.44 (m, 4H), 4.37 (t, J = 6.5 Hz, 4H), 1.86 (dt, J =
14.1, 6.8 Hz, 4H), 1.69 — 1.58 (m, 2H) ppm. 1*C NMR (75 MHz, CDCls3) § 165.03, 135.80, 135.50,

134.14, 121.15, 120.40, 65.85, 28.33, 22.80 ppm.

O OH OH O
tBuO O O O'Bu
(6] (0]
Br Q Q B oH O Pd(dppf)Cl,
NN
O/\/\/\o + O'Bu K2C03 > O O
THF/H,0
B B
' PE-L5-Br ' o’B\o
ﬁ O'Bu BuO
OH O (6] OH

4.1 equiv.
PE-L5-OtBu

A 250 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was charged
with PE-L5-Br (0.500 g, 0.800 mmol, 1.00 equiv.), tert-butyl 2-hydroxy-5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzoate (1.04 g, 3.28 mmol, 4.10 equiv.), K»CO3 (0.880 g, 6.40 mmol,
8.00 equiv.), THF (40 mL) and deionized water (10 mL). The solution was sparged for 45 minutes
with N, charged with Pd(dppf)Cl» (0.0170 g, 0.0240 mmol, 0.0300 equiv.), and stirred at 60 °C
16 h, during which time the solution darkened noticeably to brown. The solution was cooled to
room temperature, diluted with deionized water (150 mL) and EtOAc (100 mL). The aqueous layer

was further extracted with EtOAc (2x50 mL) and the combined organics were dried over MgSOs,
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filtered, concentrated in vacuo, and subjected to filtration through a pad of silica gel (DCM). The
filtrate was re-concentrated and further dried using Et;O to afford PE-L5-O'Bu as a beige solid
and used without additional purification (0.844 g, 98% yield). '"H NMR (300 MHz, CDCl;3): §
11.12 (s, 2H), 11.04 (s, 2H), 8.01 (dd, J = 13.4, 2.2, 4H), 7.74 (d, J = 2.2, 2H), 7.69 (m, 4H), 7.40
(d,J=7.8,2H), 7.36 (d, ] = 2.4, 2H), 7.06 (d, J = 8.6, 2H), 6.96 (d, ] = 8.5, 2H), 4.04, (t, ] = 6.5,
4H), 1.64 (s, 18H), 1.58 (s, 18H), 1.28 (bs, 4H), 0.88 (bs, 2H) ppm. 1*C NMR (75 MHz, CDCl3) &
169.77, 168.83, 161.79, 161.38, 139.76, 139.42, 135.46, 133.91, 131.93, 131.69, 131.33, 130.77,
129.76, 129.45, 128.50, 128.24, 118.38, 117.46, 114.31, 113.66, 83.43, 83.21, 65.93, 65.01, 28.38,
28.34, 24.97, 22.38, 15.38. MS (ESl/ion trap) m/z: [M+Na]" Calcd for Ce3sHessO16Na: 1103.4;

found: 1103.6.

O OH OH © O OH OH O
tBUO O O 0'Bu HO O O OH
0 0 o) 0
O 0 N"N"0 O TFA/DCM O 0NN O
O 0'Bu BUO O O OH HO. O

OH O O OH OH O O OH

PE-L5-OtBu Hg-PE-L5
To a 100 mL round bottom flask equipped with a stir bar was added PE-L5-O'Bu (0.844 g, 0.780
mmol). The flask was cooled to 0 °C in an ice bath, followed by addition of DCM (7 mL) and
concentrated trifluoroacetic acid (7 mL). The solution was removed from the ice bath and allowed
to stir at room temperature for 2 h, during which time no solids precipitated out. After, the solution
was diluted with hexanes (40 mL), the resultant inhomogeneous mix centrifuged, and the mother
liquor decanted. The solids were washed with hexanes repeatedly to remove remaining acid and

afford Hs-PE-LS5 as an off-white solid (0.593 g, 87% yield). "H NMR (500 MHz, DMSO-ds): &
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8.08 (d,J =2.5,2H), 7.9 (d, J = 2.1, 2H), 7.87 (dd, J = 8.7, 2.4, 2H), 7.81 (dd, J = 8.1, 2.1, 2H),
7.69 (d, J = 2.5, 2H), 7.43 (m, 4H), 7.06, (d, J = 8.6, 2H), 6.97 (d, J = 8.5, 2H), 3.97 (t, ] = 6.2,
4H), 1.25 (dt, J=15.8, 6.2, 4H), 0.74 (dt, J = 15.8, 6.2, 2H) ppm. *C NMR (75 MHz, DMSO-ds)
0 171.73,168.04, 161.07, 160.68, 138.56, 138.02, 135.29, 133.65, 131.53, 131.16, 130.97, 129.61,
128.82, 128.05, 126.92, 117.90, 117.00, 113.42, 112.66, 64.55, 27.52, 21.83 ppm. MS (ESI/ion

trap) m/z: [M—H]~ Calcd for C47H35016: 855.7; found: 855.6.

Br

Br O
Br O
HO( A~~~ DCC/DMAP
o O ——————> AN
DCM o
Br O Br
2.1 equiv. Br PE-L6-Br

A 100 mL oven-dried Schlenk flask equipped with a stir bar was charged with 2,5-dibromobenzoic
acid (1.00 g, 3.57 mmol, 2.10 equiv.), N,N’-dicyclohexylcarbodiimide (1.05 g, 5.09 mmol. 3.00
equiv.), 4-(dimethylamino)pyridine (0.436 g, 3.57 mmol, 2.10 equiv.) and anhydrous
dichloromethane (40 mL), and the slurry was allowed to stir for 5 minutes. Next, 1,6-hexanediol
(0.201 g, 1.70 mmol, 1.00 equiv.) was added. The inhomogeneous solution was allowed to stir for
24 h. The reaction was then filtered over celite and rinsed with DCM. The organics were washed
with NaHCOs3 (1x50 mL) and HCI (1 M, 1x60 mL). The organics were then dried over MgSOs,
filtered and concentrated in vacuo. The resulting solid was rinsed with MeOH and filtered to afford
PE-L6-Br as a white solid (0.980 g, 90% yield). 'H NMR (500 MHz, CDCl3) 8 7.89 (d, J = 2.4
Hz, 2H), 7.52 (d, J = 8.5 Hz, 2H), 7.44 (dd, J = 8.5, 2.4 Hz, 2H), 4.35 (t, /= 6.6 Hz, 4H), 2.41 —
1.69 (m, 4H), 1.67 — 0.57 (m, 4H). *C NMR (75 MHz, CDCI3) § 165.05, 135.80, 135.46, 134.31,

134.13, 121.14, 120.38, 66.05, 28.59, 25.81.
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OH O tBuO O
O'Bu
Br OH O Pd(dppf)Cl,
K,CO4 0
Br (0] + O'Bu —_—— /\/\/\/O
@)LO/\/\/\/O THF/H,0 O ©
0
o] Br PN
Q 0 BuO

Br PE-L6-Br ﬁ—% O t

O'Bu 0 OH

4.1 equiv.

OH O
PE-L6-OtBu

A 250 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was charged
with PE-L6-Br (0.600 g, 0.935 mmol, 1.00 equiv.), tert-butyl 2-hydroxy-5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzoate (1.23 g, 3.84 mmol, 4.10 equiv.), KoCOs3 (1.03 g, 7.47 mmol,
8.00 equiv.), THF (60 mL) and deionized water (15 mL). The solution was sparged for 45 minutes
with N, charged with Pd(dppf)Cl» (0.0205 g, 0.0280 mmol, 0.0300 equiv.), and stirred at 60 °C
16 h, during which time the solution darkened noticeably to brown. The solution was cooled to
room temperature, diluted with deionized water (150 mL) and Et,O (100 mL). The aqueous layer
was further extracted with Et;O (2x50 mL) and the combined organics were dried over MgSOs,
filtered, and concentrated in vacuo. The resulting oil was further purified through a silica plug,
eluting with DCM. The filtrate was rotovapped, and the oily solid was triturated with MeOH to
obtain PE-L6-O'Bu as an off-white solid (0.880 g, 86% yield). 'H NMR (500 MHz, CDCIl3) &
11.12 (s, 2H), 11.05 (s, 2H), 8.02 (d, J= 2.4 Hz, 2H), 7.98 (d, /= 2.1 Hz, 2H), 7.75 (d, /= 2.4 Hz,
2H), 7.69 (td, J = 8.4, 2.2 Hz, 4H), 7.44 — 7.37 (m, 4H), 7.06 (d, J = 8.6 Hz, 2H), 6.97 (d, /= 8.5
Hz, 2H), 4.06 (t, J = 6.5 Hz, 4H), 1.27 — 1.21 (m, 4H), 1.00 — 0.93 (m, 4H). 3C NMR (75 MHz,
CDCl3) 6 169.80, 168.94, 161.80, 161.41, 139.76, 139.44, 135.49, 133.92, 131.97, 131.83, 131.34,
130.82, 129.80, 129.41, 128.52, 128.25, 118.40, 117.49, 114.35, 113.71, 83.44, 83.21, 28.40,

25.66. MS (ESI/ion trap) m/z: [M+Cl]~ Calcd for CesHeoO16Cl: 1130.2; found: 1130.2.
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OH O OH O

PE-L6-OtBu Hg-PE-L6

To a 100 mL round bottom flask equipped with a stir bar was added PE-L6-O'Bu (0.750 g, 0.685
mmol). The flask was cooled to 0 °C in an ice bath, followed by addition of DCM (7 mL) and
trifluoroacetic acid (7 mL). The solution was removed from the ice bath and allowed to stir at room
temperature for 2 h, during solids precipitated out. After, the solution was diluted with hexanes
(40 mL), the resultant inhomogeneous mix centrifuged, and the mother liquor decanted. The solids
were washed with hexanes and DCM repeatedly to remove remaining acid and afford Hs-PE-L6
as a white solid (0.534 g, 90% yield). '"H NMR (500 MHz, DMSO) 6 8.09 (d, J = 2.5 Hz, 2H), 7.94
—7.88 (m, 4H), 7.85 (dd, /= 8.0, 2.1 Hz, 2H), 7.70 (d, /= 2.5 Hz, 2H), 7.51 — 7.45 (m, 4H), 7.09
(d,J=8.6 Hz, 2H), 7.01 (d, J= 8.6 Hz, 2H), 4.01 (t,J = 6.2 Hz, 4H), 1.28 (s, 4H), 0.85 (s, 4H). 1*C
NMR (75 MHz, DMSO-de) 6 171.64, 168.18, 160.94, 160.59, 138.39, 137.94, 135.36, 133.74,
131.65, 131.12, 131.00, 129.68, 129.58, 128.86, 128.03, 126.83, 117.98, 117.15, 113.53, 112.76,

64.80, 27.68, 25.01. ppm. MS (ESl/ion trap) m/z: [M—H]~ Calcd for C4gH37016: 869.8; found:

869.4.

CH3MgCl
/O\n/\/\n/o\ 3vig - \I/\/\|/
THF

0 S OH OH
An oven-dried 250 mL 2-neck round bottom flask equipped with a stir bar and a reflux condenser
was cooled to 0 °C under N>. Methylmagnesium chloride (20.0 mL, 3M, 60.0 mmol) was canulaed

in. Dimethyl glutarate (1.26 mL, 8.55 mmol) was added dropwise via syringe over the course of
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15 minutes. While under N2, the solution was allowed to warm to room temperature while stirring
for 1h, during which time the solution became cloudy and began to thicken to a gel consistency.
The solution as then refluxed for 2 h, during which time anhydrous THF (15 mL) was added
because the solution had become to viscous to stir. The solution was then cooled to 0 °C,
neutralized with excess saturated NH4Cl (75 mL), and the THF was removed in vacuo. The
aqueous solution was extracted with DCM (2x50 mL), dried with MgSQs, filtered, and
concentrated to yield Dimethyl-2,6-dihydroxyheptane as a semi-crystalline oil (1.33 g, 97% yield).
"H NMR (300 MHz, CDCI3): 8 1.46 (m, 6H), 1.23 (s, 12H). The spectrum is consistent with what

is reported in the literature.!

Br O

Br 0] J</\/|< 0] Br
OH + \|/\/\|/ DCCIDMAP o o

Anhyd. DCM
OH OH

Br Br TE-L5-Br Br

2.1 equiv.

In a typical synthesis, an oven-dried Schlenk flask equipped with a reflux condenser was charged
with anhydrous DCM (125 mL), 1,4-dibromobenzoic acid (4.59 g, 16.4 mmol, 2.10 equiv.), N,N'-
dicyclohexylcarbodiimide (4.84 g, 23.4 mmol, 3.00 equiv), and 4-(dimethylamino)pyridine (2.00
g, 16.4 mmol, 2.10 equiv.), and the inhomogeneous solution was allowed to stir at room
temperature for 5 minutes. Separately, dimethyl-2,6-dihydroxyheptane (1.25 g, 7.81 mmol, 1.00
equiv.) was placed under N, dissolved in anhydrous DCM (5 mL) and added to the Schlenk flask
via canula. The inhomogeneous solution was refluxed for 48 h, cooled to 0 °C, and filtered over
celite. The filtrate was then washed with 1 M HCI (1x 60 mL) and saturated NaHCO3 (1x 100 mL),
dried with MgSQs, filtered, and concentrated in vacuo to afford a pale yellow oil with some solids

present. To this hexanes was added, and chilled at 0 °C overnight, resulting in a white precipitate.

The solution was filtered over celite, and the filtrate concentrated to afford TE-L5-Br as a yellow
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oil which was used without further purification (4.33 g, 81% yield). 'H NMR (300 MHz, CDCl5):
0773 (d,J=2.3,2H), 7.44 (s, 1H), 7.42 (s, 1H), 7.37 (d, J = 2.4, 1H), 7.34 (d, ] = 2.4, 1H), 1.57
(m, 18H). *C NMR (75 MHz, CDCls): & 164.2, 135.9, 135.5, 134.8, 133.6, 121.0, 119.7, 85.4,
55.7,25.5, 18.6 ppm. A N,N’-dicyclohexyl urea impurity persisted, as evidenced by 3C peaks at
41.1,35.0,26.2, and 24.8 ppm. We note that this impurity does not impact the subsequent synthetic

steps.

OH O

d(PPh3),Cl,
KOAc
Dloxanes B
Q" Yo
1.1 Equiv. ﬁ_%

A 500 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser under N> was

OMe

charged with methyl 5-bromo-2-hydroxybenzoate (10.0 g, 43.3 mmol, 1.00 equiv.),
bis(pinacolato)diboron (12.1 g, 47.6 mmol, 1.10 equiv.), potassium acetate (12.7 g, 130 mmol,
3.00 equiv.), and 1,4-dioxanes (150 mL). The solution was sparged with N> while stirring for 45
minutes, then Pd(PPh3),Cl> (0.304 g, 0.433 mmol, 0.010 equiv.) was added the solution was
refluxed for 18h, during which time the solution turned a dark brown and solids precipitated out.
The solution was cooled too room temperature, and the dioxanes was removed in vacuo. The dark
brown residue was brought up in EtOAc (200 mL) and deionized water (150 mL). The organics
were separated off, and the aqueous remnants were extracted with EtOAc (2x70 mL). The organics
were combined, dried over MgSQs, filtered, and concentrated. The solids were washed with
minimal hexanes to afford methyl 2-hydroxy-5-(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzoate as an off white solid. The hexanes wash was cooled overnight to afford a second crop

of the product. (10.96 g, 91% vield). "H NMR (300 MHz, CDCls): § 11.0 (s, 1H), 8.31 (d, J = 1.6,

58



1H), 7.88 (dd, J = 8.3, 1.6, 1H), 6.96 (d, J = 8.3, 1H), 3.94 (s, 3H), 1.34 (s, 12H). Spectrum is

consistent with what is reported in the literature.?

O OH OH 0O
MeO! O O OMe

B Q J</\)< Q B OH Q XPhos Pd G2 9 J</\/I< O

o o + OMe KoCOs o 0

THF/H,0
B B
' TE-L5-Br ' o0
ﬁ—% OMe MeO.
OH O O OH

4.1 equiv.
TE-L5-OMe

In a typical synthesis, a 500 mL 2-neck round bottom flask equipped with stir bar and reflux
condenser was charged with the TE-L5-Br (1.30 g, 1.90 mmol. 1.00 equiv.), the aryl boronic
pinacol ester (2.17 g, 7.79 mmol, 4.10 equiv.) and THF (124 mL). Separately, potassium carbonate
(2.13 g, 15.4 mmol, 8.10 equiv.) was dissolved in deionized water (31 mL) and added to the round
bottom flask. The solution was sparged with N> for 40 minutes before XPhos Pd G2 (0.0300 g,
0.0380 mmol. 0.0200 equiv.) was added and the solution was stirred at 60 °C for 14 h. The solution
was then cooled to room temperature, and the THF was removed in vacuo. The aqueous remnants
were diluted with ethyl acetate (200 mL) and additional deionized water (150 mL) before being
extracted with ethyl acetate (2x70 mL). The organics were dried over MgSQOs, filtered,
concentrated, and subjected to filtration through a pad of silica gel (9:1 DCM/EtOAc). The solvent
was removed, and the resultant pale yellow residue was dissolved in minimal diethyl ether (~2
mL), triturated with hexanes (30 mL) and washed with additional hexanes to afford TE-L5-OMe
as an off white powder (1.30 g, 70.6 % yield). '"H NMR (300 MHz, CDCls):  10.8 (s, 2H), 10.75
(s,2H), 8.07 (d, J =2.3,2H), 7.90 (d, J = 1.9, 2H), 7.80 (d, J = 2.2, 2H), 7.70 (dd, J = 8.7, 2.4, 2H),
7.61 (dd, J = 8.0, 1.9, 2H), 7.35 (dd, J = 8.5, 2.3, 2H), 7.3 (d, J = 8.0, 2H), 7.06 (d, J = 8.6, 2H),

6.98 (d, J = 8.5, 2H), 3.98 (s, 2H), 3.92 (s, 2H), 1.3 (m, 18H) ppm. 3C NMR (75 MHz, CDCls): 5
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170.5, 167.9, 161.5, 161.1, 139.2, 136.2, 134.3, 133.4, 132.5, 131.2, 129.8, 128.8, 128.2, 127.9,

118.4,117.5,112.8, 112.1, 83.6, 52.5, 52.4, 41.4, 25.6 ppm.

O OH OH O O OH OH O
MeO! O O OMe HO O O OH
0 0 0 0
O OJ</\/I<O O KOH O OJ</\J<O O
THF/H,0
O OMe MeO. O O OH HO O
OH O O OH OH O O OH

TE-L5-OMe Hg-TE-L5
A 250 mL round bottom flask equipped with a stir bar was charged with the tetraester dimer (1.3g,
1.30 mmol, 1.00 equiv.) dissolved in THF (35 mL). Separately, potassium hydroxide (0.960 g,
40.2 mmol, 30.0 equiv.) was dissolved in deionized water (35 mL) and added to the round bottom
flask. The flask was capped and the solution was stirred at room temperature for 72 h. The solution
was then acidified to pH<2, extracted with ethyl acetate (2x125 mL), dried over MgSO4, filtered,
concentrated in vacuo, and triturated with minimal diethyl ether and hexanes and washed with
additional hexanes to afford Hs-TE-L5 as a pale yellow powder (1.18 g, 96% yield). 'H NMR
(500 MHz, DMSO-db): 6 8.0 (d, J=2.4, 2H), 7.80 (dd, J= 8.6, 2.4, 2H), 7.76 (d, ] = 1.9, 2H), 7.74
(dd, J =8.0, 2.0, 2H), 7.57 (d, J = 2.4, 2H), 7.26 (d, J = 8.0, 2H), 7.18 (dd, J = 8.5, 2.4, 2H), 7.03
(d,J=8.6,2H), 6.91 (d, J=8.5, 2H), 1.24 (s, 12H), 1.20 (m, 6H) ppm. 1*C NMR (75 MHz, DMSO-
des): 6 171.7, 167.3, 160.9, 160.5, 138.1, 137.8, 135.4, 133.7, 133.0, 131.3, 130.9, 129.7, 128.4,
127.9, 126.6, 117.9, 117.0, 113.5, 112.6, 83.0, 64.9, 24.9, 15.1 ppm. MS (ESl/ion trap) m/z: [M—

H]™ Calcd for CsiHa3016: 911.8; found: 911.6.
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OMe
Pd(dppf)Cl,
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o’B\o Dioxanes/H,
ﬁ—% Br
MeO. O
2.1 Equiv.

o} OH

A 250 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was charged
with methyl 2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.00 g, 7.70
mmol, 2.10 equiv.), 1,4-dibromobenzene (0.808 g, 3.43 mmol, 1.00 equiv.), and cesium fluoride
(3.12 g, 20.5 mmol, 6.00 equiv.). Next, 24 mL of 1,4-dioxane followed by 12 mL deionized water
were added. While stirring, the solution was purged with nitrogen for 40 minutes. Subsequently
Pd(dppf)Cl» (0.0752 g, 0.103 mmol, 0.030 equiv.) was added, and the solution was allowed to stir
at reflux for 18 h, during which time the solution turned a dark grey with grey solids precipitating
out. The solution was allowed to cool to room temperature under nitrogen. The solution diluted
with deionized water (200. mL), and extracted with dichloromethane (3x 150. mL). The organics
were dried using MgSOs, filtered, and concentrated in vacuo. The resultant dark brown residue
was brought up in minimal dichloromethane, and subjected to filtration through a pad of silica gel
(9:1 DCM/EtOAc). The pale yellow filtrate was then concentrated in vacuo, and the resultant
solids were washed with hexanes to afford 4,4"-dihydroxy-[1,1"4',1"-terphenyl]-3,3"-
dicarboxylate (0.947 g, 73% yield) as an off-white solid, which was used without further
purification. '"H NMR (500 MHz, CDCl3): 8 10.79 (s, 2H), 8.11 (d, J = 2.4Hz, 2H), 7.74 (dd, ] =
8.6, 2.4Hz, 2H), 7.6 (s, 4H), 7.09 (d, J = 8.6, 2H), 4.00 (s, 6H). The spectrum is consistent with

what is reported in the literature.?
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OH O OH O

OMe O OH

MeO.

OO0+
O

O OH 60 OH
In a typical synthesis, a 500 mL round bottom flask equipped with a stir bar was charged with 4,4"-
dihydroxy-[1,1":4',1"-terphenyl]-3,3"-dicarboxylate (2.01 g, 5.31 mmol, 1.00 equiv) and
tetrahydrofuran (106 mL). Separately, potassium hydroxide (5.96 g, 106 mmol, 20.0 equiv) was
dissolved in deionized water (106 mL) to give a 1 molar solution. The hydroxide solution was
added to the round bottom flask containing the dicarboxylate. The inhomogeneous solution was
stirred at 50 °C for 24 h, during which time the solution turned yellow and most of the solids
dissolved. The solution was cooled to room temperature, and 1 M HCI was added to acidify to pH
< 2, causing off-white solids to precipitate out. The tetrahydrofuran was removed in vacuo. The
off-white solids were filtered, rinsed with copious water, and allowed to first air dry followed by
heating at 150 °C for several hours to obtain H4dotpdc (4,4"-dihydroxy-[1,1":4',1"-terphenyl]-3,3"-
dicarboxylic acid) as an off-white solid (1.77 g, 96% yield). '"H NMR (500 MHz, DMSO-ds): &
8.08 (d, J =2.45,2H), 7.88 (dd, J = 8.6, 2.5, 2H), 7.70 (s, 4H), 7.08 (d, J = 8.6, 2H). The spectrum

is consistent with what is reported in the literature.>>
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OH O o
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Pd(dppf)Cl, DCM
OMe + CsF
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o 0 Dioxanes/H,0O
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2.1 Equiv. OH O

dotpdc-COOMe
A 100 mL 2-neck roundbottom flask equipped with a stir bar and reflux condenser was charged
with methyl 2,5-dibromobenzoate (0.252 g, 0.857 mmol, 1 equiv.), methyl 2-hydroxy-5-(4,4,5,5-
tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.500 g, 1.80 mmol, 2.1 equiv.), cesium fluoride
(0.780 g, 5.14 mmol, 6 equiv.), H2O (6 mL) and 1,4-dioxanes (12 mL). The solution was sparged
while stirring for 40 minutes, during which time the solids dissolved. Pd(dppf)Cl. DCM (0.0210
g, 0.0257 mmol, 0.0300 equiv.) and the solution was refluxed for 16 h during which time the
solution darkened noticeably. The solution was cooled too room temperature, diluted with DCM
(75 mL) and H>O (75 mL), and the aqueous layer was extracted with DCM (2 x 75 mL). The
combined organic layers were dried over MgSOs, filtered over celite, and concentrated in vacuo.
The resultant brown oil was subjected to filtration through a pad of silica (DCM), concentrated,
triturated with MeOH/ hexanes, and filtered to afford dotpdc-COOMe as a white solid (0.215 g,
57% yield). 'TH NMR (300 MHz, CDCI3) 8 10.81 (d, J = 6.7 Hz, 2H), 8.13 (s, 1H), 8.03 (s, 1H),
7.85 (s, 1H), 7.81 — 7.67 (m, 2H), 7.41 (t,J = 7.5 Hz, 2H), 7.10 (d, J = 8.5 Hz, 1H), 7.04 (d, J =
8.6 Hz, 1H), 4.01 (s, 3H), 3.96 (s, 3H), 3.71 (s, 3H) ppm. 3C NMR (75 MHz, CDCl3) § 170.58,
170.50, 168.94, 161.61, 161.20, 139.94, 139.11, 136.03, 134.32, 132.09, 131.43, 130.94, 129.59,

129.45, 128.31, 128.23, 118.47, 117.49, 112.89, 112.25, 52.54, 52.44, 52.19 ppm.
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dotpdc-COOMe H4dotpdc-COOH
A 100 mL round-bottom flask equipped with a stir bar was charged with dotpde-COOMe (0.135
g, 0.310 mmol, 1 equiv.) and tetrahydrofuran (6 mL). Separately, KOH (0.337 g, 6.20 mmol, 20
equiv.) was dissolved in deionized water (6 mL) before being added to the round-bottom flask,
causing the solution to immediately turn yellow. The solution was capped and stirred at 50 °C for
24 h, while monitored by TLC. The solution was cooled to room temperature, and acidified to pH
<2 with 1 M HCI, causing white precipitate to form. The tetrahydrofuran was removed in vacuo,
and the aqueous remnants were extracted with EtOAc (2 x 50 mL), and the organics were
combined, dried over MgSQy, filtered, and concentrated in vacuo to afford Hsdotpde-COOH as an
off-white powder (0.125 g, 95% yield). '"H NMR (300 MHz, CDCl3) & 8.09 (d, J = 2.5 Hz, 2H),
7.93 (d, J=2.2 Hz, 2H), 7.90 (d, J = 2.5 Hz, 1H), 7.83 (dd, J = 8.0, 2.1 Hz, 2H), 7.77 (d, J=2.4
Hz, 2H), 7.52 (dd, J = 8.5, 2.4 Hz, 2H), 7.47 (d, J = 8.0 Hz, 2H), 7.09 (d, J = 8.6 Hz, 2H), 7.02 (d,
J = 8.5 Hz, 2H) ppm '*C NMR (75 MHz, DMSO-ds) & 171.66, 171.57, 169.32, 160.86, 160.43,
138.38, 137.79, 135.59, 133.77, 132.56, 131.31, 131.06, 129.84, 129.70, 128.47, 127.96, 126.70,
117.98, 116.94, 113.53, 112.67 ppm. MS (ESl/ion trap) m/z: [M+K-2H]~ Calcd for C23H1303K:

459.3; Found: 459.1.
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3. Synthesis and characterization of cross-linked frameworks.

3.1 General procedure for Mg,dotpdc-PE-LX-R% frameworks.

Mg dotpdc-PE-LX-R% frameworks were synthesized using adapted procedure from the
literature.! A 20 mL scintillation vial was charged with 0.1*(100-x%) mmol Hidotpdc and
0.1*x% mmol Hs-PE-LX to give a total of 0.100 mmol ligand and Mg(NO3),-6H20 (2.50 equiv.
per dotpdc* unit), followed by MeOH (5.50 mL) and N,N-dimethylformamide (4.50 mL). The
threads of the scintillation vial were wrapped with PTFE tape, capped, and taped with black
electrical tape to prevent solvent evaporation. The vial was shaken to dissolve all solids and afford
a pale-yellow solution. The solution was then heated in a dry bath at 120 °C for 16 h, after which
the vial was cooled to room temperature, the mother liquor was decanted, and the solids re-
immersed in fresh DMF and heated to 120 °C. After 3 h the mother liquor was syringed off and
replaced with fresh DMF. This process was repeated a total of three times, then repeated three
more times with MeOH, heated at 60 °C, to afford MeOH-solvated material. Powder X-ray
diffraction measurements and digestion NMRs were taken of the MeOH-solvated material. For
full list of reaction conditions with metal salt and ligand ratios, as well as predicted and observed
percentages of cross-linked dotpdc*, see Table S1.

In a typical MOF digestion experiment to quantify ligand ratios, ~10-15 mg of MeOH-solvated
material was suspended in 0.50 mL of DMSO-ds, followed by addition of 1 drop of DCI in D>O
(20 wt. %). The solution was sonicated briefly to fully dissolve. 'H NMR spectra were taken
immediately following (~10 minutes).

3.2 General procedure for Mg:dotpdc-TE-L5-R% frameworks.

Mg.dotpdc-TE-L5-R% materials were synthesized the same as above, except the reaction was

performed at 120 °C for just 3 h, and all subsequent DMF and MeOH washes were performed at

65



RT to prevent decomposition of the tertiary ester linkage. For full list of reaction conditions, see
Table 1.

3.3 Syntheses of cross-linked frameworks.

Synthesis of Mg.dotpdc-PE-L5-100% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hs-PE-L5 (0.0857 g, 0.100 mmol, 1.00 equiv.) and Mg(NO3),-6H20 (0.128 g, 0.500
mmol, 5.00 equiv.). The general procedure shown above (see section 3.1) was followed. The ratio
of cross-linked dotpdc* to total dotpdc* was 100%, as determined by 'H NMR of digested
samples. Anal. Calc for Mg>(C23.5H1408)(CH30H)3(H20)4(C3H7NO)o.1: C, 53.87; H, 4.38; N, 0.12.
Found: C, 53.85; H, 4.46; N, 0.12.

Synthesis of Mgxdotpdc-PE-L5-85% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hs-PE-L5 (0.0643 g, 0.0750 mmol, 0.750 equiv.), Hadotpdc (0.00880 g, 0.0250
mmol, 0.250 equiv.), and Mg(NO3)2-6H>O (0.112 g, 0.438 mmol, 4.38 equiv.), followed by
MeOH (5.50 mL) and N,N-dimethylformamide (4.50 mL). The general procedure shown above
(see section 3.1) was followed. The ratio of cross-linked dotpdc* to total dotpdc* was 85%, as
determined by '"H NMR of digested samples. Anal. Calc for Mgx(C23H13.2007.71)(CH;0H)(H20)s:
C, 53.27; H, 4.04. Found: C, 53.13; H, 4.07.

Synthesis of Mgxdotpdc-PE-L5-66% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hs-PE-LS5 (0.0428 g, 0.0500 mmol, 0.500 equiv.), Hadotpdc (0.0175 g, 0.0500
mmol, 0.500 equiv.), and Mg(NO3)2-6H20 (0.0960 g, 0.375 mmol, 3.75 equiv.), followed by
MeOH (5.5- mL) and N,N-dimethylformamide (4.50 mL). The general procedure shown above
(see section 3.1) was followed. The ratio of cross-linked dotpdc* to total dotpdc* was 66%, as

determined by 'H NMR of digested samples. Anal. Calc. for
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Mg>(C2233H12.3307.33)(CH30H)1(H20)6(C3H7NO)o.05: C, 51.15; H, 4.32; N, 0.09. Found: C, 51.02;
H, 4.28; N, 0.11.

Synthesis of Mgxdotpdc-PE-L5-40% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hs-PE-LS5 (0.0214 g, 0.0250 mmol, 0.250 equiv.), Hadotpdc (0.0263 g, 0.0750
mmol, 0.750 equiv.), and Mg(NO3)2-6H20 (0.0800 g, 0.313 mmol, 3.13 equiv.), followed by
MeOH (5.50 mL) and N,N-dimethylformamide (4.50 mL). The general procedure shown above
(see section 3.1) was followed. The ratio of cross-linked dotpdc* to total dotpdc* was 40%, as
determined by 'H NMR of digested samples. Anal. Calc. for
Mg2(Ca21.4H1106.8)(CH30H)3(H20)4(C3H7NO)o.05: C, 51.03; H, 4.88; N, 0.10. Found: C, 50.79; H,
4.45; N, 0.11.

Synthesis of Mgxdotpdc-PE-L5-19% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hs-PE-L5 (0.00860 g, 0.0100 mmol, 0.100 equiv.), Hadotpde (0.0315 g, 0.0900
mmol, 0.900 equiv.), and Mg(NO3),-6H>0 (0.071 g, 0.275 mmol, 2.75 equiv.), followed by MeOH
(5.50 mL) and N,N-dimethylformamide (4.50 mL). The general procedure shown above (see
section 3.1) was followed. The ratio of cross-linked dotpdc*  to total dotpdc* was 19%, as
determined by 'H NMR of digested samples. Anal. Calc. for
Mg>(C20.64H9.9106.36)(CH30H)1.5(H20)3(C3H7NO)o.05: C, 52.71; H, 4.22; N, 0.13. Found: C, 52.78;
H, 4.19; N, 0.14.

Synthesis of Mgxdotpdc-TE-L5-50% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hs-TE-LS (0.0228 g, 0.025 mmol, 0.250 equiv.), Hsdotpdc (0.0263 g, 0.0750 mmol,
0.750 equiv.), and Mg(NOs),-6H>0 (0.080 g, 0.313 mmol, 3.13 equiv.), followed by MeOH (5.50
mL) and N,N-dimethylformamide (4.50 mL). The general procedure shown above (see section

3.2) was followed. The ratio of cross-linked dotpdc*~ to total dotpdc* was 50%, as determined by
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"H NMR of digested samples. Anal. Calc for Mgx(C22.79H13.5707.01)(H20)6.00(C3H7NO)o.10: C,
51.73; H, 4.35; N, 0.2. Found: C, 52.00; H, 4.33; N, 0.15.

Synthesis of Mgxdotpdc-TE-L5-23% A 20 mL scintillation vial equipped with PTFE tape was
charged with Hg-PE-LS5 (0.009 g, 0.010 mmol, 0.100 equiv.), Hadotpdc (0.0031 g, 0.0900 mmol,
0.900 equiv.), and Mg(NOs),-6H>0 (0.071 g, 0.275 mmol, 2.75 equiv.), followed by MeOH (5.50
mL) and N,N-dimethylformamide (4.50 mL). The general procedure shown above (see section
3.2) was followed. The ratio of cross-linked dotpdc*~ to total dotpdc* was 23%, as determined by
"H NMR of digested samples.Anal. Calc. for Mgx(Cai.35H11.2106.49)(CH30H)2.00(H20)3.00: C,
52.98; H, 4.52. Found: C, 52.93; H, 4.41.

4. Synthesis and characterization of thermolyzed frameworks.

4.1 General

The thermal deprotection method was adapted from the literature.> Samples were fully washed
prior to thermolysis experiments. A typical reaction scale was 25 mg of MeOH solvated material.
The material was transferred to a 10 mL reaction tube, to which was added 2-ethyl-1-hexanol (3.00
mL) and ethylene glycol (0.200 mL), which was found to be a necessary co-solvent. The
heterogeneous mixture was subjected to 230 °C microwave heating for 1.00 min, cooled to room
temperature, then centrifuged. The mother liquor was decanted, and the solids were immersed in
DMF at 120 °C for 3 h, after which time the mother liquor was syringed off and replaced with
fresh DMF. This hot DMF wash was repeated three times, followed by immersion in MeOH at 60
°C for 3x3 h washes. The resultant materials were analyzed by PXRD and gas sorption. Digested

samples were analyzed by 'H NMR.
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In a typical MOF digestion experiment to quantify ligand content, ~10—15 mg of MeOH-solvated
material was suspended in 0.500 mL of DMSO-ds, followed by addition of 1 drop of DCl in D>O
(20 wt. %). The solution was sonicated briefly to fully dissolve. 'H NMR spectra were taken
immediately following (~10 minutes).

4.2 Procedures

Mg:dotpdc-(t)-COOH-49% A washed microcrystalline sample of Mg,dotpdc-TE-L5-50% was
subjected to microwave heating and hot solvent washes as described above. The resultant off-white
powder was analyzed by digestion 'H NMR in its MeOH-solvated state. Cleavage of the diester
moiety and thus conversion to the carboxylic acid was monitored by the loss of the doublet at 6.89
ppm and the growth of the doublet of doublets at 7.47 ppm in the digestion 'H NMR, showing ca.
98% conversion to Mgzdotpdc-(t)-COOH-49%. The found average dotpdc*/dotpdc*-COOH
ratio of 1:0.96 corresponds to 49% functionalization with templated COOH groups. Anal. Calc.
for Mg>C20.49H9.4906.98(H20)4.00(C3H7NO)o.10: C, 50.4; H, 3.7; N, 0.28. Found: C, 50.58; H, 3.7;
N, 0.16.

Mg:dotpdc-(t)-COOH-23% A washed microcrystalline sample of Mg>dotpde-TE-L5-23%was
subjected to microwave heating and hot solvent washes as described above. The resultant off-white
powder was analyzed by digestion 'H NMR in its MeOH-solvated state. Cleavage of the diester
moiety and thus conversion to the carboxylic acid was monitored by the loss of the doublet at 6.89
ppm and the growth of the doublet of doublets at 7.47 ppm in the digestion '"H NMR, showing ca.
99% conversion to Mgzdotpdc-(t)-COOH-23%. The found average dotpdc*/dotpdc*-COOH
ratio of 1:0.295 corresponds to 23% functionalization with templated COOH groups. Anal. Calc.
for Mg2(C20.23H9.2306.46)(H20)5(C3H7NO)o.05: C, 49.18; H, 3.96; N, 0.14. Found: C, 49.11; H, 3.82;

N, 0.12.
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5. Sample activation and gas sorption analysis.

5.1 Activation of parent Mg.dotpdc, PE cross-linked, and thermally deprotected materials
MeOH-solvated PE cross-linked and thermally deprotected samples were first immersed in DCM
for 1 x 3h washes, followed by filtration. The samples were then transferred to a preweighed glass
tube and subjected to drying under flowing N> at 85 °C for 1 h, and 150 °C for 1 h. After the initial
N2 purge, samples were capped with a Transeal and transferred to a Micromeritics Smart VacPrep
instrument and heated under vacuum at 150 °C for overnight. Note that the initial, N> purge step
was critical; framework collapse was occasionally observed if solvated samples were immediately
placed under vacuum.

5.2 Activation of TE cross-linked materials

Due to the thermal sensitivity of the tertiary diester cross-linker, activation was carried out at room
temperature. MeOH-solvated cross-linked MOF samples were first immersed in DCM for 1 x 3 h
washes, followed by filtration. The samples were then transferred to a preweighed glass tube and
subjected to drying under flowing N at RT for 8 h. After the initial N> purge, samples were capped
with a Transeal and transferred to a Micromeritics Smart VacPrep instrument and heated under
dynamic vacuum at RT for overnight. The glass tube and Transeal were subsequently weighed to
determine the final mass of the activated sample. Note that the initial, gentle N> purge step was
critical; framework collapse was occasionally observed if solvated samples were immediately
placed under vacuum.

5.3 N; adsorption measurements

For all gas adsorption measurements, ~50 mg of sample was transferred to a preweighed glass
sample tube. Low-pressure N> adsorption experiments (up to 1 bar) were performed using a

Micromimetics 3Flex Surface Characterization Analyzer. Ultrahigh purity N> (5.0 grade,
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99.999%) was used in all adsorption experiments. N2> adsorption measurements were performed

using a liquid Nz bath (77 K).

BET surface areas were calculated using data points between 0.02 and 0.08 P/Py. In all cases, the

following BET consistency criteria were followed: 1) the pressure range has values of v(Po—P)

increasing with P/Py, and 2) positive y intercept.* All correlation coefficients were >0.999.
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6. Computational details.
Extended structures of Mg>dotpdc were created using Mg>dobdc (MOF-74-Mg) as a starting point,

followed by geometry optimization using the Forcite module in Materials Studio.

The relative energies of two different configurations of the cross-linker down the pore channels
were probed by density functional theory (DFT) using the Gaussian 16 program. The periodic
structure obtained in Materials Studio was truncated to just two neighboring ligands, and a bridging
cross-linker was added. The carbons and oxygens of the peripheral phenyl groups on the two
ligands were frozen and only the central phenyl ring and bridging cross-linker were allowed to
freely remove, mimicking the geometric constraints of the MOF lattice. The geometries of the
cross-linker and central phenyl ring were optimized at the B3LYP/6-31+G(d) level of theory with
empirical dispersion correction (D3BJ) and solvent correction via a polarization continuum model
using methanol as the solvent. Frequency calculations were performed at this same level of theory
to confirm that the final geometry was at a stationary point. Free energy corrections were
determined at the B3LYP/6-31+G(d) level of theory at 298.15 K. Single point energies were
computed at the B3LYP/6-311+G(d, p) level of theory with empirical dispersion correction (D3BJ)
and solvent correction via polarization continuum using methanol as the solvent. All molecular

structures were rendered in Diamond.

72



7. Supplementary tables.

Table 2.S1 | Summary of relative equivalents of metal salt and ligand used to synthesize
Mgodotpde, Mgodotpde-PE-L5-R%, and Mgodotpdce-TE-L5-R%, including the predicted and

observed percentages of cross-linked dotpdc* to total dotpdc* in the framework (R%).

Mg?* salt! Cross-linked Hadotpde Predicted? Observed®
ligand R% R%
(equiv) (equiv) (equiv) (%) (%)
Mg.dotpdc 2.50 0 1.00 0% 0%
Mgzdotpdc-PE-L5-R% 2.75 0.100 0.900 18% 19%
3.13 0.250 0.750 40% 40%
3.75 0.500 0.500 67% 66%
4.38 0.750 0.250 86% 85%
5.00 1.00 0.000 100% 100%
Mg:dotpdc-TE-L5-R% 2.75 0.100 0.900 18% 23%
3.13 0.250 0.750 40% 50%

' 2.5 equivalents of Mg(NO3)2-6(H20) were added per dotpdc* unit. Note that each ligand dimer contains two

dotpdc* units.

2 The predicted percentage of cross-linked dotpdc* relative to the total amount of dotpdc* ligands in the framework.
3 Observed percentages were determined by '"H NMR characterization of frameworks digested in DCI/DMSO-ds.
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Table 2.S2 | Summary of BET and Langmuir surface areas of parent, cross-linked, and
thermolyzed Mgxdotpde frameworks reported in this work. BET surface areas were calculated
using data points between 0.02 and 0.08 P/Po. In all cases, the following BET consistency criteria
were followed: 1) the pressure range has values of v(Po—P) increasing with P/Py, and 2) positive y
intercept.* All correlation coefficients were >0.999.

Langmuir

SA BET SA BET BET Correlation

2 3 : 2

(m¥g) (m*/g) y intercept Coefficient (R%)
Mg.dotpdc (16 h) 5120+ 30 2700 + 40 0.00031 0.9994
Mg:dotpdc (3 h) 4700 + 20 2700 + 30 0.00049 0.9998
Mg:dotpdc-PE-L5-19% 4920 + 20 2700 + 40 0.00029 0.9993
Mg:dotpdc-PE-L5-40% 4620+ 14 2740 + 50 0.00033 0.9995
Mg:dotpdc-PE-L5-66% 3970 + 40 2550+ 50 0.00034 0.9996
Mg:dotpdc-PE-L5-85% 2150+ 10 1630 + 30 0.00066 0.9998
Mgzdotpdc-PE-L5-100% 1950 +£8 1580 + 20 0.00057 0.9997
Mgzdotpde-TE-L5-23% 3660 + 20 2290 + 50 0.00077 0.9995
Mgzdotpdc-TE-L5-50% 3300+ 10 2250+ 60 0.00073 0.9993
Mg:dotpdc-(t)-COOH-23% 4480 + 40 2510+ 40 0.00034 0.9994
Mg:dotpdc-(t)-COOH-49% 3640 + 40 2190 + 30 0.00051 0.9995

Table 2.S3 | Comparison of standard BET and Langmuir surface areas (m?/g) with those
normalized on a per mol Mg basis (m?*/mmol Mg), to account for differences in the mass of the

organic linkers.

Langmuir Normalized Normalized
SA B(l;ln’lz‘ /S)A Langmuir SA BET SA
(m?/g) & (m*mmol Mg)  (m*mmol Mg)
Mg:dotpde (16 h) 5120 + 30 2700 + 40 1011 533
Mg:dotpde (3 h) 4700 + 20 2690 + 60 928 533
Mg:dotpdec-PE-L5-19% 4920 + 20 2700 + 40 1008 553
Mg:dotpdc-PE-L5-40% 4620 + 14 2740 + 50 984 584
Mg:dotpdec-PE-L5-66% 3970 + 40 2550 + 50 886 569
Mg:dotpdc-PE-L5-85% 2150+ 10 1630 + 30 496 376
Mg:dotpde-PE-L5-100% 1950 =8 1580 + 20 461 375
Mg:dotpde-TE-L5-23% 3660 + 20 2290 + 50 767 480
Mg:dotpdc-TE-L5-50% 3300+ 10 2250 + 60 739 504

74



Mg:dotpde-(t)-COOH-23% 4480 + 40 2510 + 40 907 508
Mg:dotpde-(t)-COOH-49% 3640 + 40 2190 + 30 757 456

Table 2.S4 | Comparison of the peak widths (full width at half max, or FWHM) of the parent,
cross-linked, and thermolyzed Mgxdotpde frameworks reported in this work. The FWHM
measurements were performed on the second peak in the diffraction pattern, located at 26 ~ 6°; the
first peak was challenging to fit due to large background absorbance at low angles.

Framework FWHM (°)

Mgzdotpdc (16 h) 0.30
Mg.dotpdc (3 h) 0.45
Mg:dotpdc-PE-L5-19% 0.41
Mg:dotpdc-PE-L5-40% 0.42
Mg:dotpdc-PE-L5-66% 0.45
Mg:dotpdc-PE-L5-85% 0.50
Mgzdotpdc-PE-L5-100% 0.52
Mgzdotpde-TE-L5-23% 0.42
Mgzdotpde-TE-L5-50% 0.46
Mg:dotpdc-(t)-COOH-23% 0.42
Mgzdotpdc-(t)-COOH-49% 0.48
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Table 2.S5 | Summary of electronic energies, free energy corrections, and final Gibbs free energies
obtained from DFT -calculations for the symmetric and offset cross-linker configurations.
Calculations were performed at B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) with D3BJ dispersion
correction and solvent correction (methanol).

Symmetric configuration Offset configuration

Electronic energy (Hartrees) -3174.8457 -3174.8301
Free energy correction at 298.15
K (Hartrees) 0.6014 0.6036
G" at 298.15 K (Hartrees) -3174.2443 -3174.2265
G" at 298.15 K (kcal/mol) -1990251.187 -1990240.032

Table 2.S6 | DFT optimized structure of the “symmetric” cross-linker configuration.

Symbol X Y Z O 2.920771 7.017883  -1.078704
O -9.020144 2971479  -0.375291 O 5.009355 6.131221  -1.364549
C -6.969235 4.176431  -0.509922 O 5.205096 3.482187  -0.641792
C -5.578928 4.254499  -0.537644 C -4.159948  -1.898064  -1.425584
C -7.461236 0.427044 0.064459 C -2.769641  -1.819996  -1.453306
C -6.856401 1.764437  -0.180854 C -4.802313 3.097172  -0.397977
C -5.44876 1.863519  -0.219055 C -3.327499 3.164535  -0.451961
C -7.622464 2.951898 -0.33058 C -2.554639 2.41534 0.437472
O -6.735932  -0.563974 0.061658 C -1.158434 2481521 0.440882
O -8.824403 0.322445 0.347466 C -4.651949  -5.647451  -0.851203
O -6.210857  -3.103016  -1.290953 C -4.047114  -4.310059  -1.096516
C 3.154187 2.277235  -0.507161 C -2.639473  -4.210977  -1.134717
C 1.763767 2.19941  -0.479402 C -4.813177  -3.122598  -1.246242
C 0.987265 3.356494  -0.619106 O -3.926645  -6.638469  -0.854004
C -0.488315 3.287292  -0.511372 O -6.015116 -5.75205  -0.568196
C -1.273426 4.0238  -1.412807 C 5.963474  -3.797261  -1.422823
C -2.663415 3.981392  -1.379436 C 4.573054  -3.875086  -1.395064
C 3.646188 6.026622  -1.081542 C 3.796552  -2.718001  -1.534768
C 3.041353 4.689229  -0.836228 C 2.312809  -2.765582  -1.424757
C 1.633712 4.590147  -0.798028 C 1.559096  -2.732568  -2.603397
C 3.807416 3.501768  -0.686503 C 0.167294 -2.7928  -2.574156

76



=siasiasiiasiasiiasiasilasilas BN OO O N OO NN NoNoNo oo oo NoNoNo oo oMo NGO N!

6.455475
5.85064
4.442999
6.616703
5.730058
7.818642
8.014383
-1.993026
-0.507788
0.234975
1.635897
1.565248
2.38693
3.598224
-0.522149
-1.007444
0.550265
1.290786
0.349984
2.412076
1.83725
2.494198
3.047247
2.043842
2.677874
0.745787
-7.574534
-5.101985
3.750951
1.291652
-0.778818
-3.233898
-4.771592
-2.28838
-3.040027

-0.047874
-1.385266
-1.484348
-2.572727
0.943388
0.056726
-2.592308
-2.977323
-2.896285
-2.899662
-2.827952
-2.64484
-2.813054
-2.937423
1.719609
0.684417
2.336264
1.829118
1.885547
2.858051
0.419446
-0.246144
-1.656184
-2.772919
-4.154999
-2.682813
5.070847
5.221986
1.379353
1.230103
4.620197
4.558449
-1.009241
-0.854781
1.800669

-1.997204
-1.75189
-1.71369

-1.602165

-1.994366

-2.280211

-1.557454

-1.313639

-1.352226

-0.169799

-0.184479
2.160999
1.114262
1.207108
1.567985
2.004104
2.065521
3.252331
4.458186
3.385452
2.954042
4.171931
3.920674
3.562043
3.751597
4.362332

-0.621477

-0.658489

-0.388394

-0.359939

-2.173649

-2.101339

-1.529393

-1.581546
1.187436

aajijeciijasiijasjijanjijanjijanijanfijanjijasjianjijanjijanjijanfijaniiaajijaniiasiijanfiasiijanfijaajijasiasfijasjianiiasfijanfianiianjijanfianiianjianfias

6.552939
4.091412
2.078412
-0.397429
-0.280138
-0.399242
-0.160685
0.923764
1.997053
3.024423
3.053385
2.56501
1.018413
1.778189
3.330986
3.539473
3.824268
2.78871
3.660865
2.029469
0.103546
0.192819
0.971028
-9.362692
-6.548701
5.418325
5.523226
8.238185
8.33719
-4.871449
1.061001
-2.055978
3.863223
-9.019062
-6.212331

-4.701375
-4.834534
-2.668855
-2.77391
-2.951588
1.091891
2.853993
1.787589
3.858141
2.876404
2.611254
0.49316
-0.205374
-0.286711
0.368873
-1.984581
-1.629903
-4.350578
-4.220076
-4.930362
-3.540824
-1.769617
-2.68824
2.081101
-3.999139
5.240022
2.639637
-0.82759
-3.506534
0.95332
5.505241
-5.116306
-0.575967
-0.627371
-6.701594

-1.293087
-1.235541
-3.555134
-3.501953
0.781737
4.424623
4.481315
5.38436
3.547668
2.478582
4.236474
2.135609
2.60027
4.999381
4.525412
4.845289
3.152751
4.823507
3.282478
3.329142
4.138794
4.128444
5.433794
-0.164534
-1.101697
-1.260575
-1.038735
-2.187998
-1.612782
-0.112051
-0.88594
-1.014473
-1.82376
0.466831
-0.450785

77



Table 2.S7 | DFT optimized structure of the “offset” cross-linker configuration.

O
C
C
C
C
C
C
O
O
O
C
C
C
C
C
C
C
C
C
C
O
O
O
C
C
C
C
C
C
C
C

8.439911
6.290494
4.898876
7.124732
6.397892
4.986736
7.052742
6.486397
8.50408
6.111905
-3.624183
-2.232471
-1.564177
-0.081381
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8. Supplementary figures.

Mg,dotpdc-PE-L4-100%
Mg, dotpdc-PE-L4-86%
Mg,dotpdc-PE-L4-67%
Mg,dotpdc-PE-L4-40%
—— Mg,dotpdc

N~ ]

Intensity (a.u.)

5 10 15 20 25

206 (degrees)
Fig. 2.S1 | PXRD patterns of materials made with varying amounts of Hs-PE-L4 showing
broadened peaks and the presence of a new phase.
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Fig. 2.2 | The '"H NMR spectra of MeOH-solvated Mgxdotpdc-PE-L5-19% after digestion in
DMSO-ds/DCIL. The relative ratio of 0.23:4.00 observed between the cross-linked dotpdc* doublet
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at 6.93 ppm (1H per cross-linked dotpdc* unit) to the Hsdotpdc singlet at 7.67 ppm (4H)
corresponds to a percentage of 19%.
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Fig. 2.S3 | 'H NMR of MeOH-solvated Mgadotpdc-PE-L5-40% after digestion in DMSO-ds/DCI.
The relative ratio of 0.68:4.00 observed between the cross-linked dotpdc* doublet at 6.93 ppm

(IH per cross-linked dotpdc* unit) to the Hadotpde singlet at 7.67 ppm (4H) corresponds to a
percentage of 40%.
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Fig. 2.S4 | '"H NMR of MeOH-solvated Mgxdotpdc-PE-L5-66% after digestion in DMSO-
de/DCI. The relative ratio of 1.91:4.00 observed between the cross-linked dotpdc* doublet at 6.93
ppm (1H per cross-linked dotpdc* unit) to the Hadotpde singlet at 7.67 ppm (4H) corresponds to
a percentage of 66%.
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Fig. 2.S5 | '"H NMR of MeOH-solvated Mg>dotpdc-PE-L5-85% after digestion in DMSO-
de/DCI. The relative ratio of 5.83:4.00 observed between the cross-linked dotpdc* doublet at 6.93
ppm (1H per cross-linked dotpdc* unit) to the Hadotpde singlet at 7.67 ppm (4H) corresponds to
a percentage of 85%. An iPrOH impurity in this NMR sample is noted at 1.01 ppm.
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Fig. 2.56 | 'H NMR of MeOH-solvated Mgxdotpdc-PE-L5-100% after digestion in DMSO-
ds/DCI showing 100% cross-linked dotpdc* present.
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— Mg,dotpdc-PE-L5-19%
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— Mg,dotpdc-PE-L5-66%
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Fig. 2.87 | FTIR spectrum of the frameworks Mg>dotpdc, and Mg»dotpde-PE-L5-X% (X = 19—
100). A new C=O0 stretch at ~1695 cm™' grows in as the percentage of ester cross-linked ligands
increases.

— Mg,dotpdc-PE-L6-100%
— Mg.dotpdc-PE-L6-86%
— Mg.dotpdc-PE-L6-66%
— Mg.dotpdc-PE-L6-40%
— Mg.dotpdc-PE-L6-19%

Intensity (a.u.)

ifessse

10 15 20 25 3C

20 (degrees)
Fig. 2.S8 | PXRD patterns of materials made with varying amounts of Hg-PE-L6, showing the
successful formation of the desired MOF-74 phase.
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Fig. 2.S9 | 'H NMR of Mgxdotpdc-TE-67% synthesized using 16 h reaction conditions after
digestion in DMSO-ds/DCI. Approximately 20% decomposition to Hsdotpdc-COOH 1is observed
and the associated NMR peaks are highlighted in purple.
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Fig. 2.510 | PXRD pattern of Mgzdotpdc synthesized under 3 h (top trace) and 16 h (bottom trace)
reaction conditions.
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Fig. 2.S11 | 'H NMR of MeOH-solvated Mgadotpdc-TE-L5-23% after digestion in DMSO-
de/DCI. The relative ratio of 0.30:2.00 observed between the cross-linked dotpdc* doublet at 6.87

ppm (1H per cross-linked dotpdc* unit) to Hsdotpdc doublet at 8.04 ppm (2H) corresponds to a
percentage of 23%.
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Fig. 2.5812 | 'H NMR of MeOH-solvated Mgadotpdc-TE-L5-50% after digestion in DMSO-
de/DCI. The relative ratio of 1.02:2.00 observed between the cross-linked dotpdc* doublet at 6.87
ppm (1H per cross-linked dotpdc* unit) to Hsadotpdc doublet at 8.04 ppm (2H) corresponds to a
percentage of 50%.
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Fig. 2.S13 | 'H NMR of MeOH-solvated Mgxdotpdc-(t)-COOH 23% after digestion in DMSO-
ds/DCI. The relative ratio of 0.30:4.00 observed between the Hadotpdc-COOH doublet of doublets
at 7.5 ppm (1H) to Hadotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of 23%. The
loss of the cross-linker alkyl peak at 1.22 ppm demonstrates complete cleavage.
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Fig. 2.S14 | 'H NMR of MeOH-solvated Mgadotpdc-(t)-COOH-49% after digestion in DMSO-
ds/DCI. The relative ratio of 0.95:4.00 observed between the Hadotpdc-COOH doublet of doublets
at 7.5 ppm (1H) to the Hsdotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of 49%.
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Fig. 2.S15 | 'H NMR of Hs-PE-L4 with aromatic region (inset).
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Fig. 2.516 | 'H NMR of Hs-PE-L5 with aromatic region (inset).
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Fig. 2.517 | 'TH NMR of Hs-TE-L5 with aromatic region (inset).
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Fig. 2.519 | FTIR spectrum of the ligands Hsdotpdc, Hs-PE-LS, Hs-TE-L5, and Hadotpde-COOH.
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Fig. 2.820 | FTIR spectrum of the frameworks Mgydotpde, Mg>dotpde-TE-L5-23%, and
thermolyzed Mgadotpdc-(t)-COOH-23%. Upon thermolysis, the ester peak at 1705 cm’!
disappears, while a new C=0 stretch at 1675 cm™! grows in.
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Fig. 2.S21 | FTIR spectrum of Mg>dotpdc-TE-L5-50% synthesized over 16 vs 3 h. Two new C=0
stretches are observed in the 16 h spectrum, consistent with partial decomposition of the cross-
linker ester to Hadotpdc-COOH.
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Chapter 3. Modular Synthesis of Templated Bimetallic Sites in Metal—
Organic Framework Pores

3.1 Introduction.

Enzymes often use two or more metal sites to catalyze difficult oxidative, reductive, and
redox-neutral transformations. For example, nature uses diiron and dicopper sites to activate O
and oxygenate substrates,'? as well as diiron and [NiFe] centers to reversibly form and split H.>*
Two metal cations can also work jointly to increase the electrophilicity and nucleophilicity of
reaction partners, such as in the hydrolysis of phosphate ester and amide bonds.>®* We have been
interested in translating these bioinspired concepts to a heterogeneous platform, to leverage the

greater stability, recyclability, and unique microenvironments found in porous materials.

An ideal heterogeneous scaffold would, like enzymes, offer precise control over the active
site nuclearity and metal-metal distance, as well as the identity and flexibility of the primary
coordination sphere. These complex structural requirements represent an exciting opportunity for
metal-organic frameworks (MOFs), a class of porous materials characterized by high structural
and chemical tunability. Multiple strategies to install homo- and heterobinuclear metal active sites
on MOF surfaces have been reported, and these prior examples can be roughly divided into two
categories. In the first approach, multinuclear metal nodes are used directly as the catalytic centers.
Coordinatively unsaturated binuclear metal nodes can be used without further modification,” while
larger nuclearity nodes, such as 1D chains, must be converted into site-isolated bimetallic sites
through the synthesis of mixed-metal variants.® In the second approach, bimetallic active sites are
postsynthetically grafted onto the pore walls. Reactive surface hydroxyl sites,”!! Lewis acidic

metal cations,!? or organic functional groups on the ligand struts!'*!# have all been used as the
g group g

Reprinted (adapted) with permission from: 98
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points of attachment. However, in the absence of pre-formed clusters™!® or highly constrained

binding pockets,!! complex metal speciation is often observed in both approaches.

Grafting bimetallic active sites to MOFs via covalent attachment to the ligand strut is a
particularly appealing approach (Fig. 3.1), as it not only provides a robust connection to the
framework surface but can also be adapted to diverse ligand environments, metal precursors, and
pore structures. For example, amine-functionalized frameworks have been used to attach

salicylidene,! iminopyridine,'®!” and NNN-pincer'® complexes to pore walls, as well as

iminocatecholate-bound Ru(II) metathesis @ | (@ /O
covalent
modification ,’{ i{NlM
catalysts (Fig. 3.1a).!"° Furthermore, amine MOF | NHe & metalation -
groups are readily incorporated into many i A/an 1 : '
b %

common MOF structure types.?’ However,
Challenge: Controlling active site nuclearity

while postsynthetic covalent grafting offers a

large selection of possible ligand and pore | ‘ | E
environments, an unresolved challenge is i i
Figure 3.1. (a) Previously reported strategies to graft metal
controlling the active site nuclearity. Grafting  complexes onto  amine-functionalized ~ metal-organic
frameworks. The free amine group can be covalently modified
. and converted into chelating ligands. (b) Adapting covalent
at low surface coverages results in grafting strategies to the construction of binuclear metal active

sites introduces new challenges, such as controlling active site
nuclearity.

/

predominantly mononuclear sites, while

higher loadings risk the formation of larger nuclearity clusters (Fig. 3.1b).
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Here, we describe a templating approach to circumvent these challenges and install well-
defined binuclear metal active sites in framework pores, irrespective of the active site density (Fig.
3.2). Thermolabile tertiary carbamate cross-linkers are used to tether pairs of amine functional
groups during framework synthesis. Postsynthetic cross-linker cleavage reveals templated aryl-
and alkylamines that can be used to graft atomically precise bimetallic iminopyridine and bis(2-
pyridylmethyl)amine complexes with a variety of metals (e.g., Mn(II), Fe(IT), Co(II), Ni(II), Cu(]),

and Cu(Il)). The structural integrity of the frameworks is confirmed by powder X-ray diffraction

covalent
MOF ligand modification
k ‘I synthesis and metalation
(, + @ —
crosslinked

free ligand  ligand dimer crosslinked framework templated amine pairs templated bimetallic sites

tunable active site density, M-M distance, & pore structure tunable ligand environment & metal identity

=

OH O O OH
Q OH HO @
H H
@ N\g,omo\gN C
Ol o o I
OH O O OH
Mg,dotpdc

Figure 3.2. (a) Overview of the templating strategy employed in this work, which leverages thermolabile cross-linkers to install
pairwise bimetallic active sites. (b) Structures and abbreviations of ligands and cross-linked ligand dimers used in this work. L1
and L2 contain N-aryl and N-alkylcarbamate linkages, respectively. (c) Structure of Mgydotpde, a mesoporous MOF which
possesses an interligand spacing of ~7 A down the hexagonal pore channels.

and gas sorption measurements, while the local structure of the metal centers is probed by density
functional theory (DFT), extended X-ray absorption fine structure (EXAFS) spectroscopy, and

electron paramagnetic resonance (EPR) spectroscopy.
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3.2 Results and discussion.

3.2.1 Synthesis of templated amine-functionalized frameworks.

We recently showed that cleavable covalent cross-linkers can be used to template
functional group pairs in multicomponent metal-organic frameworks.?! Specifically, thermolabile
tertiary ester cross-linkers can be used to install well-defined carboxylic acid pairs within the
terphenyl-expanded MOF-74 framework, also known as Mgdotpde (dotpdc* = 4,4"-dioxido-
[1,1":4',1"-terphenyl]-3,3"-dicarboxylate). When short pentyl cross-linkers are used, modeling
studies showed that the carboxylic acids are installed in a single configuration down the pore
channels, spaced ~7 A apart.

Given the thermal instability of tertiary carbamates,?

we hypothesized that a similar
strategy could be used to template pairs of amines within framework pores (Fig. 2a). Amines are
ideal entry points to more complex structures thanks to their rich postsynthetic chemistry.?* They
have been shown to undergo a multitude of reactions within MOF pores, including imine

formation, !¢ urea formation,”**

alkylation,?¢ and acylation.?’ In principle, it should be possible to
convert templated amine pairs into diverse site-isolated bimetallic sites via established

postsynthetic ligand modification and metalation steps.

Towards this goal, we synthesized two distinct cross-linked ligand dimers, each containing
thermolabile tertiary carbamate linkages (Fig. 3.2b). The lengths of both cross-linkers were
designed to span the short ~7 A interligand distance down the pore channel of Mg»dotpdc (Fig.
3.2¢). The ligand dimer L1 is constructed from N-aryl carbamate linkages, which should produce
arylamines after thermolysis. In contrast, L2 contains N-alkylcarbamate linkages, which should
template more nucleophilic alkylamine pairs. Both ligand dimers were synthesized in 45 steps in

good overall yield (42—-60%, see SI for experimental details, Fig. 3.S-3.S2 for final ligand NMRs).
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With spatially separated, site-isolated bimetallic pairs in mind, we targeted the synthesis of
carbamate-cross-linked Mg>dotpdc at relatively low cross-linker loadings (<20 mol%). Heating a
mixture of cross-linked ligand dimer (0.100 equiv), Hadotpdc (0.900 equiv), and Mg(NO3)26H>O
(2.75 equiv) in a solution of DMF and MeOH produced microcrystalline powders with the desired
Mgzdotpde structure. Keeping in mind that each equivalent of L1 or L2 contains two ligand
monomers, this reaction mixture should theoretically lead to ~18% functional group loading. The
exact composition of the framework was quantified by digestion 'H NMR (Table 3.S1). Consistent
with previous work,?! the experimentally observed incorporation of L1 or L2 varied slightly, but
was typically slightly higher than the value expected based on the initial ratio of starting materials.
Using the ligand dimer L1, we obtained a framework containing 18% cross-linked (i.e.,
functionalized) ligand, which we have abbreviated as 1-XL-18% (Fig. 3.S3). Similarly, using the
ligand dimer L2 under these conditions produced a material containing 23% cross-linked ligand,
which we have abbreviated 2-X1.-23% (Fig. 3.S4). Both chemically cross-linked frameworks are
permanently porous, displaying high Brunauer-Emmett-Teller (BET) surface areas of 2370 m?/g

and 2400 m?/g for 1-XL-18% and 2-XL-23%, respectively (Fig.3.S5).

Due to the short length of the cross-linking tether, the ligand monomers in L1 and L2
should lie directly adjacent down the pore channels (Fig. 3.2a). DFT modeling studies suggest that
the conformation shown in Fig. 3.3a, where the amine groups are oriented in the same direction
rather than offset, is most favorable for both dimers (Fig. 3.S6 and Table 3.S2, see SI for additional

modeling details).

With the desired cross-linked frameworks in hand, we next sought to cleave the carbamate
linkage and reveal exposed amine pairs. The thermal cleavage of tertiary carbamates has been

successfully demonstrated not only in simple organic compounds?? but also in solid-state porous
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2829 and metal-organic frameworks.>*? Thermogravimetric analyses

materials including silica
confirmed the thermal lability of the cross-linkers (Fig. 3.S7-3.S8). Excitingly, subjecting 1-XL-
18% to microwave heating at 230 °C in a mixture of 2-ethyl-1-hexanol and ethylene glycol for 10
minutes resulted in quantitative carbamate cleavage and formation of 1-NH2-18%, a framework
containing templated arylamines (Fig. 3.3a). No loss in crystallinity was detected by powder X-
ray diffraction (PXRD) (Fig. 3.3b), and a large increase in the BET surface area from 2370 m?%/g
to 2650 m?/g was observed (Fig. 3.S9). This value is very close to the reported surface area for

unfunctionalized Mg>dotpdc (~2700 m?/g).2! Full cross-linker removal was further confirmed by

digestion 'H NMR. No peaks associated with

a
the cross-linker could be detected, and the /L‘—\_é 4\\7(

o_o
Y -XL-18% Y -XL-23%
amount of Hasdotpdc-NH, found was oA 1XL18% o XL
consistent with the starting amount of L1 (Fig. @ b
A ')\/\/J\ A ')\/\’4
3.510).
The carbamates in 2-XL-23% could HN  1-NH,-18% g 2-CH,NH,-23%
be cleaved using either microwave heating
templated arylamines templated alkylamines
under air-free conditions, or conventional b
——  2-CH,NH,-23%
heating in the solid state under flowing No. — 1-NHp18%
—  2-XL-23%
.. .. . —  1-XL-18%
Similar conditions have been previously used 3 —  Mg,dotpdc, predicted
to remove tert-butoxycarbonyl (Boc) g
protecting groups in MOFs.*? Heating
.
samples of 2-X1.-23% at 250 °C for two days L
5 10 15 20 25 30 35
26 (degrees)

under ﬂOWIHg N resulted in clean conversion Figure 3.3. (a) Overview of thermolysis conditions to generate

templated arylamine and alkylamine pairs. Powder X-ray
to 2-CH>NH>-23%. Like 1-NH>-18%, no diffraction data (b) and 77 K nitrogen adsorption data (c) for

the cross-linked materials 1-XL-18% and 2-X1.-23%, and the

thermolyzed frameworks 1-NH;-18% and 2-CH,;NH>-23%.
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loss in crystallinity was observed (Fig. 3.3b), and the BET surface area increased from 2400 m?/g
to 2610 m*/g (Fig. 3.S11). Digestion '"H NMR analysis confirmed quantitative cross-linker removal

and the clean conversion of L2 to two equivalents of Hsdotpdc-CH>NH> (Fig. 3.S12).

3.2.2 Postsynthetic imine formation and metalation.

The ability to template amine pairs in MOF pores provides the opportunity to create
bimetallic active sites where all structural parameters, from the ligand environment and metal
identity to the metal-metal distances and pore environment, can be carefully controlled (Fig. 3.2a).

Motivated by the widespread use of iminopyridine ligands in organometallic chemistry,>*-3°

we
envisioned that the templated arylamines in 1-NH2-18% could be converted into bimetallic
iminopyridine complexes (Fig. 3.4a).

Iminopyridine formation and metalation in MOFs has been previously demonstrated by
several groups,!®!7-3637 and both stepwise and one-pot synthetic approaches have been explored.
In the stepwise approach, excess 2-pyridinecarboxaldehyde (PyCHO) is first added to the amine-
functionalized framework to form discrete MOF-supported iminopyridine sites, which are
subsequently metalated in a second step.!%37 In the one-pot approach, excess PyCHO and metal
halide salt (e.g., NiCl») are combined together to form a molecular (PyCHO)MX> complex, which

is then combined with the framework to form the desired metalated iminopyridine species.!”-3

We first tested the one-pot condensation and metalation of 1-NHz with 10 equiv of 2-
pyridinecarboxaldehyde and metal salt (NiCl, or CuCl) in methanol. Excitingly, we observed near-

quantitative conversion of 1-NHj; to 1-(IP)M (M = NiCl,, CuCl), a framework containing surface-
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Figure 3.4. (a) Overview of the stepwise route to generate 1-(IP)M from 1-NH,-18%. Powder X-ray diffraction data (b) and 77
K nitrogen adsorption data (c) for postsynthetically modified 1-IP-18%, and metalated 1-(IP)M. (d) Optimized structure for the
metal sites in 1-(IP)NiCl,-MeOH obtained via DFT using a split B3ALYP/6-31+G(d), B3LYP/LANL2DZ basis set. Additional
ligand layers omitted for clarity.

supported bimetallic metal iminopyridine complexes (90% yield for NiCl, and 100% for CuCl)
(Table 3.S3, Table 3.1). Successful iminopyridine formation and metalation were quantified by
'"H NMR and ICP analysis of digested frameworks, respectively (Table 3.S3). Both crystallinity
and surface area were maintained in the metalated frameworks (Fig. 3.4b), and a BET surface area

of 1700 m?/g was observed for 1-(IP)CuCl (Fig. 3.4¢).

While the one-pot approach worked well for Ni(IT) and Cu(I), generalizing this strategy to
other metal cations was challenging due to the precipitation of insoluble PyCHO-containing metal
species.®®* In an effort to expand our metalation catalogue, we returned to the stepwise route.
Initial attempts to form iminopyridine species in the absence of Lewis acidic transition metal salts
yielded poor conversion to the imine (e.g., <50% yield after 7 days).!® Surprisingly, simply
switching from the nonpolar solvents commonly used in the MOF literature (e.g., DCM, toluene)
to a more polar solvent such as methanol greatly improved the yield. Heating 1-NH2-18% in
methanol with a large excess of 2-pyridinecarboxaldehyde (50 equiv) resulted in the clean

formation of 1-IP-18%, with a BET surface area of 2450 m?/g (Fig. 3.4¢). The reaction could be
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tracked by digestion 'H NMR. Though the digestion conditions hydrolyze the imine, the observed
1:1 ratio of 2-pyridinecarboxaldehyde to Hidotpdc-NH> is consistent with quantitative imine
formation (Fig. 3.S13). The loss of the broad amine N—H stretch is clearly observed in the ATR-

FTIR spectra, further supporting the conversion of the amine to the imine (Fig. 3.S14).

With the iminopyridine-functionalized framework in hand, metalation proceeded smoothly
with a variety of M(I) and M(II) salts (e.g., MnCl,, FeCl,, Colz, NiCl,, NiBr2, CuCl) to generate
1-(IP)M-18% (Table 3.1). The crystallinity of the metalated materials was confirmed by PXRD
(Fig. 3.4b), and metalation was quantified by ICP analysis (Table 3.S3). While nearly all transition
metals tested led to >90% metalation, a notable exception was Cu(Il), which leached in acetonitrile
and formed side products in methanol. Overall, this work establishes a remarkably general route

to achieve bimetallic iminopyridine species with diverse metal cations.

3.2.3 Postsynthetic alkylation and metalation.

Given the increased nucleophilicity and flexibility of alkylamines, we hypothesized that
new MOF-supported multidentate ligand scaffolds could be accessed through Sx2 alkylation of 2-
CH:NH:-23% (Fig. 3.5). In particular, alkylation is a common way to achieve polypyridyl ligand
scaffolds. For example, double alkylation of the amine sites in 2-CH:NH2-23% with 2-
(bromomethyl)pyridine should generate tridentate bis(2-pyridylmethyl)amine ligands, also
commonly known as di-(2-picolyl)amine (DPA) (Fig. 3.5a). While polypyridylamine ligands are
found throughout inorganic chemistry, particularly in the study of biomimetic dicopper and diiron—
oxo and dioxygen chemistry,*>*! to our knowledge no polypyridylamine complexes have been

previously grafted in a metal-organic framework.
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Gratifyingly, double alkylation of the alkylamine sites in 2-CH>NH2-23% with 2-
(bromomethyl)pyridine  hydrobromide  proceeded smoothly in the presence of
diisopropylethylamine in acetonitrile. The 'H NMR spectrum of the digested framework shows
the appearance of diagnostic pyridyl and methylene peaks, along with the complete disappearance
of signals corresponding to the unalkylated benzylamine ligand, Hsdotpdc-CH>NH> (Fig. 3.S15).
The resultant material, abbreviated 2-DPA-23%, is readily metalated with a number of first row
transition metals (M = Fe(Il), Co(II), Ni(II), and Cu(II), see Table 3.1) in 90-100% yield. Both 2-
DPA-23% and the metalated materials retain crystallinity and porosity (Fig. 3.5b), with 2-DPA-
23% possessing a BET surface area of 2540 m?/g and 2-(DPA)FeCl, possessing a BET surface

area of 1760 m?/g (Fig. 3.5¢).

a 2.05 equiv

3 equiv
Br, N=
\_7 KB M = Fe, Co, Ni, Cu N
_ > 2N = _— > W)
NH, 7 equiv DIPEA AN SO
. Q.. . o .. . o’ ..
.-O =0: .-0 =0 --O =01
j:o- : o Q = o;Q‘ ‘:09'
"o . 70 . 4 p N
2-CH,NH,-23% 2-DPA-23% 2-(DPA)M
b c d
— 2-(DPA)FeCl, S0k
— 2-(DPA)Col, 3
_ — 2-(DPA)NiBr, £
5 — 2-(DPACuBr, | £ 30}
s — 2-DPA-23% B
> g
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E § 20
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€10 - 2-DPA-23%
E - 2-(DPA)FeCl,
1 1 1 1 1 0 1 1 1 1
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26 (degrees) Relative pressure (P/P°) (DPA)CuBr,

Figure 3.5. Overview of postsynthetic reactions to generate 2-(DPA)M from 2-CH>NH>-23%. Powder X-ray diffraction data
(b) and 77 K nitrogen adsorption data (c) for postsynthetically modified 2-DPA-23%, and metalated 2-(DPA)M. (d) Optimized
structure for the metal sites in 2-(DPA)CuBr; obtained via DFT using a split B3LYP/6-31+G(d), BALYP/LANL2DZ basis set.
Additional ligand layers omitted for clarity.

Table 3.1 | Metalations summary as determined by ICP-OES.

Framework Metal Identity Metalation Yield (%)
1-IP-18% MnCl,® 100

FeCl2® 100

Col° &9

NiBr2° &9

CuCl* 100
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2-DPA-23% FeCl 100

Colz 100
NiBr2 83
CuBrn2 100
2-DPA-5% CuCl 100
Cu(OTf)2 100

2 Synthesized using the one-pot method.
b Synthesized using the stepwise method

3.2.4 Spectroscopic characterization of bimetallic sites.

We next carried out a combination of extended X-ray absorption fine structure (EXAFS),
density functional theory (DFT), and electron paramagnetic resonance (EPR) studies to
structurally interrogate the metal sites in 1-(IP)M and 2-(DPA)M. Two air-stable materials, 1-
(IP)NiCl; and 2-(DPA)CuX:; (X =Br, OSO,CF3), were selected as representative frameworks for

these studies.

Excitingly, EXAFS studies on both frameworks confirm that the MOF-supported metal
sites reside in well-defined ligand environments that closely resemble their molecular counterparts.
The Ni K-edge EXAFS spectrum of 1-(IP)NiCl; is shown in Fig. 3.S16. The EXAFS data was
best fit with three N/O atoms at a distance of 2.03(6) A and two Cl atoms at 2.29(7) A (Table
3.S4). The presence of an additional ligand is expected, as coordinating methanol is used in the
metalation and washing procedure. These bond distances are consistent with the DFT optimized
structure for 1-(IP)NiCl (Fig. 3.4d, Table 3.S5), as well as with previously reported five-
coordinate nickel(II) iminopyridine complexes, which show average Ni—-N/O and Ni—Cl distances

of ~2.0-2.1 A and ~2.3 A, respectively (see Table 3.86 for a tabulation of reference compounds).
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The Cu K-edge EXAFS spectrum of 2-(DPA)CuBr, shown in Fig. 3.6a, was best fit with
two pyridyl N atoms at 2.01(1) A, one alkyl N atom at 2.14(1) A, one Br atom at 2.40(1) A, and a
second Br atom at 2.79(1) A (Table 3.S7). This is consistent with previously reported bis(2-
pyridylmethyl)amine-ligated Cu(Il) molecular complexes, which often adopt distorted square
pyramidal geometries featuring one shorter basal Cu—Br bond (~2.40 A) and one significantly

longer apical Cu-Br bond (~2.70 A) (see

a
0.8 | A
Table 3.S8 for tabulation of reference
06|
= compounds). The bond lengths observed by
< AR AV
= 6 8
= 04r k&) EXAFS are also consistent with DFT-
/ \ —_— 2-(DPA)CuBr2§xp.
02F ) v "7 2-(DPA)CUBR, fit optimized structural models (Fig. 3.5d and
e e e— r— Table 3.S9).
Radial distance (A)
b Notably, no evidence of strong M—M

—— Templated
— Non-templated

scattering was observed in any of the EXAFS
spectra. Indeed, the EXAFS spectra of

templated frameworks and their non-

Normalized intensity

* templated analogues are nearly identical (Fig.

1000 1200 1400 1600 1800 2000 *organic radical impurity

3.817, 3.818). Given the ~7 A distance

2500 2750 3000 3250 3500 3750 4000
Field (G)

Figure 3.6. (a) Fit (red dashed lines) to EXAFs spectrum of 2-  between ligand struts and the lack of strong

(DPA)CuBr; (solid black line). (Inset) Corresponding k-

weighted oscillations. See SI for fit parameters. (b) 100K X- . )

band EPR spectra for 2-(DPA)Cu(OTf); and the non- bridging ligands between the two metal

templated control framework, Mg,dotpdc-DPA-Cu(OTf),. The

forbidden Dms = 2 transition at 100x magnification is shown in

the inset. The framework organic radical that appears after

thermolysis is marked with an asterisk.

centers, the M—M distances are likely beyond
the ~4-5 A distance detectable by EXAFS.
Therefore, we turned to EPR spectroscopy as a more sensitive probe of proximal paramagnetic

centers.
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Electron paramagnetic resonance spectroscopy is highly sensitive to the interactions
between unpaired electrons, and is widely used to probe interspin distances.*>** These interactions
may be either exchange (through orbital overlap) or dipolar (through space) interactions. Given
the expected ~7 A distance between our metal centers by DFT, the lack of short M—M distances
observed in our EXAFS data, and the absence of strong bridging ligands, we only expect spin-spin
interactions through dipolar coupling. Because our templated frameworks have shorter average
M-M distances than non-templated controls, this should lead to two distinct differences: 1) the
EPR features for the templated samples should show greater homogeneous line broadening, and

2) the relative intensity of the forbidden Ams = 2 half-field transition should increase.**#

To simplify the analysis, all EPR studies were carried out on 2-(DPA)Cu(OTf)2, an S =
system. Due to the high sensitivity of EPR towards dipolar interactions, low amine loadings of 5%
were targeted. Two frameworks were synthesized, the templated framework 2-(DPA)Cu(OTf),-
5% and the non-templated control, Mg>dotpdc-(DPA)Cu(OTf)2-5%. Briefly, the non-templated
framework was synthesized using Hsdotpdc-CH2NHBoc, a non-cross-linked ligand containing
Boc-protected benzylamine groups. The protected framework was then subjected to thermolysis,
post-synthetic alkylation, and metalation to yield randomly distributed mononuclear

(DPA)Cu(OTf); sites throughout the framework (see SI for more experimental details).

Unexpectedly, a sharp isotropic feature at g = 2.002 was observed in all thermolyzed
samples. We assign this feature to a ligand-based organic radical generated during the thermal
deprotection step, as it is observed even in the unfunctionalized Mg>dotpdc after thermal treatment
(Fig. 3.S19). We note that careful air-free thermolysis under microwave conditions minimizes, but
does not fully eliminate, the presence of this radical species, suggesting it arises due to oxidation

of the framework backbone at high temperatures.
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The X-band EPR spectra of the templated 2-(DPA)Cu(OTf)2-5% and the non-templated
Mgrdotpdc-(DPA)Cu(OTf)2-5% control were collected at 100 K and analyzed (Fig. 3.6b). The
Cu(Il) features in both spectra are best fit using two distinct g-values (2.06 and 2.24, see Fig.
3.S20-3.S21). Similar values have been observed in molecular (DPA)Cu(OTf), complexes.***’ To
control for slight variations in copper loading between the samples, both spectra were normalized

to the double integral of the allowed Amg = 1 transition.

Excitingly, both greater line broadening as well as an increase in the intensity of the
forbidden transition at g ~ 4 is observed in 2-(DPA)Cu(OTY):-5% relative to the non-templated
analogue (Fig. 3.6b and Table 3.S10). While subtle, this data provides evidence that the templated
framework has shorter average M—M distances. Greater differences in both the EPR and EXAFS
data and more quantitative analysis should be possible with the addition of bridging ligands to

tether the two metal sites closer together (<4 A), and work along this vein is underway.

3.3 Conclusion.

In summary, we have developed a strategy to precisely template pairs of aryl- and
alkylamines in a mesoporous metal-organic framework. The templated amines can be further
elaborated to achieve atomically precise bimetallic active sites with tunable ligand environments.
The iminopyridine and bis(2-pyridylmethyl)amine ligand scaffolds illustrated here have a rich
history in organometallic and bioinorganic chemistry, as well as the potential to support unusual
bimetallic reactivity. For example, dinucleating iminopyridine ligands have been previously

explored in the context of olefin polymerization,*® while dinucleating polypyridyl scaffolds have

1,2,40,41 9

been studied for bimetallic O, activation, anion sensing,* and nucleotide hydrolysis.>
Finally, we note that previous routes to achieve well-defined bimetallic sites in metal—

organic frameworks have focused on active sites with highly constrained metal-metal
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distances.”!!"!3 Our templated sites, which are conformationally flexible, represent a distinct and
complementary alternative to the more rigid, static ligand environments described in earlier
reports. Overall, the synthetic precision and flexibility of the templating approach described here
will allow researchers to re-examine molecular and enzymatic bimetallic motifs in a heterogeneous

context, as well uncover new modes of reactivity.
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3.6 Supplementary Information

1. General materials and methods.

Reagents and solvents were purchased from commercial vendors (Millipore Sigma, TCI America,
Alfa Aesar, Fisher, Oakwood Chemical, Combi-Blocks) and used without purification unless
otherwise noted. Deuterated solvents (CDClz, DMSO-ds) were purchased from Cambridge Isotope
Laboratories. NMR spectra were acquired on Bruker AV300, AV301, GG500 or NEO500
instruments. '"H and '*C NMR spectra were referenced to residual deuterated solvent peaks. High

resolution mass spectrometry data of ligands and their intermediates were collected on a Thermo
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Scientific LTQ Orbitrap XL instrument in positive ion mode. C, H, N combustion analysis was
conducted by Atlantic Microlabs Inc. FT-IR spectra were collected using a Perkin-Elmer Frontier
spectrometer equipped with an ATR crystal. Thermogravimetric analysis data were collected using
a TA Instruments Q Series analyzer. Inductively coupled plasma-optical emission spectroscopy
(ICP-OES) was performed using a Perkin Elmer Optima 8300 Inductively Coupled Plasma -
Optical Emission Spectrophotometer. XAS measurements were conducted using the mail-in
program at the Advanced Photon Source on beamline 12-BM. Electron paramagnetic resonance

measurements were performed on a Bruker EMXNano instrument at 100K.

Powder X-ray diffraction data were collected on either a Bruker D8 Discover powder X-ray

diffractometer located in University of Washington’s Molecular Analysis Facility, or a Bruker D2

PHASER benchtop diffractometer.

Microwave reactions were carried out using a CEM Discover SP Microwave synthesizer housed

in the University of Washington Molecular Engineering Materials Center (MEM-C).
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2. Ligand syntheses.
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d(PPh3),Cls OMe
__KOAc
Gy B
1.1 Equiv. ;_O%

A 500 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser under N> was
charged with methyl 5-bromo-2-hydroxybenzoate (10.0 g, 43.3 mmol, 1.00 equiv.),
bis(pinacolato)diboron (12.1 g, 47.6 mmol, 1.10 equiv.), potassium acetate (12.7 g, 130 mmol,
3.00 equiv.), and 1,4-dioxanes (150 mL). The solution was sparged with N> while stirring for 45
minutes, then Pd(PPh3),Cl> (0.304 g, 0.433 mmol, 0.010 equiv.) was added the solution was
refluxed for 18h, during which time the solution turned a dark brown and solids precipitated out.
The solution was cooled too room temperature, and the dioxanes was removed in vacuo. The dark
brown residue was brought up in EtOAc (200 mL) and deionized water (150 mL). The organics
were separated off, and the aqueous remnants were extracted with EtOAc (2x70 mL). The organics
were combined, dried over MgSQs, filtered, and concentrated. The solids were washed with
minimal hexanes to afford methyl 2-hydroxy-5-(4.,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)benzoate as an off white solid. The hexanes wash was cooled overnight to afford a second crop
of the product (10.96 g, 91% yield). 'H NMR (300 MHz, CDCl3): § 11.0 (s, 1H), 8.31 (d, I = 1.6,
1H), 7.88 (dd, J = 8.3, 1.6, 1H), 6.96 (d, J = 8.3, 1H), 3.94 (s, 3H), 1.34 (s, 12H). Spectrum is
consistent with what is reported in the literature.!

CH3MgCl
/O\n/\/\n/O\ 3ivig - \}/\/\I/
THF

0 o OH OH

An oven-dried 250 mL 2-neck round bottom flask equipped with a stir bar and a reflux condenser
was cooled to 0 °C under N>. Methylmagnesium chloride (20.0 mL, 3M, 60.0 mmol) was canulaed

in. Dimethyl glutarate (1.26 mL, 8.55 mmol) was added dropwise via syringe over the course of
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15 minutes. While under N2, the solution was allowed to warm to room temperature while stirring
for 1h, during which time the solution became cloudy and began to thicken to a gel consistency.
The solution was then refluxed for 2 h, during which time anhydrous THF (15 mL) was added
because the solution had become to viscous to stir. The solution was then cooled to 0 °C,
neutralized with excess saturated NH4Cl (75 mL), and the THF was removed in vacuo. The
aqueous solution was extracted with DCM (2x50 mL), dried with MgSQOs, filtered, and
concentrated to yield Dimethyl-2,6-dihydroxyheptane as a semi-crystalline oil (1.33 g, 97% yield).
"H NMR (300 MHz, CDCI3): 8 1.46 (m, 6H), 1.23 (s, 12H). The spectrum is consistent with what

is reported in the literature.?

3.0 Equiv. 1.0 Equiv. 0.1 Equiv.

Cl Cl
{ ’/C//O H 0 (o) “
“ PO e NN o 'e S '
+  HO OH Sy MeCN 0 0
Cl Cl Cl

In a glovebox, a 20 mL scintillation vial equipped with a stir bar was charged with dimethyl-2,6-
dihydroxyheptane (0.192 g, 1.20 mmol, 1.00 equiv.) and MeCN (4.0 mL). Separately, 2,5-
dichlorophenyl isocyanate (0.677 g, 3.60 mmol, 3.00 equiv.) was dissolved in MeCN (4.0 mL),
then added to the vial containing the dimethyl-2,6-dihydroxyheptane solution. The combined
solution was allowed to stir at room temperature for 15 minutes, after which 1,8-
Diazabicyclo[5.4.0Jundec-7-ene (0.100 mL of 1.2 M solution in MeCN, 0.12 mmol, 0.10 equiv.)
was added. The vial was capped and the solution was stirred at 40 °C inside the glovebox for 18 h,
during which time white solids precipitated out. The solution was cooled at -18 °C for 2 hours,
during which time more white solids precipitated out. The solution was filtered, the solids were
rinsed with MeCN, and dried under N> to afford 2,6-dimethylheptane-2,6-diyl bis((2,5-

dichlorophenyl)carbamate) as a white solid (0.407 g, 63.2% yield). 'H NMR (300 MHz, CDCl3) &
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8.23 (d, J = 2.5 Hz, 2H), 7.24 (d, J = 14.3 Hz, 2H), 6.99 (s, 2H), 6.93 (dd, J = 8.6, 2.5 Hz, 2H),
1.94—1.79 (m, 6H), 1.53 (s, 12H). 3C NMR (126 MHz, CDCl3) 8 151.86, 135.98, 133.57, 129.61,

123.19, 119.77, 119.55, 83.68, 41.04, 26.25, 18.45.

O OH O OH
4.2 Equiv.
o o
OH O
cl al _
H H 0 Pd XPhos G2 H H
N__O o _N N_ _O. o _N
\n/ \I/\/\|/ \Ir . ©)L oo O \|/\/\|/ O
——————————————————-
0 0 B THF/H,0 0 0
7N,
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) ) 7K J ¢
o o
OH O OH O

In a typical synthesis, to a 250 mL 2-neck round bottom flask equipped with a stir bar and reflux
condenser under N> was added 2,6-dimethylheptane-2,6-diyl bis((2,5-dichlorophenyl)carbamate)
(0.500 g, 0.932 mmol, 1.00 equiv.), methyl 2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-
2-yl)benzoate (1.089 g, 3.91 mmol, 4.20 equiv.), K»CO3 (1.031 g, 7.46 mmol, 8.00 equiv.), THF
(60 mL) and H>O (15 mL). The solution was sparged with N> for 45 minutes, after which time Pd
XPhos G2 (0.0147 g, 0.019 mmol, 0.02 equiv.) was added, and the solution was allowed to stir at
60 °C for 18 h, during which time the solution darkened and pale grey solids precipitated. After
cooling to room temperature, the solution was poured into cold DI H>O (75 mL) and the solids
were filtered and further washed with H>O and minimal MeOH to afford Li-(OMe) as a an off-
white solid (0.67 g, 72% yield). 'H NMR (500 MHz, DMSO) & 10.54 (s, 2H), 10.50 (s, 2H), 8.47
(s, 2H), 7.98 (s, 2H), 7.78 (s, 2H), 7.53 (d, J = 8.2 Hz, 2H), 7.49 (s, 2H), 7.47 (d, J= 8.3 Hz, 2H),
7.32 (d,J =79 Hz, 2H), 7.07 (d, J = 8.7 Hz, 2H), 7.03 (d, J = 8.4 Hz, 2H), 3.91 (s, 6H), 3.87 (s,
6H), 1.51-1.24 (m, 18H). '3C NMR (126 MHz, DMSO) & 169.11, 168.90, 159.51, 159.18, 138.27,
135.81, 135.62, 133.55, 130.58, 130.47, 130.19, 129.88, 127.52, 123.42, 118.20, 117.36, 113.60,
112.88, 80.60, 73.52, 52.52, 52.43, 25.74, 24.95. Due to solubility reasons, no mass spectrum was

collected.
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In a typical synthesis, to a 250 mL roundbottom flask equipped with a stir bar was added L;-
(OMe)s4 (0.4100 g, 0.410 mmol, 1.00 equiv.) along with THF (11 mL). Separately, LiOH (0.2949
g, 12.31 mmol, 30 equiv.) was dissolved in H2O (11 mL) and then added to the flask. The solution
was stirred at room temperature for 48 h, after which the solution was acidified to pH <2 and
extracted with DCM (2x75 mL). The organics were dried over MgSQg, filtered, and concentrated
in vacuo. Trituration with Et2O and hexanes afforded L as an off-white solid (0.356 g, 92% yield).
'"H NMR (500 MHz, DMSO) & 8.46 (s, 2H), 8.02 (d, J = 2.4 Hz, 2H), 7.84 — 7.77 (m, 4H), 7.56 —
7.46 (m, 6H), 7.34 (d, J="7.9 Hz, 2H), 7.05 (d, J = 8.6 Hz, 2H), 6.99 (d, J = 8.5 Hz, 2H), 1.50 (bs,
4H), 1.26 — 1.21 (m, 16H). HRMS (ESI/ion trap) m/z: [M+H]" Calcd for CsiH4sN2O16: 941.2764

; found 941.2779.

OH O
v
OH O O o
o~ Br Pd(dppf)Cl, DCM
NH, KoCO; NH;
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+ THF/H,0
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O OH

In a typical synthesis, to a 250 mL roundbottom flask equipped with a stir bar and reflux condenser
under N> was added 2,5-dibromoaniline (0.86 g, 3.42 mmol, 1.00 equiv.), methyl 2-hydroxy-5-
(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.00 g, 7.20 mmol, 2.1 equiv.), K2CO3

(1.89 g, 13.68 mmol, 4.00 equiv.), THF (40 mL) and H>O (10 mL). The solution was sparged with
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N> for 30 minutes, followed by addition of Pd(dppf)Cl. DCM (0.06 g, 0.068 mmol, 0.02 equiv.).
The solution was heated under N at 60 °C for 18 hours, during which time the solution darkened
substantially. The solution was allowed to cool to room temperature under nitrogen. The solution
was diluted with ~150 mL deionized water and ~200 mL dichloromethane. The aqueous layer was
extracted with dichloromethane (2x 75 mL). The combined organics were dried over MgSOs,
filtered, and concentrated in vacuo. The resultant dark brown residue was brought up in minimal
dichloromethane, and subjected to filtration through a pad of silica gel (9:1 DCM/EtOAc). The
pale yellow filtrate was then concentrated in vacuo, and the resultant solids were washed with
hexanes to afford [1,1":4',1"-Terphenyl]-4,4"-dicarboxylic acid, 2’-amino-3,3"-dihydroxy-, 4,4"-
dimethyl ester as an off-white solid (1.32 g, 98% yield). '"H NMR (300 MHz, CDCls3) & 10.78 (d,
J=10.2 Hz, 2H), 8.08 (d, /J=2.4 Hz, 1H), 7.97 (d, /= 2.3 Hz, 1H), 7.71 (dd, /= 8.6, 2.4 Hz, 1H),
7.60 (dd, J = 8.6, 2.4 Hz, 1H), 7.16 (d, /= 7.8 Hz, 1H), 7.12 — 6.95 (m, 4H), 4.04 — 3.98 (s, 3H),

3.96 (s, 3H). The data is consistent with that reported in the literature.’

OH O OH O
S0 o
NH2 NH;
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—_——

THF/ H,0

o L) o L

OH o OH
To a 250 mL roundbottom flask equipped with a stir bar was added [1,1":4",1"-Terphenyl]-4,4"-
dicarboxylic acid, 2'-amino-3,3"-dihydroxy-, 4,4"-dimethyl ester (1.32 g, 3.35 mmol, 1.00 equiv.)
and THF (50 mL). Separately, KOH (3.76 g, 67.0 mmol, 20 equiv.) was dissolved in 50 mL of
H>O. While stirring, the KOH solution was added to the solution containing the diester. The
combined solution was then allowed to stir at 50 °C for 24 h. After, the solution was cooled to

room temperature and acidified to pH <1 using 1M HCI. The solution was extracted using EtOAc
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(2x 150 mL), and the combined organics were dried over MgSQa, filtered, and concentrated in
vacuo to afford Hadotpde-NH» as an off-white solid (1.10 g, 90% yield). '"H NMR (500 MHz,
DMSO) 6 8.03 (d, J=2.4 Hz, 1H), 7.87 (d, J = 2.2 Hz, 1H), 7.79 (dd, J = 8.7, 2.4 Hz, 1H), 7.61
(dd, J = 8.5, 2.3 Hz, 1H), 7.20-7.1 (m, 2H), 7.06 (dd, J = 8.5, 6.2 Hz, 3H). This spectrum is

consistent with what is reported in literature.’
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OO
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22 Equiv. 2.2 Equiv.
To an oven-dried 200 mL Schlenk flask equipped with a stir bar was added 2,5-Dimethyl-2,5-
hexanediol (0.585 g, 4.00 mmol, 1.00 equiv.) and 40 mL of anhydrous DCM. The flask was cooled
to 0 °C under N;. Pyridine (0.709 mL, 8.80 mmol, 2.20 equiv.) followed by 4-nitrophenyl
chloroformate (1.77 g, 8.80 mmol, 2.20 equiv.) were added. The solution was stirred at 0 °C for
10 minutes, then warmed to room temperature and stirred for 24 h, after which time the solution
was transferred to a separatory funnel, washed once with 0.5 M HCI (20 mL), then with saturated
aqueous NaHCO;. The organics were dried with MgSOs, filtered, and concentrated in vacuo. The
resultant residue was triturated with MeOH, and the solids were filtered to obtain 2,5-
dimethylhexane-2,5-diyl bis(4-nitrophenyl) bis(carbonate) as a white powder (1.835 g, 96% yield).
'"H NMR (500 MHz, CDCls): & 8.19 (d, J = 8.8 Hz, 4H), 7.32 (d, J = 8.8 Hz, 4H), 1.99 (s, 4H),
1.57 (s, 12H). *C NMR (126 MHz, CDCls) & 155.86, 150.74, 145.52, 125.44, 122.35, 86.35,

34.19, 26.13.
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Dibromobenzylamine was first synthesized using the reported procedure.*” In a typical reaction,
to a 2-neck flask equipped with a stir bar and reflux condenser under N> was added the carbonate
product (1.187 g, 2.49 mmol, 1.00 equiv.) and MeCN (20 mL). The solution was cooled to 0 °C,
followed by addition of 2,5-dibromobenzylamine (1.650 g, 6.23 mmol, 2.50 equiv.) and
triethylamine (0.868 mL, 6.23 mmol, 2.50 equiv.). The solution was stirred at 0 °C for 15 minutes,
then warmed to 80 °C and stirred 24 h. After, the inhomogeneous solution was cooled to room
temperature, the solids were filtered, washed with MeOH, and dried under vacuum to afford 2,5-
dimethylhexane-2,5-diyl bis((2,5-dibromobenzyl)carbamate) as a white powder (1.294 g, 71%
yield). 'H NMR (500 MHz, DMSO) § 7.54 (d, J = 8.8 Hz, 2H), 7.49 (t, J = 6.0 Hz, 2H), 7.39 (d, J
= 6.2 Hz, 4H), 4.13 (d, J = 6.1 Hz, 4H), 1.81 (s, 4H), 1.50 — 1.15 (m, 12H). 3*C NMR (126 MHz,

DMSO) 6 155.51, 140.99, 134.23, 134.21, 131.43, 131.35, 130.65, 120.90, 120.85, 80.03, 43.55,

34.16, 26.39.
OH O
Br oH © O o~ OH O
[e] Br v O/
R_o J © Pd(dppCly O
bt 07N . K,CO;3 O Y o)
Br ) ( o
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In a typical reaction, to a 2-neck flask equipped with a stir bar and reflux condenser under N> was
added 2,5-dimethylhexane-2,5-diyl bis((2,5-dibromobenzyl)carbamate) (1.294 g, 1.78 mmol, 1.00
equiv.), methyl 2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.026 g, 7.28

mmol, 4.10 equiv.), K2CO3 (1.965 g, 14.22 mmol, 8.00 equiv.), THF (120 mL) and H>O (30 mL).
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The solution was sparged with N> for 30 minutes, after which time Pd(dppf)Cl. DCM (0.043 g,
0.05 mmol, 0.03 equiv.) was added. The solution was then stirred at 60 °C under N; for 18 h,
during which time the color darkened. After, the solution was cooled to room temperature, diluted
with H>O (100 mL), extracted with EtOAc (2x100 mL), followed by DCM (1x100 mL). The
combined organics were dried over MgSOQs, filtered, and concentrated in vacuo. Trituration with
Et,0 and hexanes afforded L,-(OMe) as an off-white powder (1.60 g, 89% yield). '"H NMR (300
MHz, DMSO) 6 10.54 (s, 4H), 8.01 (s, 2H), 7.81 (d, J = 8.7 Hz, 2H), 7.70 (s, 2H), 7.59 (s, 2H),
7.52 (d, J= 8.6 Hz, 4H), 7.34 (bs, 2H), 7.24 (d, J = 7.9 Hz, 2H), 7.09 (d, J = 8.7 Hz, 2H), 7.04 (d,
J=8.6 Hz, 2H), 4.07 (d, J = 5.8 Hz, 4H), 3.9 (s, 6H), 3.88 (s, 6H), 1.69 (s, 4H), 1.25 (s, 12H). 13C
NMR (126 MHz, DMSO) & 168.98, 168.96, 159.50, 159.12, 137.93, 136.17, 133.61, 131.14,
130.97, 130.32, 130.18, 127.47, 125.12, 124.51, 118.18, 117.34, 113.52, 113.03, 79.51, 73.50,

52.49, 52.45, 24.93. MS (ESl/ion trap) m/z: [M-Na]" Caled for CssHs¢N2O16Na: 1035.35; found

1035.3.
OH O OH O
O o~ oo/ O OH oOH
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In a typical synthesis, to a 250 mL roundbottom flask equipped with a stir bar was added Lo»-
(OMe)4 (0.7007 g, 0.69 mmol, 1.00 equiv.) along with THF (20 mL). Separately, LiOH (0.497 g,
20.75 mmol, 30 equiv.) was dissolved in H>O (20 mL) and then added to the flask. The solution
was stirred at room temperature for 48 h, after which the solution was acidified to pH <2 and
extracted with DCM (2x75 mL). The organics were dried over MgSQg, filtered, and concentrated

in vacuo. Trituration with Et2O and hexanes afforded L as an off-white solid (0.613 g, 93% yield).
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'H NMR (500 MHz, DMSO) & 8.07 (s, 2H), 7.80 (dt, J = 9.3, 4.7 Hz, 2H), 7.72 (s, 2H), 7.60 (s,
2H), 7.53 (t, J = 7.6 Hz, 4H), 7.37 (q, J = 7.8 Hz, 2H), 7.25 (d, J = 7.9 Hz, 2H), 7.06 (d, J = 8.6
Hz, 2H), 7.01 (d, J = 8.6 Hz, 2H), 4.10 (s, 4H), 1.68 (s, 4H), 1.24 (s, 12H). '>C NMR (126 MHz,
DMSO0) 5 171.78, 160.70, 160.30, 155.55, 138.05, 138.00, 137.65, 136.25, 133.59, 130.93, 130.77,
130.40, 130.36, 127.82, 125.09, 124.50, 117.86, 117.06, 113.55, 112.95, 79.57, 28.38. HRMS

(ESI/ion trap) m/z: [M+H]" Calcd for Cs2H4gN2016: 955.2920; found 955.2933.
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butyl-2,5-dibromobenzylcarbamate was first synthesized using the method reported in the
literature.® A 100 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was
charged with methyl 2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (0.619
g,2.23 mmol, 2.10 equiv.), ‘butyl-2,5-dibromobenzylcarbamate (0.387 g, 1.06 mmol, 1.00 equiv.),
and cesium fluoride (0.966 g, 6.36 mmol, 6.00 equiv.). Next, 10 mL 1,4-dioxane followed by 5
mL deionized water were added. While stirring, the solution was sparged with nitrogen for 40
minutes. Subsequently, Pd(dppf)Cl, DCM (0.017 g, 0.021 mmol, 0.02 equiv.) was added, and the
solution was allowed to reflux at 90 °C for 18 hours, during which time the solution darkened. The
solution was allowed to cool to room temperature under nitrogen. The solution was diluted with
~50 mL deionized water, and extracted with dichloromethane (2x50 mL) and ethyl acetate (1x50
mL). The combined organics were dried over MgSQOs, filtered, and concentrated in vacuo. The

resultant residue was triturated with methanol, and the solids filtered to yield dimethyl 2'-(((zert-
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butoxycarbonyl)amino)methyl)-4,4"-dihydroxy-[1,1':4',1"-terphenyl]-3,3"-dicarboxylate (0.443 g,
82 % yield) as a beige solid which was used without further purification. 'H NMR (500 MHz,
CDCls) 6 10.79 (s, 2H), 8.10 (d, J = 2.3 Hz, 1H), 7.81 (d, J = 2.2 Hz, 1H), 7.73 (dd, J = 8.6, 2.4
Hz, 1H), 7.59 (d, /= 1.9 Hz, 1H), 7.52 (dd, J = 8.6, 2.3 Hz, 1H), 7.43 (dd, J = 8.6, 2.3 Hz, 1H),
7.28 (s, 1H), 7.07 (m, 2H), 4.32 (s, 2H), 3.99 (s, 3H), 3.95 (s, 3H), 1.43 (s, 9zH). *C NMR (126
MHz, DMSO) 6 168.95, 159.48, 159.10, 155.77, 137.94, 137.89, 137.69, 137.34, 136.19, 133.62,
131.13, 130.97, 130.37, 130.22, 128.89, 128.19, 127.45, 125.31, 125.00, 124.51, 118.27, 117.42,

113.69, 113.12, 77.91, 52.55, 52.50, 41.39, 28.18.
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A 250 mL round bottom flask equipped with a stir bar was charged with dimethyl 2'-(((fer?-
butoxycarbonyl)amino)methyl)-4,4"-dihydroxy-[1,1":4',1"-terphenyl]-3,3"-dicarboxylate (0.443 g,
0.873 mmol, 1.00 equiv.) and 25 mL of tetrahydrofuran. Separately, lithium hydroxide (0.627 g,
26.19 mmol, 30.00 equiv.) was dissolved in 25 mL of deionized water. While stirring, the lithium
hydroxide solution was added to the round bottom flask, and the combined solution was allowed
to stir at room temperature over 48 hours. The tetrahydrofuran was removed under reduced
pressure, the aqueous solution was acidified with 1M HCI and extracted with ethyl acetate (2x100
mL). The combined organics were washed with brine, dried over MgSQ, filtered, and
concentrated in vacuo. The resultant oil was triturated with hexanes, and the solids filtered to afford

Hadotpdec-CH>NHBOC (2'-(((tert-butoxycarbonyl)amino)methyl)-4,4"-dihydroxy-[1,1":4',1"-
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terphenyl]-3,3"-dicarboxylic acid) (0.346 g, 83 % yield) as an off-white solid. '"H NMR (300 MHz,
DMSO) 6 8.09 (d, J = 2.4 Hz, 1H), 7.85 (dd, J= 8.7, 2.5 Hz, 1H), 7.73 (d, J = 2.3 Hz, 1H), 7.61
(s, 1H), 7.55 (td, J=17.7, 2.1 Hz, 2H), 7.42 (t, J= 6.0 Hz, 1H), 7.27 (d, J = 7.9 Hz, 1H), 7.07 (dd,
J=16.3,8.6 Hz, 2H), 4.12 (d, /= 5.9 Hz, 2H), 1.38 (s, 9H). MS (ESl/ion trap) m/z: [M—H] Calcd

for C26H2sNOs: 478.1496. Found: 478.1500.
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A 250 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was charged
with methyl 2-hydroxy-5-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)benzoate (2.00 g, 7.70
mmol, 2.10 equiv.), 1,4-dibromobenzene (0.808 g, 3.43 mmol, 1.00 equiv.), and cesium fluoride
(3.12 g, 20.5 mmol, 6.00 equiv.). Next, 24 mL of 1,4-dioxane followed by 12 mL deionized water
were added. While stirring, the solution was purged with nitrogen for 40 minutes. Subsequently
Pd(dppf)Cl» (0.0752 g, 0.103 mmol, 0.03 equiv.) was added, and the solution was allowed to stir
at reflux for 18 h, during which time the solution turned a dark grey with grey solids precipitating
out. The solution was allowed to cool to room temperature under nitrogen. The solution diluted
with deionized water (200 mL), and extracted with dichloromethane (3x 150. mL). The organics
were dried using MgSOs, filtered, and concentrated in vacuo. The resultant dark brown residue
was brought up in minimal dichloromethane, and subjected to filtration through a pad of silica gel
(9:1 DCM/EtOAc). The pale yellow filtrate was then concentrated in vacuo, and the resultant

solids were washed with hexanes to afford 4,4"-dihydroxy-[1,1":4',1"-terphenyl]-3,3"-
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dicarboxylate (0.947 g, 73% yield) as an off-white solid, which was used without further
purification. '"H NMR (500 MHz, CDCl3): 8 10.79 (s, 2H), 8.11 (d, J = 2.4Hz, 2H), 7.74 (dd, ] =
8.6, 2.4Hz, 2H), 7.6 (s, 4H), 7.09 (d, J = 8.6, 2H), 4.00 (s, 6H). The spectrum is consistent with

what is reported in the literature.!
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In a typical synthesis, a 500 mL round bottom flask equipped with a stir bar was charged with 4,4"-
dihydroxy-[1,1":4',1"-terphenyl]-3,3"-dicarboxylate (2.01 g, 5.31 mmol, 1.00 equiv) and
tetrahydrofuran (106 mL). Separately, potassium hydroxide (5.96 g, 106 mmol, 20.0 equiv) was
dissolved in deionized water (106 mL) to give a 1 molar solution. The hydroxide solution was
added to the round bottom flask containing the dicarboxylate. The inhomogeneous solution was
stirred at 50 °C for 24 h, during which time the solution turned yellow and most of the solids
dissolved. The solution was cooled to room temperature, and 1 M HCI was added to acidify to pH
< 2, causing off-white solids to precipitate out. The tetrahydrofuran was removed in vacuo. The
off-white solids were filtered, rinsed with copious water, and allowed to first air dry followed by
heating at 150 °C for several hours to obtain H4dotpdc (4,4"-dihydroxy-[1,1":4',1"-terphenyl]-3,3"-
dicarboxylic acid) as an off-white solid (1.77 g, 96% yield). '"H NMR (500 MHz, DMSO-ds): &
8.08 (d, J =2.45,2H), 7.88 (dd, J = 8.6, 2.5, 2H), 7.70 (s, 4H), 7.08 (d, J = 8.6, 2H). The spectrum

is consistent with what is reported in the literature.!®
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3. Synthesis and characterization of cross-linked frameworks.

3.1 General procedure for 1-XL-R% frameworks.

1-XL-R% frameworks were synthesized using an adapted procedure from the literature.!” A 20
mL scintillation vial was charged with 0.1*(100-x%) mmol Hsdotpdc and 0.1*x% mmol L to give
a total of 0.100 mmol ligand and Mg(NO3)>-6sH20 (2.50 equiv. per dotpdc* unit), followed by
MeOH (5.50 mL) and N,N-dimethylformamide (4.50 mL). The threads of the scintillation vial
were wrapped with PTFE tape, capped, and taped with black electrical tape to prevent solvent
evaporation. The vial was shaken to dissolve all solids and afford a pale-yellow solution. The
solution was then heated in a dry bath at 120 °C for 3 h, after which the vial was cooled to room
temperature, the mother liquor was decanted, and the solids re-immersed in fresh DMF and
allowed to soak at room temperature. After 3 h the mother liquor was syringed off and replaced
with fresh DMF. This process was repeated a total of three times, then repeated three more times
with MeOH, also at room temperature, to afford MeOH-solvated material. Powder X-ray
diffraction measurements and digestion NMRs were taken of the MeOH-solvated material. Scale
ups of material were performed via batch. For full list of reaction conditions with metal salt and
ligand ratios, as well as predicted and observed percentages of cross-linked dotpdc*, see Table
S1.

3.1a Synthesis of 1-XL-18%.

A 20 mL scintillation vial was charged with Hadotpdc (0.032 g, 0.090 mmol, 0.90 equiv.) and L;
(0.010 g, 0.01 mmol, 0.10 equiv.) to give a total of 0.100 mmol ligand and Mg(NO3),-6H>0 (0.071
g, 0.275 mmol, 2.50 equiv. per dotpdc* unit), followed by MeOH (5.50 mL) and N,N-
dimethylformamide (4.50 mL). The threads of the scintillation vial were wrapped with PTFE tape,

capped, and taped with black electrical tape to prevent solvent evaporation. The vial was shaken
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to dissolve all solids and afford a pale-yellow solution. The solution was then heated in a dry bath
at 120 °C for 3 h, after which the vial was cooled to room temperature, the mother liquor was
decanted, and the solids re-immersed in fresh DMF and allowed to soak at room temperature. After
3 h the mother liquor was syringed off and replaced with fresh DMF. This process was repeated a
total of three times, then repeated three more times with MeOH, also at room temperature, to afford
MeOH-solvated material. Powder X-ray diffraction measurements and digestion NMRs were
taken of the MeOH-solvated material. The relative ratio of 0.23:1 observed between the cross-
linked dotpdc* and Hadotpdc in the digestion 'H NMR spectrum corresponds to an incorporation
of 18%.

3.1b Synthesis of 1-XL-34%

A 20 mL scintillation vial was charged with Hadotpdc (0.026 g, 0.075 mmol, 0.75 equiv.) and L;
(0.024 g, 0.025 mmol, 0.25 equiv.) to give a total of 0.100 mmol ligand and Mg(NO3)-:6H>O
(0.080 g, 0.313 mmol, 2.50 equiv. per dotpdc* unit), followed by MeOH (5.50 mL) and N,N-
dimethylformamide (4.50 mL). The threads of the scintillation vial were wrapped with PTFE tape,
capped, and taped with black electrical tape to prevent solvent evaporation. The vial was shaken
to dissolve all solids and afford a pale-yellow solution. The solution was then heated in a dry bath
at 120 °C for 3 h, after which the vial was cooled to room temperature, the mother liquor was
decanted, and the solids re-immersed in fresh DMF and allowed to soak at room temperature. After
3 h the mother liquor was syringed off and replaced with fresh DMF. This process was repeated a
total of three times, then repeated three more times with MeOH, also at room temperature, to afford
MeOH-solvated material. Powder X-ray diffraction measurements and digestion NMRs were

taken of the MeOH-solvated material. The relative ratio of 0.51:1 observed between the cross-
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linked dotpdc* and Hadotpdc in the digestion 'H NMR spectrum corresponds to an incorporation
of 34%.

3.2 General procedure for Mg,dotpdc-NH2-R%.

Mgzdotpdc-NH2-R% frameworks were synthesized using an adapted procedure from the
literature.!” A 20 mL scintillation vial was charged with 0.1*(100-x%) mmol Hasdotpdc and
0.1*x% mmol Hzdotpdc-NH; to give a total of 0.100 mmol ligand and Mg(NOs),-6H>0 (2.50
equiv. per dotpdc* unit), followed by MeOH (5.50 mL) and N,N-dimethylformamide (4.50 mL).
The threads of the scintillation vial were wrapped with PTFE tape, capped, and taped with black
electrical tape to prevent solvent evaporation. The vial was shaken to dissolve all solids and afford
a pale-yellow solution. The solution was then heated in a dry bath at 120 °C for 3 h, after which
the vial was cooled to room temperature, the mother liquor was decanted, and the solids re-
immersed in fresh DMF and allowed to soak at room temperature. After 3 h the mother liquor was
syringed off and replaced with fresh DMF. This process was repeated a total of three times, then
repeated three more times with MeOH, also at room temperature, to afford MeOH-solvated
material. Powder X-ray diffraction measurements and digestion NMRs were taken of the MeOH-
solvated material. Scale ups of material were performed via batch. All subsequent reactions were
performed using the same conditions as for the cross-linked/ templated materials.

3.3 General procedure for 2-XL-R% frameworks.

2-XL-R% frameworks were synthesized using an adapted procedure from the literature.!:” A 20
mL scintillation vial was charged with 0.1*(100-x%) mmol Hsdotpdc and 0.1*x% mmol L, to give
a total of 0.100 mmol ligand and Mg(NOs)2-6H,0 (2.50 equiv. per dotpdc* unit), followed by
MeOH (5.50 mL) and N,N-dimethylformamide (4.50 mL). The threads of the scintillation vial

were wrapped with PTFE tape, capped, and taped with black electrical tape to prevent solvent
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evaporation. The vial was shaken to dissolve all solids and afford a pale-yellow solution. The
solution was then heated in a dry bath at 120 °C for 3 h, after which the vial was cooled to room
temperature, the mother liquor was decanted, and the solids re-immersed in fresh DMF and
allowed to soak at room temperature. After 3 h the mother liquor was syringed off and replaced
with fresh DMF. This process was repeated a total of three times, then repeated three more times
with MeOH, also at room temperature, to afford MeOH-solvated material. Powder X-ray
diffraction measurements and digestion NMRs were taken of the MeOH-solvated material. Scale
ups of material were performed via batch. For full list of reaction conditions with metal salt and
ligand ratios, as well as predicted and observed percentages of cross-linked dotpdc*, see Table
S1.

3.3a Synthesis of 2-XL-5%

A 20 mL scintillation vial was charged with Hsdotpdc (0.034 g, 0.0975 mmol, 0.975 equiv.) and
L> (0.002 g, 0.0025 mmol, 0.025 equiv.) to give a total of 0.100 mmol ligand and Mg(NO3),-:6H>O
(0.066 g, 0.256 mmol, 2.50 equiv. per dotpdc4— unit), followed by MeOH (5.50 mL) and N,N-
dimethylformamide (4.50 mL). The threads of the scintillation vial were wrapped with PTFE tape,
capped, and taped with black electrical tape to prevent solvent evaporation. The vial was shaken
to dissolve all solids and afford a pale-yellow solution. The solution was then heated in a dry bath
at 120 °C for 3 h, after which the vial was cooled to room temperature, the mother liquor was
decanted, and the solids re-immersed in fresh DMF and allowed to soak at room temperature. After
3 h the mother liquor was syringed off and replaced with fresh DMF. This process was repeated a
total of three times, then repeated three more times with MeOH, also at room temperature, to afford
MeOH-solvated material. Powder X-ray diffraction measurements and digestion NMRs were

taken of the MeOH-solvated material. The relative ratio of 0.055:1 observed between the cross-
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linked dotpdc* and Hadotpdc in the digestion 'H NMR spectrum corresponds to an incorporation
of 5%.

3.3b Synthesis of 2-X1.-23%

A 20 mL scintillation vial was charged with Hadotpdc (0.026 g, 0.075 mmol, 0.75 equiv.) and L;
(0.024 g, 0.025 mmol, 0.25 equiv.) to give a total of 0.100 mmol ligand and Mg(NO3)-:6H>O
(0.080 g, 0.313 mmol, 2.50 equiv. per dotpdc* unit), followed by MeOH (5.50 mL) and N,N-
dimethylformamide (4.50 mL). The threads of the scintillation vial were wrapped with PTFE tape,
capped, and taped with black electrical tape to prevent solvent evaporation. The vial was shaken
to dissolve all solids and afford a pale-yellow solution. The solution was then heated in a dry bath
at 120 °C for 3 h, after which the vial was cooled to room temperature, the mother liquor was
decanted, and the solids re-immersed in fresh DMF and allowed to soak at room temperature. After
3 h the mother liquor was syringed off and replaced with fresh DMF. This process was repeated a
total of three times, then repeated three more times with MeOH, also at room temperature, to afford
MeOH-solvated material. Powder X-ray diffraction measurements and digestion NMRs were
taken of the MeOH-solvated material. The relative ratio of 0.30:1 observed between the cross-
linked dotpdc* and Hadotpdc in the digestion 'H NMR spectrum corresponds to an incorporation
of 23%.

3.4 Synthesis of Mg.dotpdc-CH2NHBoc-R%.

Mg>dotpde-CHoNHBoc-R% frameworks were synthesized using an adapted procedure from the
literature.!” A 20 mL scintillation vial was charged with 0.1*(100-x%) mmol Hasdotpdc and
0.1*x% mmol H>dotpde-CH2NHBoc to give a total of 0.100 mmol ligand and Mg(NO3)-6H>O
(2.50 equiv. per dotpdc* unit), followed by MeOH (5.50 mL) and N,N-dimethylformamide (4.50

mL). The threads of the scintillation vial were wrapped with PTFE tape, capped, and taped with
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black electrical tape to prevent solvent evaporation. The vial was shaken to dissolve all solids and
afford a pale-yellow solution. The solution was then heated in a dry bath at 120 °C for 3 h, after
which the vial was cooled to room temperature, the mother liquor was decanted, and the solids re-
immersed in fresh DMF and allowed to soak at room temperature. After 3 h the mother liquor was
syringed off and replaced with fresh DMF. This process was repeated a total of three times, then
repeated three more times with MeOH, also at room temperature, to afford MeOH-solvated
material. Powder X-ray diffraction measurements and digestion NMRs were taken of the MeOH-
solvated material. Scale ups of material were performed via batch. All subsequent reactions were
performed using the same conditions as for the cross-linked/ templated materials.

4. Synthesis and characterization of thermolyzed frameworks.

4.1 General procedure for thermolysis of 1-XL-R% frameworks.

The thermal deprotection method was adapted from the literature!. Samples were fully washed
prior to thermolysis experiments. A typical reaction scale was 25 mg of MeOH solvated material.
The material was transferred to a 10 mL reaction tube, to which was added 2-ethyl-1-hexanol (3.00
mL) and ethylene glycol (0.300 mL), which was found to be a necessary co-solvent. The
heterogeneous mixture was subjected to 230 °C microwave heating for 10.00 min, cooled to room
temperature, then centrifuged. The mother liquor was decanted, and the solids were immersed in
DMF at 120 °C for 3 h, after which time the mother liquor was syringed off and replaced with
fresh DMF. This hot DMF wash was repeated three times, followed by immersion in MeOH at 60
°C for 3x3 h washes. The resultant materials were analyzed by PXRD and gas sorption. Digested

samples were analyzed by 'H NMR.
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In a typical MOF digestion experiment to quantify ligand content, ~10—15 mg of MeOH-solvated
material was suspended in 0.500 mL of DMSO-ds, followed by addition of 1 drop of DCl in D>O
(20 wt. %). The solution was sonicated briefly to fully dissolve. 'H NMR spectra were taken
immediately following (~10 minutes).

4.2 General procedure for thermolysis of 2-XL-R% frameworks under N>.

Samples were fully washed prior to thermolysis experiments. A typical reaction scale was 100 mg
of MeOH solvated material. The material was transferred to a 40 mL scintillation vial and placed
under flowing N> at room temperature for several hours. This initial N2> purge was found to be
critical to mitigating oxidation of Hsdotpdc-CH2NH,. After, the materials were heated to 250 °C
for 48 h, then cooled to room temperature under continuous N> flow. The resultant materials were
immediately transferred to a nitrogen glovebox for storage. The materials were analyzed by PXRD

and gas sorption. Digested samples were analyzed by 'H NMR.

In a typical MOF digestion experiment to quantify ligand content, ~10—15 mg of MeOH-solvated
material was suspended in 0.500 mL of DMSO-ds, followed by addition of 1 drop of DCl in D>O
(20 wt. %). The solution was sonicated briefly to fully dissolve. 'H NMR spectra were taken
immediately following (~10 minutes).

4.3 Microwave thermolysis of 2-XL-2% materials.

In a typical procedure, in a nitrogen filled purge box 35.0 mg of MeOH solvated 2-XL-2% was
placed inside a microwave reaction vessel, followed by 2-ethyl-1-hexanol (3.00 mL) and ethylene
glycol (0.30 mL). Butylated hydroxytoluene (0.150 g, 0.681 mmol, 7.68 equiv.) was then added.
The vessel was capped, then subjected to 230 °C microwave heating for 10.00 min, cooled to room

temperature, then centrifuged. The mother liquor was decanted, and the solids were immersed in
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DMEF at 120 °C for 3 h, after which time the mother liquor was syringed off and replaced with
fresh DMF. This hot DMF wash was repeated three times, followed by immersion in MeOH at 60
°C for 3x3 h washes. The resultant materials were analyzed by PXRD and gas sorption. Digested

samples were analyzed by 'H NMR.

In a typical MOF digestion experiment to quantify ligand content, ~10—15 mg of MeOH-solvated
material was suspended in 0.500 mL of DMSO-ds, followed by addition of 1 drop of DCl in D>O
(20 wt. %). The solution was sonicated briefly to fully dissolve. 'H NMR spectra were taken
immediately following (~10 minutes).

5. Post-synthetic Schiff base condensations and metalations of 1-NH>-R% frameworks.

5.1 General procedure for one-step imine condensation/metalation in 1-NH2-R%.
frameworks with CuCl and NiCl..

In a typical reaction, 25 mg of MeOH solvated material was suspended in 2 mL MeOH in a
scintillation vial charged with a stir bar. Separately, an equimolar solution of 2-
pyridinecarboxaldehyde and metal salt was prepared in acetonitrile and allowed to stir, during
which time the solution turned a clear dark yellow. The solution was concentrated in vacuo, then
brought back up in 2mL of MeOH to afford a clear, dark yellow solution. The M-aldehyde solution
was then added to the scintillation vial (10 EQ vs -NH3), and the inhomogeneous solution was
allowed to stir overnight. The mother liquor was decanted and replaced with fresh MeOH and
allowed to sit for 3 h, after which time the mother liquor was decanted and replaced with fresh
MeOH. This MeOH wash was repeated three times, followed by drying under vacuum at room
temperature to afford 1-(IP)CuCI-R% or 1-(IP)NiCl>-R%.

5.1a Synthesis of 1-(IP)CuCl-18%.
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25.0 mg of MeOH solvated 1-NH»>-18% was suspended in 2mL of MeOH in a scintillation vial
charged with a stir bar. Separately, 2-pyridinecarboxaldehyde (0.011 mL, 0.113 mmol, 10.0
Equiv.) and anhydrous CuCl (0.011 g, 0.113 mmol, 10.0 Equiv.) were dissolved in 1 mL
acetonitrile, and allowed to stir until a clear dark yellow solution was obtained. The solution was
concentrated in vacuo, then brought back up in 2 mL of MeOH to afford a clear dark yellow
solution. The CuCl-aldehyde solution was then added to the scintillation vial containing 1-1P-18%,
and the inhomogeneous solution was allowed to stir overnight. The mother liquor was decanted
and replaced with fresh MeOH and allowed to sit for 3 h, after which time the mother liquor was
decanted and replaced again with fresh MeOH. This MeOH wash procedure was repeated three
times, followed by drying under vacuum at room temperature to afford 1-(IP)CuCl-18%. The ratio
of Hadotpdc-NHa/2-pyridinecarboxaldehyde of 1:1 observed by digestion '"H NMR confirms the
formation of the imine, while the Cu/Mg ratio of 0.09 observed by ICP-OES confirms quantitative
metalation of the imine sites.

5.1b Synthesis of 1-(IP)NiCl2-34%.

25.0 mg of MeOH solvated 1-NH»>-34% was suspended in 2mL of MeOH in a scintillation vial
charged with a stir bar. Separately, 2-pyridinecarboxaldehyde (0.020 mL, 0.210 mmol, 10.0
Equiv.) and anhydrous NiCl, (0.027 g, 0.210 mmol, 10.0 Equiv.) were dissolved in 1 mL
acetonitrile, and allowed to stir until a clear green solution was obtained. The solution was
concentrated in vacuo, then brought back up in 2 mL of MeOH to afford a clear green solution.
The NiClz-aldehyde solution was then added to the scintillation vial containing 1-IP-34%, and the
inhomogeneous solution was allowed to stir overnight. The mother liquor was decanted and
replaced with fresh MeOH and allowed to sit for 3 h, after which time the mother liquor was

decanted and replaced again with fresh MeOH. This MeOH wash procedure was repeated three
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times, followed by drying under vacuum at room temperature to afford 1-(IP)NiCl>-34%. The ratio
of Hadotpdc-NHa/2-pyridinecarboxaldehyde of 1:1 observed by digestion '"H NMR confirms the
formation of the imine, while the Ni/Mg ratio of 0.16 observed by ICP-OES confirms metalation
of 94% of the imine sites.

5.2 General procedure for direct imine condensation in 1-NH>-R% frameworks.

In a typical synthesis, 50 mg of MeOH solvated material was suspended in 5 mL MeOH in a
scintillation vial charged with a stir bar. To that vial, 2-pyridine carboxaldehyde was added directly
(50 EQ vs R%). The threads of the vial were lined with PTFE tape, and the vial was sealed and
stirred at 60 °C for 18 h. The mother liquor was decanted and replaced with fresh MeOH and
allowed to sit for 3 h, after which time the mother liquor was decanted and replaced with fresh
MeOH. This MeOH wash was repeated three times, followed by drying under vacuum at room
temperature to afford 1-(IP)-R%. Conversion was confirmed by digestion 'H NMR, and
crystallinity was confirmed by PXRD.

5.2a Synthesis of 1-1P-18%.

50.0 mg of MeOH solvated 1-NH>-18% was suspended in 5 mL of MeOH in a scintillation vial
charged with a stir bar. To that vial, 2-pyridine carboxaldehyde (0.594 mL, 6.25 mmol, 50.0 equiv.)
was added. The threads of the vial were wrapped twice with PTFE tape, the vial was sealed and
allowed to stir at 60 °C for 18 h, then cooled to room temperature. The mother liquor was decanted
and replaced with fresh MeOH and allowed to sit at room temperature for 3 h, after which time
the mother liquor was decanted and replaced with fresh MeOH. This washing procedure was
repeated three times, followed by drying under vacuum to afford 1-IP-18%. The observed
Hadotpde-NH»/2-pyridinecarboxaldehyde ratio of 1:1 in the digestion 'H NMR spectrum confirms

quantitative conversion to the imine.
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5.3 General procedure for metalation of 1-(IP)-R%.

In a typical procedure, 20 mg of MeOH solvated 1-IP-R% was suspended in 2 mL of MeOH in a
scintillation vial. To that vial was added the anhydrous metal salt, MX», (10 equiv. vs R% as a
0.1M stock solution). The inhomogeneous solution was then stirred at room temperature for one
day. The mother liquor was decanted and replaced with fresh MeOH and allowed to sit at room
temperature for 3 h, after which time the mother liquor was decanted and replaced with fresh
MeOH. This washing procedure was repeated three times, followed by drying under vacuum to
afford 1-(IP)MX>-R%. Metalation was confirmed by ICP-OES.

5.3a Synthesis of 1-(IP)Colz-18%.

20.0 mg of MeOH solvated 1-IP-18% was suspended in 2 mL of MeOH in a scintillation vial.
Anhydrous Col> (0.85 mL of 0.10 M stock solution, 0.085 mmol, 10 equiv.) was added, and the
inhomogeneous solution was stirred for one day. The mother liquor was decanted and replaced
with fresh MeOH and allowed to sit at room temperature for 3 h, after which time the mother liquor
was decanted and replaced with fresh MeOH. This washing procedure was repeated three times,
followed by drying under vacuum to afford 1-(IP)Col2-18%. The observed Co/Mg ratio of 0.08
confirms metalation of 89% of the iminopyridine sites.

5.3b Synthesis of 1-(IP)NiBr:-18%.

20.0 mg of MeOH solvated 1-IP-18% was suspended in 2 mL of MeOH in a scintillation vial.
Anhydrous NiBr; (0.85 mL of 0.10 M stock solution, 0.085 mmol, 10 equiv.) was added, and the
inhomogeneous solution was stirred for one day. The mother liquor was decanted and replaced
with fresh MeOH and allowed to sit at room temperature for 3 h, after which time the mother liquor

was decanted and replaced with fresh MeOH. This washing procedure was repeated three times,
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followed by drying under vacuum to afford 1-(IP)NiBr2-18%. The observed Ni/Mg ratio of 0.08
confirms metalation of 89% of the iminopyridine sites.

5.3¢ Synthesis of 1-(IP)FeCl:-18%.

20.0 mg of MeOH solvated 1-IP-18% was suspended in 2 mL of MeOH in a scintillation vial.
Anhydrous FeCl, (0.85 mL of 0.10 M stock solution, 0.085 mmol, 10 equiv.) was added, and the
inhomogeneous solution was stirred for one day. The mother liquor was decanted and replaced
with fresh MeOH and allowed to sit at room temperature for 3 h, after which time the mother liquor
was decanted and replaced with fresh MeOH. This washing procedure was repeated three times,
followed by drying under vacuum to afford 1-(IP)FeCl2-18%. The observed Fe/Mg ratio of 0.09
confirms quantitative metalation of the iminopyridine sites.

6. Post-synthetic alkylation and metalation of 2-CH>NH:-R% frameworks.

6.1 General procedure for alkylation of 2-CH>NH>-R% frameworks.

In a typical reaction, in a nitrogen filled glovebox 50.0 mg of 2-CH2NH2-R% was suspended in 5
mL of anhydrous MeCN. Diisopropylethylamine (7.0 EQ vs R%) was then added, followed by 2-
pyridylbromide hydrobromide (2.05 EQ vs R%). The inhomogeneous solution was stirred at room
temperature for 48 h. After, the mother liquor was removed, and replaced with fresh MeCN and
allowed to sit at room temperature for 3 h, after which time the mother liquor was replaced with
fresh MeCN again. This washing procedure was repeated three times, followed by drying under
vacuum to afford 2-DPA-R%. Conversion was confirmed by digestion 'H NMR, and crystallinity
was confirmed by PXRD.

6.1a Synthesis of 2-DPA-23%.

In a nitrogen filled glovebox, 50.0 mg of 2-CH>NH»-23% was suspended in 5 mL MeCN in a

scintillation vial. Diisopropylethylamine (0.028 mL, 0.162 mmol, 7.00 equiv.) was added,

142



followed by 2-pyridylbromide hydrobromide (0.012 g, 0.048 mmol, 2.05 equiv.). The
inhomogeneous solution was stirred at room temperature for 48 h. After, the mother liquor was
removed, and replaced with fresh MeCN and allowed to sit at room temperature for 3 h, after
which time the mother liquor was replaced with fresh MeCN again. This washing procedure was
repeated three times, followed by drying under vacuum to afford 2-DPA-23%. The observed
Hadotpdc-DPA/Hadotpdc ratio of 0.58:1.00 corresponds to overall functionalization of 23%.

6.1b Synthesis of 2-DPA-5%.

In a nitrogen filled glovebox, 50.0 mg of 2-CH>NH»-5% was suspended in 5 mL MeCN in a
scintillation vial. Diisopropylethylamine (0.378 mL of 0.10 M in MeCN stock, 0.038 mmol, 7.00
equiv.) was added, followed by 2-pyridylbromide hydrobromide (0.111 mL of 0.10 M in MeCN
stock, 0.011 mmol, 2.05 equiv.). The inhomogeneous solution was stirred at room temperature for
48 h. After, the mother liquor was removed, and replaced with fresh MeCN and allowed to sit at
room temperature for 3 h, after which time the mother liquor was replaced with fresh MeCN again.
This washing procedure was repeated three times, followed by drying under vacuum to afford 2-
DPA-5%. The observed Hsdotpdc-DPA/Hadotpdc ratio of 0.05:1.00 corresponds to overall
functionalization of 5%.

6.2 General procedure for metalation of 2-DPA-R% materials.

In a typical reaction, 20 mg of 2-DPA-R% was suspended in 2 mL of MeCN in a PTFE wrapped
scintillation vial charged with a stir bar. To that vial was added the anhydrous metal salt, MXo, (3
equiv. vs R% as a 0.1M stock solution). The inhomogeneous solution was then stirred at 80 °C for
one day. The mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80

°C for 3 h, after which time the mother liquor was decanted and replaced with fresh MeCN. This

143



washing procedure was repeated three times, followed by drying under vacuum to afford 2-
(DPA)MX5-R%. Metalation was confirmed by ICP-OES.

6.2a Synthesis of 2-(DPA)Colz-23%.

20.0 mg of MeCN solvated 2-DPA-23% was suspended in 2 mL of MeCN in a PTFE wrapped
scintillation vial charged with a stir bar. Anhydrous Colz (0.23 mL of 0.10 M stock solution, 0.023
mmol, 3 equiv.) was added, and the inhomogeneous solution was stirred for one day at 80 °C. The
mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80 °C for 3 h, after
which time the mother liquor was decanted and replaced with fresh MeCN. This washing
procedure was repeated three times, followed by drying under vacuum to afford 2-(DPA)Col;-
23%. The observed Co/Mg ratio of 0.12 by ICP-OES confirms quantitative metalation of the bis(2-
pyridylmethyl)amine sites.

6.2b Synthesis of 2-(DPA)CuBr:-23%.

20.0 mg of MeCN solvated 2-DPA-23% was suspended in 2 mL of MeCN in a PTFE wrapped
scintillation vial charged with a stir bar. Anhydrous CuBrz (0.23 mL of 0.10 M stock solution,
0.023 mmol, 3 equiv.) was added, and the inhomogeneous solution was stirred for one day at 80
°C. The mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80 °C for
3 h, after which time the mother liquor was decanted and replaced with fresh MeCN. This washing
procedure was repeated three times, followed by drying under vacuum to afford 2-(DPA)CuBr»-
23%. The observed Cu/Mg ratio by ICP-OES of 0.12 confirms quantitative metalation of the bis(2-
pyridylmethyl)sites.

6.2¢ Synthesis of 2-(DPA)FeCl2-23%.

20.0 mg of MeCN solvated 2-DPA-23% was suspended in 2 mL of MeCN in a PTFE wrapped

scintillation vial charged with a stir bar. Anhydrous FeCl> (0.23 mL of 0.10 M stock solution,
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0.023 mmol, 3 equiv.) was added, and the inhomogeneous solution was stirred for one day at 80
°C. The mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80 °C for
3 h, after which time the mother liquor was decanted and replaced with fresh MeCN. This washing
procedure was repeated three times, followed by drying under vacuum to afford 2-(DPA)FeCl,-
23%. The observed Fe/Mg ratio by ICP-OES of 0.12 confirms quantitative metalation of the bis(2-
pyridylmethyl) sites.

6.2d Synthesis of 2-(DPA)NiBr2-23%.

20.0 mg of MeCN solvated 2-DPA-23% was suspended in 2 mL of MeCN in a PTFE wrapped
scintillation vial charged with a stir bar. Anhydrous NiBrz (0.23 mL of 0.10 M stock solution,
0.023 mmol, 3 equiv.) was added, and the inhomogeneous solution was stirred for one day at 80
°C. The mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80 °C for
3 h, after which time the mother liquor was decanted and replaced with fresh MeCN. This washing
procedure was repeated three times, followed by drying under vacuum to afford 2-(DPA)NiBr»-
23%. The observed Ni/Mg ratio by ICP-OES of 0.10 confirms metalation of 83% of the bis(2-
pyridylmethyl)sites.

6.2¢ Synthesis of 2-(DPA)CuCl:-5%.

20.0 mg of MeCN solvated 2-DPA-5% was suspended in 1.5 mL of MeCN in a PTFE wrapped
scintillation vial charged with a stir bar. Anhydrous CuClz (0.06 mL of 0.10 M stock solution,
0.006 mmol, 3 equiv.) was added, and the inhomogeneous solution was stirred for one day at 80
°C. The mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80 °C for
3 h, after which time the mother liquor was decanted and replaced with fresh MeCN. This washing

procedure was repeated three times, followed by drying under vacuum to afford 2-(DPA)CuClr;-
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5%. The observed Cu/Mg ratio by ICP-OES of 0.03 confirms quantitative metalation of the bis(2-
pyridylmethyl) sites.

6.2¢ Synthesis of 2-(DPA)Cu(OTf):-5%.

20.0 mg of MeCN solvated 2-DPA-5% was suspended in 1.5 mL of MeCN in a PTFE wrapped
scintillation vial charged with a stir bar. Anhydrous Cu(OTf), (0.06 mL of 0.10 M stock solution,
0.006 mmol, 3 equiv.) was added, and the inhomogeneous solution was stirred for one day at 80
°C. The mother liquor was decanted and replaced with fresh MeCN and allowed to sit at 80 °C for
3 h, after which time the mother liquor was decanted and replaced with fresh MeCN. This washing
procedure was repeated three times, followed by drying under vacuum to afford 2-
(DPA)Cu(OTf)2-5%. The observed Cu/Mg ratio by ICP-OES of 0.03 confirms quantitative
metalation of the bis(2-pyridylmethyl) sites.

7. General procedure for metal content analysis via ICP-OES.

Roughly 5 mg of washed material was placed in a 10 mL microwave tube, along with 0.750 mL
of concentrated nitric acid and 0.250 mL of 20 wt% H>O,. The sample was capped, then heated
under microwave at 150 °C for 5 minutes. The resulting clear solution was transferred to a 50 mL
falcon tube and diluted with HPLC grade water and diluted to a final nitric acid concentration of
3% by volume. Standard solutions in 3% nitric acid with 0.5, 1, 2, 5, and 10 ppm of the metals of
interest and 0.5, 2, 7, 10, 15, and 20 ppm of Mg were prepared for the calibration curve. All curves
had correlation coefficients > 0.9999.

8. Sample activation and gas sorption analysis.

8.1 Activation of 1-XL-R% and 2-XL-R% materials.

Due to the thermal sensitivity of the tertiary dicarbamate cross-linkers, activation was carried out

at room temperature. MeOH-solvated cross-linked MOF samples were first immersed in DCM for
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1 x 3h washes, followed by filtration. The samples were then transferred to a preweighed glass
tube and subjected to drying under flowing N2 at RT for 8 h. After the initial N2 purge, samples
were capped with a Transeal and transferred to a Micromeritics Smart VacPrep instrument and
heated under dynamic vacuum at RT for overnight. The glass tube and Transeal were subsequently
weighed to determine the final mass of the activated sample.

8.2 Activation of 1-NH2-R%, 2-CH,NH2-R%, 1-IP-R%, 2-DPA-R% materials.

MeOH or MeCN solvated samples were first immersed in DCM for 1 x 3h washes, followed by
filtration. The samples were then transferred to a preweighed glass tube and subjected to drying
under flowing N2 at 85 °C for 1 h, and 150 °C for 1 h. After the initial N2 purge, samples were
capped with a Transeal and transferred to a Micromeritics Smart VacPrep instrument and heated
under dynamic vacuum at 150 °C for overnight. The glass tube and Transeal were subsequently
weighed to determine the final mass of the activated sample.

8.3 Activation of metalated materials.

In a nitrogen filled glovebox, samples were loaded into preweighed glass tubes and placed under
vacuum at room temperature for 6 h. After, samples were capped with a Transeal and transferred
to a Micromeritics Smart VacPrep instrument and placed under dynamic vacuum at room
temperature overnight. The glass tube and Transeal were subsequently weighed to determine the
final mass of the activated sample.

8.4 N; adsorption measurements.

For all gas adsorption measurements, ~50 mg of sample was transferred to a preweighed glass
sample tube. Low-pressure N> adsorption experiments (up to 1 bar) were performed using a

Micromeritics 3Flex Surface Characterization Analyzer. Ultrahigh purity N> (5.0 grade, 99.999%)
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was used in all adsorption experiments. N> adsorption measurements were performed using a

liquid N> bath (77K).

BET surface areas were calculated using data points between 0.02 and 0.08 P/Py. In all cases, the
following BET consistency criteria were followed: 1) the pressure range has values of v(Py—P)
increasing with P/Py and 2) positive y intercept.® All correlation coefficients were >0.999.

9. Computational details.

9.1 Modeling cross-linker conformations.

Extended structures of Mg>dotpdc were created using Mg>dobdc (MOF-74-Mg) as a starting point,
followed by geometry optimization using the Forcite module in Materials Studio. The relative
energies of two different configurations of the L1 and L2 cross-linkers down the pore channels
were probed by density functional theory (DFT) using the Gaussian 16 program. The periodic
structure obtained in Materials Studio was truncated to just two neighboring ligands, and a bridging
cross-linker was added. The oxygens of the peripheral phenyl groups on the two ligands were
frozen, mimicking the geometric constraints of the MOF lattice. The geometries of the cross-linker
and central phenyl ring were optimized at the B3LYP/6-31+G(d) level of theory with empirical
dispersion correction (D3BJ) and solvent correction via a polarization continuum model using
methanol as the solvent. Frequency calculations were performed at this same level of theory to
confirm that the final geometry was at a stationary point. Free energy corrections were determined
at the B3LYP/6-31+G(d) level of theory at 298.15 K. Single point energies were computed at the
B3LYP/6-311+G(d, p) level of theory with empirical dispersion correction (D3BJ) and solvent
correction via polarization continuum using methanol as the solvent. All molecular structures were

rendered in Diamond.
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9.2 Modeling 1-(IP)NiCl; and 2-(DPA)CuBr; sites.

Similarly to the cross-linker conformations, the periodic structure obtained in Materials Studio was
truncated to between three and four neighboring ligands for the mononuclear and binuclear
systems, respectively, and the chelating ligands and metals were then added. The oxygens of the
peripheral phenyl groups on the two ligands were frozen, mimicking the geometric constraints of
the MOF lattice. The geometries were optimized using a split basis set of B3LYP/6-31+G(d) for
the C,N,O,H,X (X= Cl or Br) and B3LYP/LANL2DZ for Ni and Cu. Frequency calculations were
performed at this same level of theory to confirm that the final geometry was at a stationary point.
Free energy corrections were determined at the B3LYP/6-31+G(d) level of theory at 298.15 K.
Single point energies were computed at the B3LYP/6-311+G(d, p) and B3LYP/LANL2DZ level
of theory with empirical dispersion correction (D3BJ) and solvent correction via polarization
continuum using methanol or acetonitrile as the solvent for 1-(IP)NiCl, and 2-(DPA)CuBr;,
respectively. All molecular structures were rendered in Diamond.

10. X-ray absorption spectroscopy (XAS).

10.1 Data collection and normalization

XAS measurements were conducted using the mail-in program at the Advanced Photon Source.

Powder samples were prepared as wafers without additional grinding, and sealed with Kapton tape.

Ni K-edge data were collected on the XAS beamline 12-BM (4.5 — 20 keV) using a Si(111)
monochromator. Transmission and fluorescence data were collected simultaneously at room
temperature (24 °C). The data presented here are from transmission mode. Energy calibration was
achieved by using metal foil as a reference and the first peak in the first derivative of the metal foil

XAS spectrum was calibrated to 8331.6 eV. Calibration and data alignment were performed using
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Larch through the XAS Viewer GUL® After averaging, the spectra of the studied samples were
normalized to a total absorption of unity and processed using the Larch data normalization and
analysis package. For normalization, the spline r-background parameter was set to 1.0. The
background subtraction was done using a pre-edge range of -200 to -50 eV and a post edge linear
range of 60 to 830 eV. A spline range of k=0 to k=15 A! and k-weight of 2 was used to isolate
the EXAFS (chi) function. The Ni K-edge EXAFS spectra were Fourier transformed over a .-

range of 2-11A-1.10

Cu K-edge data were collected on the XAS beamline 12-BM (4.5 — 20 keV) using a Si(111)
monochromator. Transmission and fluorescence data were collected simultaneously at room
temperature (24 °C). The data presented here are from fluorescence mode. Energy calibration was
achieved by using metal foil as a reference and the first peak in the first derivative of the metal foil
XAS spectrum was calibrated to 8980.48 eV. Calibration and data alignment were performed using
Larch through the XAS Viewer GUI. After averaging the spectra of the studied samples were
normalized to a total absorption of unity and processed using the Larch data normalization and
analysis package. For normalization, the spline r-background parameter was set to 1.0. The
background subtraction was done using a pre-edge range of -200 to -50 eV and a post edge linear
range of 60 to 830 eV. A spline range of k= 1.0 to k= 15 A"! and k-weight of 2 was used to isolate
the EXAFS (chi) function. The Cu K-edge EXAFS spectra were Fourier transformed over a k-
range of 2-11A"".

10.2 EXAFS Fitting of 1-(IP)NiCl..

Fitting of the Ni K-edge EXAFS spectra was carried out by Larch software. The spectra of 1-

(IP)NiCl, were fitted in R-space with a R range of 1 to 3.0 A, and the fittings were done with a k-
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weight of 3. The Fourier transform was performed using a Kaiser-bessel window with a Dk of 4.0.
The inverse Fourier transform and DR of 0.50. From the reference fit we obtain the amplitude
factor (S¢?) of 0.999. Coordination numbers were fixed during fitting. Fits obtained by omitting
the additional solvent O atom showed unreasonable fits based on the R-factor and much greater
uncertainty in the Debye-Waller factor. The best fit parameters are outlined in Table S3.

10.3 EXAFS Fitting of 2-(DPA)CuBr».

Fitting of the Cu K-edge EXAFS spectra was carried out by Larch software. The spectra of 2-
(DPA)CuBr; were fitted in R-space with a R range of 1 to 3.0 A, and the fittings were done with
a k-weight of 3. The Fourier transform was performed using a Kaiser-bessel window with a Dk of
4.0. The inverse Fourier transform and DR of 0.50. From the reference fit we obtain the amplitude
factor (S¢?) of 0.96. Coordination numbers were fixed during fitting. The best fit parameters are
outlined in Table S6.

11. Electron paramagnetic resonance (EPR).

X-band EPR data were collected at 100K on a Bruker EMXnano spectrometer (microwave (mw)
frequency, 9.64 GHz) equipped with a liquid nitrogen cooling system. A power-saturation sweep
was performed between 50 and 0.15 mW. A microwave power of | mW, modulation amplitude of
8.23 G and a modulation frequency of 100 kHz were used. Samples were prepared in a nitrogen
filled glovebox by gently mixing samples of 2-(DPA)Cu(OTf):-5% and Mgydotpdc-
(DPA)Cu(OTf)2-5% with pre-ground KBr. Tubes were capped and sealed with electrical tape
before removal from the glovebox and obtaining spectra. Adequate signal-to-noise was achieved
after 10 scans. The allowed Ams = 1 transition of each spectrum was fit using EasySpin as a two-

component system consisting of the organic radical and the Cu(Il) center.
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To compare the relative intensities of the forbidden Ams = 2 transitions, the X-band spectra were
first background subtracted using a 5 order polynomial in Bruker’s Xenon processing software.
In order to account for any differences in the number of spins in 2-(DPA)Cu(OTf):-5% and
Mg>dotpde-(DPA)Cu(OTf)2-5%, the allowed Ams = 1 transitions were doubly integrated to obtain
the area under the absorption curve. These values were used to normalize the spectra, allowing us
to compare the integrated areas of the forbidden ADm;s = 2 transition at g ~ 4 (Table 3.S10).

12. Tables and figures.

Table 3.S1 | Summary of relative equivalents of metal salt and ligand used to synthesize
Mgodotpde, 1-XL-R% and 2-XL-R% including the predicted and observed percentages of cross-
linked dotpdc* to total dotpdc* in the framework (R%).

Mg?* salt! Cross-linked Hadotpde Predicted? Observed®

ligand R% R%

(equiv) (equiv) (equiv) (%) (%)

Mg:dotpdc 2.50 0 1.00 0% 0%
1-XL-18% 2.75 0.100 0.900 18% 18%
1-XL-34% 3.13 0.250 0.750 40% 34%
2-XL-5% 2.56 0.025 0.975 5% 5%
2-XL-23% 2.75 0.100 0.900 18% 23%

' 2.5 equivalents of Mg(NO3)2-6(H20) were added per dotpdc* unit. Note that each ligand dimer contains two
dotpdc* units.

2 The predicted percentage of cross-linked dotpdc* relative to the total amount of dotpdc* ligands in the framework.
3 Observed percentages were determined by 'H NMR characterization of frameworks digested in DCI/DMSO-ds.

Table 3.S2 | Summary of electronic energies, free energy corrections, and final Gibbs free energies
obtained from DFT -calculations for the symmetric and offset cross-linker configurations.
Calculations were performed at B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) with D3BJ dispersion
correction and solvent correction (methanol).

L1 Symmetric L1 Offset L2 Symmetric L2 Offset
configuration configuration configuration configuration
Blectronic energy 3565 5376 -3285.534 -3324.8569 -3324.5735
(Hartrees)
Free energy
correction at 298.15 0.782349 0.783189 0.811621 0.806289
K (Hartrees)
0
GMat 293.15 K -3284.7553 -3284.7508 -3324.0453 -3323.7672
(Hartrees)
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G"at298.15K

(keal/mol) -2059541.5 -2059538.8 -2084176.4 -2084002
Table 3.S3 | Summary of metalation results.
Percent functionalization® Expected M/Mg ratio Found M/Mg Ratio®
1-(IP)MnCl,¢ 18 0.09 0.09
1-(IP)FeCly¢ 18 0.09 0.09
1-(IP)Col 18 0.09 0.08
1-(IP)NiCl* 34 0.17 0.16
1-(IP)NiClL¢ 18 0.09 0.07
1-(IP)NiBr* 18 0.09 0.08
1-(IP)CuCl® 18 0.09 0.09
2-(DPA)FeCls 23 0.12 0.12
2-(DPA)Colx 23 0.12 0.12
2-(DPA)NiBr: 23 0.12 0.10
2-(DPA)CuBr 23 0.12 0.12
2-(DPA)CuCl2 5 0.03 0.03
2-(DPA)Cu(OTf) 5 0.03 0.03
2 Determined by digestion 'H NMR.
b Determined by ICP-OES.
¢ Synthesized using the one-pot method.
4 Synthesized using the step-wise method.
Table 3.54 | Fit results for Ni K-edge EXAFS 1-(IP)NiCl2
1-(IP)NiCl, Fitting Range 1;:3i90__1?)1 (())é
Independent points 11 Variables 6
Reduced chi-squared 380 R-factor 0.079
DEy (eV) 0 So? 1.000
CN (N/O) 3.0 CN (CD 2.0
R (Ni-N/O) 2.033 +£0.060 A s> (Ni-N/O) 0.002
R (Ni-Cl) 2.291 +0.068 A s? (Ni-Cl) 0.011
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Table 3.S5 | Tabulated distances for DFT optimized structure of 1-(IP)NiCl..
Ni-Cl,, = 2.370(38)

Ni-O,,=2.124(9) | Ni-N,_=2.122(24)

Metal center Ni-N () Ni-O (A) Ni-Cl (A)
Ni (1) 2.104 2.118 2.337
2.145 2.397
Ni (2) 2.100 2.131 2.337
2.141 2.341
Average 2.122 (0.024) 2.124 (0.009) 2.370 (0.038)
Table 3.S6 | Tabulation of reported five-coordinate nickel (II) iminopyridine complexes
CCDC Identifier Ni-N (A) Ni—Cl1 (A) Ni-O (A)
cucbuc!! 2.0642 2.318 2.043
2.032 2.291
ELEKIQ" 2.077 2.324 2.038
2.055 2.278
HAQLES" 2.058 2.321 2.155
2.007 2.262
HAQLIW" 2.111 2.313 2.077
2.045 2.278
LULYOI" 2.032 2.327 2.038
2.075 2.299 2.048
2.091 2.312
2.02 2.296
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MOTGIN® 2.037 2.305 2.099
2.083 2.282
PAJPIB!'S 2.021 23 2.069
2.077 2.286
YAPZIAY 2.032 2.304 2.089
2.073 2.315
YAPZOG' 2.025 2.313 2.097
2.072 23
Average 2.054 (0.028) 2.301 (0.017) 2.075 (0.037)
Table 3.S7 | Fit results for Cu K-edge EXAFS 2-(DPA)CuBr»
.l k:2.0-11.0 A
2-(DPA)CuBr: Fitting Range R:-1.0-3.0 A
Independent points 12 Variables 7
Reduced chi-squared 12 R-factor 0.013
DEy (eV) 11.5 So? 0.96
CN(Npyr) 2.0 CN(Nai) 1.0
CN(Brbasal) 1 .0 CN(Braplca]) 1 .0
R(Cu-Npyr) 2.010+£0.012 A s?(Cu-Npyr) 0.004
R(Cu-Nai) 2.143+£0.012 A s?(Cu-Nai) 0.004
R(Cu-Brpasal) 2.404 £ 0.015 A s?(Cu-Brpasal) 0.015
R(Cu-Brapicar) 2.787+0.023 A s?(Cu-Brapical) 0.015

Table 3.S8 | Tabulation of reported distorted square pyramidal bis(2-pyridylmethyl)amine-

ligated CuBr, complexes.

CCDC identifier Cu-N (pyridine) (A) Cu-N (amine) (A) Cu-Br (basal) (A) Cu-Br (apical) ()
AJUFOC'™ 1.995 2.128 2.418 2.671
1.994
IRUWUN" 2.017 2.082 2.430 2.728
2.025
KAFDOO? 2.004 2.129 2.424 2.641
2.006
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WESMIT?! 2.017 2.081 2.407 2.639

2.015
XAKDAQ?* 2.02 2.054 2.410 2.705
2.015
XIGQAF? 1.996 2.062 2.398 2.75
1.999
Average 2.009 (0.011) 2.089 (0.032) 2.414 (0.012) 2.689 (0.046)

Table 3.S9 | Tabulated distances for DFT-optimized structure of 2-(DPA)CuBr.

Cu-Br(basal), = 2.450(08)
Cu-Br(apical) = 2.705(03)

Cu-N(pyridine)_ = 2.064(03) e

avg

Cu-N(alkyl),,, = 2.096(06)

Metal Cu-N (pyridine) Cu-N (alkyl) Cu-Br (basal) Cu-Br (apical)
center (A) A (A) (A)
Cu (1) 2.061 2.092 2.444 2.703
2.067
Cu (2) 2.063 2.1 2.455 2.708
2.065
Average 2.064 (0.003) 2.096 (0.006) 2.450 (0.008) 2.705 (0.003)

Table 3.S10 | Normalized double integrals for 2-(DPA)Cu(OTf)2-5% and Mgrdotpdc-
(DPA)Cu(OTf)2-5%.

Material Ams=1 Am; =2 Ams =1 allowed Amg =1 allowed
allowed forbidden (Normalized) (Normalized)
2-(DPA)Cu(OTf)-5%  276804.84 1669.58 100 0.613
Mgzdotpde- 320404.81 1253.28 100 0.395

(DPA)Cu(OTf),-5%.
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Figure 3.S1 | 'H NMR spectrum of L; with aromatic region (inset) taken in DMSO-ds.
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Figure 3.S2 | 'H NMR spectrum of L, with aromatic region (inset) taken in DMSO-ds.
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Figure 3.S3 | 'H NMR spectrum of 1-XL-18% with aromatic region (inset) taken in DMSO-ds.
The relative ratio of 0.23:4.00 observed between the cross-linked dotpdc*~ doublet at 6.95 ppm

(1H per cross-linked dotpdc* unit) to Hsdotpde singlet at 7.67 ppm (4H) corresponds to a
percentage of 18%.
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Figure 3.S4 | 'H NMR spectrum of 2-XL-23% with aromatic region (inset) taken in DMSO-ds.
The relative ratio of 0.30:4.00 observed between the cross-linked dotpdc*~ doublet at 6.23 ppm

(1H per cross-linked dotpdc* unit) to Hadotpdc singlet at 7.67 ppm (4H) corresponds to a
percentage of 23%.
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Figure 3.S5 | N2 adsorption at 77K for 1-XL-18% and 2-XL-23%. Note that the slight differences
in total uptake are likely due to the mild room temperature activation conditions required for the
thermally sensitive cross-linked materials, leading to slight variations in the degree of activation.
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Figure 3.S6 | DFT optimized parallel (a) and offset (b) cross-linker apportionments for both L
and L. Structures were optimized at the B3LYP/6-31+G(d) level of theory with empirical

dispersion correction (D3BJ) and solvent correction via a polarization continuum model using
methanol as the solvent.
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Figure 3.S7 | Thermogravimetric analysis of 1-XL-18% under N».
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Figure 3.S8 | Thermogravimetric analysis of 2-XL.-23% under N».
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Figure 3.S9 | N> adsorption at 77K for 1-NH2-18%.
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Figure 3.510 | '"H NMR spectrum of 1-NH>-18% with aromatic region (inset) taken in DMSO-ds.
The relative ratio of 0.22:4.00 observed between the -NH> functionalized dotpdc*~ doublet at 7.48
ppm (1H) to the Hadotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of 18%. Complete
cross-linker cleavage is evidenced by the absence of alkyl signals between 1-1.4 ppm.
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Figure 3.S11 | N2 adsorption at 77K for 2-CH2NH2-23%.
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Figure 3.S12 | 'H NMR spectrum of 2-CH2NH2-23% with aromatic region (inset) taken in
DMSO-ds. The relative ratio of 0.28:4.00 observed between the -CH>NH, functionalized dotpdc*
doublet at 7.96 ppm (1H) to the Hsdotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of
23%. Complete cross-linker cleavage is evidenced by the absence of alkyl signals between 1-1.4
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Figure 3.513 | 'H NMR spectrum of 1-IP-18% taken in DMSO-ds. The relative ratio of 0.22:4.00
observed between the -NH, functionalized dotpdc* doublet at 7.45 ppm (1H) to the Haidotpdc
singlet at 7.67 ppm (4H) corresponds to a percentage of 18%. Quantitative imine formation is
evidenced by the 1:1 ratio of -NH> to 2-pyridinecarboxaldehyde.
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Figure 3.S14 | FT-IR ATR spectra of Mg>dotpdc-NH2-18% (red), and Mgodotpdc-1P-18% (blue)
showing clear loss of the amine N-H stretch (marked with an *) upon reaction to form the
iminopyridine moiety.
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Figure 3.S15 | 'H NMR spectrum of 2-DPA-23% taken in DMSO-ds. The relative ratio of
0.58:4.00 observed between the DPA functionalized dotpdc* triplet at 8.4 ppm (2H) to the
Hadotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of 23%.
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Figure 3.S16 | Fit (red dashed lines) to EXAFs spectrum of 1-(IP)NiCI2 (solid black line). (Inset)
Corresponding k*-weighted oscillations. See Table S3 for fitting parameters.
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Figure 3.S17 | Comparison of EXAFs spectrum of templated 1-(IP)NiCl2 (blue line, top) to non-
templated Mgadotpdc-IP-NiClz (red line, bottom).
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Figure 3.S18 | Comparison of EXAFs spectrum of templated 2-(DPA)CuBr: (blue line, top) to
non-templated Mgzdotpdc-DPA-CuBr; (red line, bottom).
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Figure 3.S19 | Room temperature X-band EPR spectra of Mgrdotpdc (black line), Mgrdotpde
subjected to 250 °C N thermolysis treatment (blue line), Mg:dotpdc subjected to standard
microwave thermolysis in 2-ethyl-1-hexanol (red line), and Mgzdotpde subjected to microwave
heating in the presence of butylated hydroxytoluene (green line).
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Figure 3.S20 | Fit (red dashed line) to X-band spectrum of non-templated Mg>dotpdc-
(DPA)Cu(OTf); collected at 100K (solid black line). Fit parameters: g = 2.06, 2.24; A = 32, 540.
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——  Mg:dotpdc-(DPA)CU(OTf)-5%

2500 2750 3000 3250 3500

Field (G)

3750

4000

Figure 3.S21 | Fit (red dashed line) to X-band spectrum of templated 2-(DPA)Cu(OTf): collected

at 100K (solid black line). Fit parameters: g = 2.06, 2.24; A = 35, 533.

13. Supplementary DFT-optimized coordinates

Table 3.S11 | DFT-optimized structure of 1-(IP)NiCl, with a coordinated methanol, with
turquoise, light green, blue, red and grey representing nickel, chlorine, nitrogen, oxygen,a nd

carbon, respectively. Hydrogens omitted for clarity.

T G

Symbol X Y Z O 5.4903
C 5.184952 18.413344  5.447583 C 13.137172
C 6.255206 17.748325  4.648063 C 11.105107
C 6.341212 17.879163  3.235776 C 10.691492
O 430989  19.15969  4.995703 C 9.7768

18.6104
12.383728
13.861837
13.506079
14.286875

2.474704
6.920501
6.790107
5.494258
4.788148
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13.261127
11.063236
9.456213
15.164429
14.086838
15.164739
16.021411
7.22466
8.249706
8.298352
7.365248
9.236716
9.65653
10.56671
7.195695
9.088371
7.411147
9.296018
3.089426
4.164246
4.214732
5.166611
2.208608
3.389003
11.060873
12.077636
11.977045
12.899036
9.034985
8.650647
7.738869
11.201439
11.155942
12.791618
9.044851
7.450524
13.072835
12.005635
13.966743
13.063871

12.482168
12.591064
13.960589
10.955158
11.606935
11.213297
10.221021

16.94144
16.283727
16.437341
17.215631
15.458847
15.817676
15.035476
16.786827
15.957783
17.339088
16.737517
16.839458
16.177299
16.272431
18.167417
17.578887
17.029583
10.850532
13.040175
12.900611
12.149894
12.321362
11.979175
12.737708
10.985826
13.367591
12.048827
11.068726
12.398929

9.390774
10.060699
11.490203

9.633045

5.848794
5.042045
3.802937
6.831373
7.614642
5.499567
7.279697
5.283408
4.607221
3.206096
2.540709
5.346547
6.640292
7.34713
6.356432
2.636442
1.463415
7.091542
11.718458
10.915169
9.497126
6.775694
11.266434
8.745517
13.211772
7.550592
8.947176
9.660536
13.077623
11.769352
11.038142
12.146614
9.48281
10.735502
11.328589
10.048169
13.114836
13.896572
9.029766
11.769552
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13.920204
14.840338
5.151076
6.15142
6.135543
5.181517
7.162019
7.562025
8.461524
5.155105
6.884954
5.151647
7.218816
10.888081
0.995332
2.090275
2.126881
3.065291
0.107205
1.287699
9.008303
9.977975
9.830675
10.763977
7.039721
6.674554
5.750374
9.15505
8.976726
10.635984
7.088195
5.484782
10.977359
9.926111
11.864198
10.962485
11.818909
12.739006
3.101184
4.100854

8.640119
10.769783
15.385693
14.699058
14.778818
15.537572
13.898288
14.269316

13.49723
15.271904
14.255441
15.571648
15.203989
15.362297
15.269727

14.63362
14.710802
16.586623
15.998089
15.448791

9.328669
11.471049
11.251831
10.513052

10.87259
10.537862
11.269733

9.465441
11.649216
10.376115

9.635718
10.924864

7.818176

8.505218

9.908033

8.052222

7.059321

9.188962
13.876859
13.184386

13.55068
9.801554
11.541347
10.851567
9.444507
8.788918
11.584278
12.874285
13.616563
12.61962
8.859027
7.705165
13.304736
8.33183
17.991878
17.191633
15.771677
13.046456
17.537215
15.016303
19.487716
13.841695
15.224097
15.9338
19.370198
18.051547
17.311473
18.424161
15.758281
17.001429
17.612353
16.317313
19.388756
20.168781
15.307934
18.040306
19.821488
16.072474
17.82273
17.134703
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4.061688
3.094803
5.129049
5.518756
6.442341
3.124625
4.798461
3.050736
5.145123
8.831168
-1.092765
0.034306
0.058786
0.963996
-1.994093
-0.813693
7.02834
7.951616
7.786314
8.678306
5.101692
4.679591
3.735805
7.142941
6.966891
8.550869
5.053389
3.404489
8.895496
7.899507
9.770731
8.861162
9.717516
10.637662
1.082455
2.105021
2.050079
1.0509
3.165874
3.62009

13.234839
13.973787
12.402159
12.771093
12.035185
13.802046
12.69603
13.983698
13.695533
13.955874
13.709261
13.120728
13.176768
15.005817
14.417314
13.867977
7.871883
9.984824
9.751722
8.957255
9.480891
9.100825
9.846347
7.93731
10.206099
8.836164
8.182324
9.482715
6.256929
7.007816
8.339358
6.471488
5.478486
7.608128
12.422777
11.756115
11.776812
12.462774
11.010519
11.41397

15.726107
15.066877
17.864797

19.15621

19.91572
18.904127
15.138492
13.983121
19.580563
14.905745
24.264767
23.475913
22.054222
19.317286
23.808018
21.287111
25.760642
20.124452
21.499226
22.198715
25.610403
24.323252
23.619086
24.686842
22.041609
23.266705
23.880843
22.651118

25.66154
26.452865
21.577038
24.311068
26.092334
22.343352
24.119809
23.439392
22.029685
21.360305
24.166658
25.435612
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4.563383
1.118246
2.799781
0.995094
3.248593
6.763017
7.916837
8.290789
9.620299
10.041865
9.15057
7.782236
7.340248
5.771042
5.977394
7.241565
7.497883
6.491029
5.184181
4.918375
6.857008
11.116808
9.537831
7.068704
6.28522
4.741367
8.531593
6.740384
4.383098
3.915408
-1.137415
6.04202
5.951589
6.789114
5.192985
6.670338
7.767194
8.536895
4.89548
4.830365

10.667199
12.375685
11.250126
12.435858
12.332967
12.569801
14.301344
14.820723
14.915417
15.364854
15.726105
15.629062
15.179629
12.990627
13.858243
14.293994

15.12701

15.57376
15.132675
14.260597
14.190742

15.42368
16.050559
15.898377
15.108891
12.753392
15.435471
16.255207
15.460081
13.898725
13.424994

8.633651

8.517895

7.667853

9.073298

7.588418

6.884064

6.027745

11.02575
19.030253

26.140626
25.203338
21.447338
20.277217
25.879419
21.198947
15.743218
17.054932
17.291651
18.473011
19.490912
19.255773
18.008258
21.910636
23.063822
23.258068
24.267467
25.131456
24.935152
23.877019
15.511467
18.602766

20.44884
20.028004
17.771889
21.641726
24.375071
25.937219
25.589775
23.681075

25.58798
26.388445
27.788893
28.502077
28.331788

29.57997

27.86782
28.613407
27.110535

3.071789
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Ni

2.740868
14.555427
0.6378
12.434563
-1.473939
10.31543
-0.461532
8.285952
15.915533
5.91513
13.682102
3.806999
11.559933
1.664143
9.433472
10.770518
8.650989

17.464664
10.856628
15.883692
9.23739
14.292649
7.6415
12.783166
6.11209
10.716573
17.629466
8.98483
16.038175
7.383927
14.399723
5.782025
14.558968
13.251321

9.34449
10.728589
15.61364
16.996629
21.87988
23.262408
25.859548
29.548787
5.124434
7.075924
11.380873
13.34549
17.653078
19.604857
23.922617
15.571844
22.144071

Cl
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8.893139
10.462504
9.897945
10.677328
11.29294
11.302157
9.965286
10.50703
11.852086
11.736362
10.72451
12.460367
11.896637
10.464918
12.7632
12.874634

11.772423
14.72496
11.98494

12.338914

11.486614

13.210779

12.566613

16.803423

13.948273

14.561714

14.361189

14.104471

15.639638

11.610534

14.042491

14.392662

23.993498
22.602163
21.063127
19.907867
19.609893
20.116661
19.114336
14.859437
13.853901
12.553158
12.203613
11.874729

12.62101
21.759167
14.187432
16.675102

Table 3.S12 | DFT-optimized structure of 2-(DPA)CuBr;, with green, dark brown, blue, red and
grey representing copper, bromine, nitrogen, oxygen, and carbon, respectively Hydrogens omitted
for clarity.

s,ﬁa’i .
e aal
Symbol X Y Z H 7.895938 10.055383 5.024514
C 1.642519 15.391301 5.721591 H 5.828908 10.933803 4.059796
C 2.525822 14.617212 4.826939 C 12.533428 9.17543 5.644485
C 2.197022 14.365053 3.463896 C 11.650812 9.971419 6.567096
O 0.5935 15.9248 5.3838 O 12.1247 9.0566 4.3415
O 1.0739 14.804 2.8219 O 13.5783 8.6205 5.949
C 10.432958 10.504534  6.088974 C 3.719846 14.08444  5.350194
C 827215 11.767196  6.292659 C 4.604005 13.323386 4.586633
C 7.550874 11.039124  5.329896 C 4.254961 13.088937 3.23987
C 6.370759 11.538589 4.781166 C 3.083111 13.595797 2.694971
H 10.138314 10.35516  5.056318 C 5.856186 12.786789  5.173579
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6.571946
7.752376
3.936371
4.922072
2.832708
6.222707
1.627702
2.479586
2.161907
2.0471
0.5935
1.0739
10.459922
9.540698
9.906118
11.096131
8.222935
7.577105
6.381765
10.267464
9.252328
11.380105
8.009393
5.933402
12.540094
11.654318
11.969908
12.1247
13.5783
13.0979
3.634523
4.493402
4.154091
3.014284
5.742434
6.368502
7.600152
3.843186
4.802774
2.766373

13.50953
13.011249
14.268992
12.516525
13.412695
14.490715
15.365925
14.537068
14.303432

15.4886
15.9248
14.804
10.554347
11.250575
11.502346

11.00898
11.693586
10.996466
11.436354

10.56772
12.076341

11.24557
10.067315
10.853358

9.180348

9.973707
10.222718

9.0566

8.6205

9.7412
13.935534
13.137075
12.928602
13.493088
12.588992
13.258109
12.875087
14.108792
12.335833
13.336188

6.145187
6.692786
6.395311
2.602377
1.654752
6.453297
12.526914
11.643389
10.274849
6.9913
12.1836
9.6217
12.876525
6.862394
8.196199
8.704887
13.118954
12.078713
11.512789
11.809667
8.845571
9.725842
11.719484
10.714229
12.455577
13.36753
7.9323
11.1413
12.7488
8.5112
12.175672
11.417073
10.064343
9.51096
11.999423
13.056597
13.593079
13.223203
9.42682
8.467304
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5.90338
8.293808
1.647654
2.546482
2.222883

2.0471
0.5935
1.0739
10.50886
9.486312
9.741203
10.951258
8.300323
7.741156
6.593903
10.369463
8.993858
11.175819
8.191966
6.200833
12.548884
11.676366
11.925891

12.1247

13.5783

13.0979

3.75286
4.660977
4.326105
3.133383
5.915976

6.46857
7.647722
3.953563
5.008408
2.877824
5.964264
1.659668
2.581405
2.247436

14.150763
13.617056
15.398929
14.648792
14.411003
15.4886
15.9248
14.804
10.615648
11.148547
11.165352
10.726967
11.809
11.264885
11.784514
10.684994
11.526993
10.875512
10.381017
11.299739
9.190687
9.995121
10.128153
9.0566
8.6205
9.7412
14.12731
13.415999
13.228104
13.702678
12.869596
13.405735
12.932156
14.282154
12.707179
13.543319
14.232504
15.41194
14.703605
14.452723

13.456424
7.413637
19.317965
18.409183
17.04304
13.7911
18.9834
16.4215
19.652627
13.686338
15.069545
15.570334
19.875471
18.702974
18.112293
18.581016
15.766147
16.618572
18.262279
17.224632
19.254266
20.156206
14.756099
17.9411
19.5486
15.311
18.912497
18.12436
16.767271
16.2463
18.694203
19.863839
20.447458
19.964175
16.103214
15.206181
20.347774
26.107138
25.191333
23.829638
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2.0471
0.5935
1.0739
10.565624
9.512874
9.707487
10.908834
8.457979
7.810036
6.634547
10.350414
8.922866
11.090404
8.195876
6.149075
12.549395
11.710279
11.922934
12.1247
13.5783
13.0979
3.825749
4.750979
4.393531
3.172937
6.039556
6.697892
7.879003
4.048791
5.085158
2911325
6.298768
2.0471
9.685117
10.003405
11.135654
9.350644
11.354153
12.003089
13.0979

15.4886
15.9248
14.804
10.680931
11.17509
11.07321
10.633826
12.043244
11.402052
11.911593
10.57678
11.345387
10.723629
10.463393
11.357241
9.191126
10.05091
10.107648
9.0566
8.6205
9.7412
14.249741
13.578397
13.359426
13.777508
13.082081
13.732788
13.228489
14.422393
12.858472
13.604044
14.661504
15.4886
11.472174
11.669398
11.097493
12.260931
11.268008
10.28282
9.7412

20.5909
25.7832
23.2213
26.401637
20.458253
21.848582
22.365227
26.529042
25.457189
24910118
25.347512
22.542295
23.426293
25.071091
24.112541
26.056295
26.937814
21.552043
24.7409
26.3484
22.1108
25.67638
24.873477
23.527313
23.022548
25.416834
26.474396
27.014163
26.722543
22.857255
21.986166
26.870231
27.3907
27.139655
28.496996
29.05794
29.130604
30.109143
28.311258
28.9106
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8.370413
0.549159
0.554865
12.997241
0.533157
12.991238
0.528722
12.985921
1.357221
13.1219
11.313099
1.341346
11.173925
1.354505
11.157264
1.333342
11.154923
8.813674
9.999489
7.893243
6.995859
11.131478
7.584396
6.875817
5.534065
4.915552
5.659415
11.118067
12.114591
13.1843
13.211094
12.165794
8.511609
7.3301
10.294527
9.77848
5.207172
3.866936
4.989555
7.411699

13.788164
15.329312
15.333064

9.749696

15.29826

9.676272
15.288844

9.664373
15.983352
10.009522

9.550678
15.888534

9.228779
15.921053

9.120538
15.871538

9.061719
15.016076
14.860193
16.094489
16.418001
14.259652
16.331143

16.60186
16.970807
17.057687
16.781098
14.489836
14.018444
13.310479
13.074168
13.548227
16.966894

15.84387
15.856487
14.263537

16.83631
17.325869
17.167339
16.505646

27.802663
3.467165
10.269247
9.483737
17.078549
16.282377
23.881136
23.080969
27.872256
29.844622
4.14761
7.533992
11.034286
14.326003
17.863879
21.13635
24.672089
21.327488
20.467325
20913152
22.078364
21.257383
23.294025
24.399699
24.341229
23.09514
21.945923
22.587187
23.355994
22.8197
21.443991
20.654572
20.6847
20.011135
20.130251
19.57569
20.961265
23.015926
25.257587
25.336375
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12.032054
13.969093
12.139896
9.539985
10.614448
10.063169
8.156578
7.33058
8.892346
14.024613
8.906445
10.204348
8.072816
7.025987
11.200684
7.410088
6.544703
5.248206
4.843414
5.746847
10.984694
11.836781
12.954949
13.1901
12.298321
8.735235
7.627206
10.555368
10.110138
5.461246
3.835999
4.57427
6.919294
11.599863
13.622968
12.437171
9.349211
10.58202
9.465101
8.199205

14.230828
12.943165
13.361397
15.676361
17.956925
15.747869
13.710473
13.922505
13.159567
12.512642
15.019063
14.635484
15.846808
16.548542
14.384534
16.8868
17.503896
17.816111
17.47712
16.83406
15.050822
14.901212
14.077544
13.389338
13.543557
16.598376
15.26198
15.479382
13.764055
16.541492
17.692922
18.306587
17.738956
15.469513
13.981792
13.007246
16.302442
18.163425
17.206712
13.858821

24.415479
23.471592
19.586909
23.183984
22.194771
25.581096
21.645706
22.326161
22.214778
20.996365
13.936699
13.34957
13.040782
13.865055
14.453948
15.11573
15.935413
15.535018
14.243592
13.39586
15.608835
16.63614
16.548634
15.357101
14.296574
12.60056
12.231072
12.748327
12.693191
12.390814
13.904244
16.228726
16.924912
17.528
17.397599
13.364121
15.529283
14.004925
17.797443
14.577898

7.401936 14.270412 15.199663

8.925592 13.414843
12.73035 15.259007

14.046827

15.24911
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Chapter 4. Stabilizing Large Pores in a Flexible Metal-Organic Framework
via Chemical Cross-linking

4.1 Introduction.

Isoreticular expansion is a simple yet powerful tool for the rational design of larger pore
metal-organic frameworks (MOFs).!? Broadening the number of chemically robust MOFs
amenable to systematic pore expansion is critical for applications requiring the encapsulation or
diffusion of large guests, such as catalysis, sensing, and drug delivery.>* Despite its conceptual
simplicity, isoreticular expansion is often challenging to implement in practice. In addition to
reduced chemical and structural stability, frameworks with large pores are prone to
interpenetration, which reduces the overall accessible pore volume and surface area.!-**

Frameworks composed of rod-like secondary building units are promising candidates for
isoreticular expansion, as the pore walls are tightly framed by ligands and cannot be
interpenetrated.>® However, rod-packing frameworks face other barriers to pore expansion,
including competing phase formation and complex breathing behavior. Phase purity challenges
are best illustrated by considering the reaction of a simple linker, 1,4-benzenedicarboxylic acid
(Hobdc), with various metal cations. While it is possible to achieve rod-packing motifs, such as
those found in MOF-69C (Zn3(OH)2(bdc)2)? and MIL-140A (ZrO(bdc)),” alternative phases are
often equally, if not more, synthetically accessible. In the case of Zn*" and Zr*", competing phases
include MOF-5 (Zn4O(bdc)3)® and UiO-66 (Zr¢Os(OH)a(bdc)s),’ two of the most well-known and
highly-studied frameworks to date. Because the formula units of MOF-69C vs. MOF-5 and MIL-
140A vs. UiO-66 differ only in their bridging oxide/hydroxide content, achieving phase purity is

nontrivial and requires the laborious testing of various solvents, additives, and heating methods.%!°
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In contrast to the complex structural landscape observed with M?* and M** salts, combining
Hobde with a M3* cation typically leads to phase-pure MIL-53(M) (M = Al, Sc, Cr, V, Fe, Ga, In)
(Fig. 4.1)."'"'7 However, many frameworks in the MIL-53 series display large breathing behavior,
with pores opening and closing in response to environmental changes.!? The flexibility of the MIL-
53 structure type adds a new layer of difficulty to the construction of larger-pore variants, as the
breathing behavior changes unpredictably as a function of linker length.!®! Due to these
challenges, no rod-packing MOF architecture has replicated the success of the MOF-74 family
(also known as Ma(dobdc), dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate), which can be
expanded to achieve permanently porous
channels approaching 10 nm in diameter.?

Broadening the number of rod-packing

architectures that are robust to isoreticular
expansion remains an important synthetic

goal.

Here we show that chemical cross-
Fig. 4.1 | Overview of chemical cross-linking strategy to

linking can be used to enhance the structural induce pore rigidification in flexible frameworks.

rigidity of expanded MIL-53 analogues, providing access to large-pore variants. We report the
synthesis of AI(OH)dmtpdc (dmtpdc?- = 2',5'-dimethyl-[1,1':4',1"-terphenyl]-4,4"-dicarboxylate),
a terphenyl-expanded variant of MIL-53(Al). While Al(OH)dmtpdc partially closes upon guest
evacuation, the installation of simple cross-linkers between ligands effectively locks the pores in
the open form. Gas sorption measurements show that the cross-linked material possesses ~17 A

diameter pores and a Brunauer—-Emmett-Teller (BET) surface area of 1870 m?/g.
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4.2 Results and Discussion.

4.2.1 Synthesis and characterization of cross-linked frameworks.

We have been interested in developing pore-expanded analogues of MIL-53(Al) due to its
resistance to interpenetration, good chemical stability, and tunable pores decorated with mildly
Brensted acidic and functionalizable hydroxyl groups.?!??> The MIL-53(Al) structure is composed
of infinite chains of corner-sharing A" octahedra bridged by bdc?~ ligands to form one-
dimensional, diamond-shaped channels (Fig. 4.1). Previous reports have shown that the central
benzene ring of MIL-53(Al) can be readily replaced with naphthyl, biphenyl, and bipyridyl
units.'®!” These expanded analogues are all permanently porous, with BET surface areas of 1308,
1613, and 2160 m?/g, respectively. '

Given the apparent amenability of MIL-53(Al) to isoreticular expansion, we sought to
synthesize the terphenyl wvariant, Al(OH)dmtpdc (2',5'-dimethyl-[1,1":4',1"-terphenyl]-4,4"-
dicarboxylate) (Fig. 4.2). Equimolar amounts of AICl3-6H>O and Hodmtpdc were heated in DMF
to afford a microcrystalline white solid whose powder X-ray diffraction pattern (PXRD) largely
matches the simulated pattern for fully open Al(OH)dmtpdc (Fig. 4.3a). However, in addition to
the predicted peaks, additional features at ~6.5 and 10.5° 26 were also observed. These peaks are

inconsistent with the open form and are tentatively attributed to partially closed phase(s) (Fig.

4.S5).

HO™ S0 ~
H,dmtpdc AI(OH)dmtpdc Hytpde-XL Al(OH)tpdc-XL-R%

Fig. 4.2 | Modeled structures of the terphenyl expanded MIL-53(Al) frameworks (a) Al(OH)dmtpdc and (b)

Al(OH)tpdc-XL-R%.
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Like other members of the MIL-53 family, Al(OH)dmtpdc is flexible and undergoes

structural changes in response to changes in solvation and pressure. While the PXRD patterns of

DMF and MeCN-soaked samples are relatively similar, significant changes were observed under

all other tested conditions (MeOH, THF, H>O, vacuum activation) (Fig. 4.S6). Specifically, the

appearance of new peaks and significant peak broadening were observed. Furthermore, these

structural changes are not fully reversible, and the original PXRD pattern could not be recovered

even after resolvation in DMF or MeCN (Fig. 4.S7-4.S8).

Gas sorption studies further confirmed that the flexible pores of Al(OH)dmtpdc are

unstable to solvent exchange and activation. The theoretical surface area of fully open

Al(OH)dmtpdc was calculated using the software Zeo++ and a predicted value of 3180 m?/g was

a

o

Quantity Adsorbed (mmol/g)

Fig.

Intensity (a.u.)

40

— Al(OH)tpdc-XL-100%

—— AI(OH)tpdc-XL-46%

—— Al(OH)tpdc-XL-21%
Al(OH)tpdc-XL-9%

—— AI(OH)dmtpdc

—— Calculated

20
20 (degrees)

30 40

—o— Al(OH)tpdc-XL-100%
| &~ Al(OH)tpdc-XL-46%
—o—  Al(OH)tpdc-XL-21%

Al(OH)tpdc-XL-9%
-o— Al(OH)dmtpdc

0.4 0.6

Pressure (mbar)
4.3 | (a) PXRD patterns and (b) N2 adsorption

isotherms at 77 K for Al(OH)dmtpdc and cross-linked
Al(OH)tpdc-XL-R% frameworks.

obtained.?® In contrast, the experimentally

measured BET  surface area  of
Al(OH)dmtpdc was 645 m?/g, significantly
lower than the theoretical value, indicating
substantial pore collapse upon solvent
removal (Fig. 4.3b). To further probe the
pore structure, density functional theory
(DFT) methods were used to calculate the
pore size distribution from 77 K Nz
adsorption data. A mixture of pore sizes was
obtained, with large pores centered around

16-18 A as well as smaller pores between

8-10 A in diameter (Fig. 4.89). The broad
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distribution of pore diameters suggests that the activated material is not a single phase but is likely
a complex mixture of open, partially open, and closed phases.

Given the structural flexibility and low porosity of AI(OH)dmtpdc, we investigated various
strategies to rigidify the framework. Previous reports have shown that the presence of bulky
functional groups can modulate flexible behavior through a combination of steric hindrance and
intraframework interactions.?* We hypothesized that installing short cross-linkers between pairs
of ligands would more effectively stabilize the open configuration (Fig. 4.1). Relative to simple
functional groups, cross-linkers should provide stricter geometric constraints on the motion of the
pores, similar to how rigid ligands have been previously used as “girders” to enhance the
mechanical stability of MOFs.?* Cross-linking MOF ligands is well-studied, and has been used to
generate “poly-MOFs” with enhanced chemical stability.?®?” Our group has previously used short
diester bridges to cross-link terphenyl expanded MOF-74 analogues.?® Given that the MIL-53
structure type possesses similar one-dimensional pore channels, we posited an analogous approach
would be viable.

We synthesized the ligand Hatpdc-XL, which contains two terphenyldicarboxylic acid
units linked by a 5-carbon diester chain (Fig. 4.2b). Combining AlCI3-6H>O with various ratios of
H>dmtpde and Hastpde-XL readily produces the cross-linked framework Al(OH)tpdc-XL-R%,
where ‘R%’ refers to the percentage of cross-linked ligand struts in the framework (Fig. 4.2b, see
SI for synthetic details).

The experimental powder pattern of the cross-linked Al(OH)tpdc-XL-R% closely matches
the predicted structure of a fully open AI(OH)dmtpdc framework (Fig. 4.3a). In contrast to the
PXRD of Al(OH)dmtpdc, no additional peaks indicating the presence of partially closed phases

were observed. Pawley refinement of the fully cross-linked material, Al(OH)tpdc-XL-100%,
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afforded a unit cell of a = 6.77(8) A, b = 29.02(28) A, and ¢ = 24.71(22) A in the Pnma space
group, consistent with computational models of the fully open structure (Fig. 4.S10, Table 4.S3).
'"H NMR of digested samples confirmed the input ratio of Hodmtpde to Hatpde-XL was closely
retained in the final material, with no indication of cross-linker decomposition (see SI). The
incorporation of the cross-linker was further confirmed by FT-IR, with the growth of the ester
carbonyl stretch at 1718 cm™! (Fig. 4.S11) at higher cross-linker concentrations.

Gas sorption measurements confirm that chemically cross-linking successfully stabilizes
the open configuration. A BET surface area of 1870 m?/g was obtained for the fully cross-linked
AI(OH)tpdc-XL-100%, nearly three-fold higher than Al(OH)dmtpdc. While this value is still
lower than the predicted value for open AI(OH)dmtpdc, a decrease in surface area is expected as
the pores are partially occupied by cross-linkers. In addition to an improved surface area, the DFT
pore size distribution shows only large pores centered around 16-19 A, rather than a complex
mixture of small and large pore diameters. The slight variations in pore size between 16-19 A may
be due to subtle changes in the extent of pore opening. We found that the surface area of
AI(OH)tpdc-XL-R% was directly correlated with the percentage of cross-linker incorporation. The
BET surface areas increase from 1330 m?/g to 1870 m?*/g between AI(OH)tpdc-XL-9% and
AI(OH)tpdc-XL-100%, respectively (Fig. 4.3b).

In addition to a higher surface area, the fully cross-linked AI(OH)tpdc-XL-100% also
exhibits markedly improved solvent stability compared to the parent framework. While samples
immersed in protic solvents like methanol or boiling water initially lose diffraction peak intensity,
the intensity is fully recovered upon re-immersion in an aprotic solvent such as acetonitrile (Fig.
4.S12—-4.S14). Finally, thermogravimetric analysis of the parent and cross-linked materials reveals

excellent thermal stability for the cross-linked materials (Fig. 4.S15).

191



To probe the necessity of the cross-linker, we synthesized a simple propyl ester analogue
of Hodmtpdc, mimicking the steric profile of the cross-linked ligand but with greater rotational
freedom (Fig. 4.S16). The resultant propyl ester-functionalized framework shows poor
crystallinity compared to both Al(OH)dmtpdc and Al(OH)tpdc-XL-100%, and a BET surface area
of only 1275 m2/g (Fig. 4.S17-4.S18). Together, these results suggest that the rigidity engendered
by cross-linkers plays a crucial role in stabilizing open pores.

Next, the configuration of the cross-linkers in the pores was probed via modeling studies.
We investigated two possible configurations, which are illustrated in Fig. 4.4. In the “down-pore”

a b configuration, the cross-linker bridges
adjacent ligands down the pore channel,
whereas in the “across-pore” configuration,

the cross-linker bridges neighboring ligands

S
O-R:;:‘Q. "A/L\Nj:)) .
gy 9% g oe S \ Y in the bc plane. To carry out these
Lo tee ¢
down-pore configuration across-pore configuration calculations, the extended structure of

+ 14.3 kcal/mol

Fig. 4.4 | Truncated model structures showing the (a) Al(OH)dmtpdc was first optimized in
“down-pore” and (b) “across-pore” cross-linker

configurations.

Materials Studio (Table 4.S3) and then
truncated to two neighboring ligands. The ligands were partially frozen such that only the central
phenyl rings could freely move, mimicking the geometric restrictions of the framework lattice. For
both configurations, a bridging cross-linker was added, and the geometries were optimized using
DFT (see SI for computational details). Altogether, our modeling studies suggest the “down-pore”
configuration is the dominant structure in the framework, with an energetic preference of over 14

kcal/mol (Table 4.4S3).
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4.2.2 Prins condensation catalysis.

Due to its increased pore size and structural stability, we hypothesized that the fully cross-
linked Al(OH)tpdc-XL-100% would outperform Al(OH)dmtpdc in applications requiring the
diffusion of guests through the pores, such as catalysis. The Prins condensation between B-pinene
and paraformaldehyde to form nopol was investigated as a proof-of-concept reaction (see Scheme
4.S3 for reaction overview). Previous reports have shown that the Prins reaction can be catalyzed
by Lewis acidic metal centers in MOFs.?° While the bulk of AI** centers in MIL-53(Al) are
coordinatively saturated, the framework is known to contain a small amount of Lewis acidic defect
sites that can be used to catalyze this reaction.’® We found that cross-linked AI(OH)tpdc-X1-100%
outperformed the noncross-linked framework. Specifically, Al(OH)dmtpdc showed negligible
catalytic activity at 80 °C in MeCN, while AI(OH)tpdc-XL-100% showed ca. 19 % conversion
under the same conditions (Table S7). We note that the incomplete conversion may be due to the
relatively low concentration of Lewis acidic defect sites as well as possible product adsorption and
inhibition.

4.3 Conclusions.

In conclusion, we have shown how cross-linking stabilizes open pores in the terphenyl
expanded analogues of MIL-53(Al), leading to improved mass transport and higher catalytic
activity. While we have focused on the MIL-53 family, chemical cross-linking may serve as a
generalizable route for accessing stable, large-pore variants of flexible metal-organic frameworks.
More broadly, these results suggest that our crosslinking strategy may be a way to alter the
thermodynamic landscape, making otherwise inaccessible framework motifs thermodynamically

favorable products.
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4.6 Supporting Information

1. General materials and methods.

Reagents and solvents were purchased from commercial vendors (Millipore Sigma, TCI America,
Alfa Aesar, Fisher, Oakwood Chemical, Combi-Blocks) and used without purification unless
otherwise noted. Deuterated solvents (CDClz, DMSO-ds) were purchased from Cambridge Isotope
Laboratories. NMR spectra were acquired on Bruker AV300, AV301, DRX499, or AV500
instruments. '"H and '*C NMR spectra were referenced to residual deuterated solvent peaks. High

resolution mass spectrometry data of ligands and their intermediates were collected on a Thermo
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Scientific LTQ Orbitrap XL instrument in positive ion mode. C, H, N combustion analysis was

conducted by Atlantic Microlabs Inc.

Powder X-ray diffraction data were collected on either a Bruker D8 Discover powder X-ray

diffractometer located in University of Washington’s Molecular Analysis Facility, or a Bruker D2

PHASER benchtop diffractometer.

Gas Chromatography Mass Spectrometry data was collected on an Agilent 5973 GC-MS.

Infrared (IR) spectra were recorded on a FTIR Perkin Elmer Frontier (2 ¢cm™ resolution)

instrument.
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2. Ligand Syntheses.

Os_OMe
: 4.2 equiv K,CO3
cat. Pd(dppf)Cl, KOH
- ——— > | H,dmtpdc
OMe THF/H20 THF/H20
2.2 equiv é O
HO” OH MeO™ ~O
Scheme 4.S1. Overview of the synthesis of szmtpdc.
0 O Oy OH HO. O
Br O O
21 ©)LOH Br O o] o]
e I DCC/DMAP ©)Lo/\/\/\o HO “OH o/\/\/\o _TFAIDCM o/\/\/\o O
+ I z F'd(dppf cw DCM
HO™N""0H O
O~ "OH HO™ ~O
[ xomu |
Scheme 4.S2. Overview of the synthesis of primary ester-based hgand dimer, Hytpdc-XL.
OMe
Oy OMe Br K,COs
Pd(dppf)Cl, DCM
* THF/H20
HoBoH Br
2.2 equiv
MeO” ~O

A 500 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was charged
with 2,5-Dibromo-p-xylene (2.000 g, 7.58 mmol, 1 equiv.), 4-methoxycarbonylphenylboronic acid
(2.976 g, 16.67 mmol, 2.20 equiv.), and K»CO3 (4.411 g, 31.84 mmol, 4.20 equiv.). Next, 200 mL
THF followed by 50 mol deionized water were added. While stirring, the solution was purged with
N> for 40 minutes. Subsequently, Pd(dppf)Clo DCM (0.124 g, 0.15 mmol, 0.02 equiv.) was added

under positive N2 flow and the solution was stirred at 70 °C for 18 h, during which time the solution
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turned a dark brown. The reaction was cooled to room temperature and diluted with deionized
water (50 mL) followed by 50 mL EtOAc. The organic layer was separated, and the aqueous layer
extracted with EtOAc (2x50 mL). The combined organics were dried using MgSOs, concentrated
in vacuo, and the resultant brown residue subjected to filtration through a pad of silica gel (DCM).
The pale yellow filtrate was concentrated in vacuo to give pale yellow solids. The solids were
washed with n-hexanes to afford [1,1":4',1"-Terphenyl]-4,4"-dicarboxylic acid, 2’,5'-dimethyl-,
4,4"-dimethyl ester (2.280 g, 80 % yield) as an off-white solid, which was used without further
purification. 'H NMR (300 MHz, CDCl3) 8 8.11 (d, J= 8.4 Hz, 4H), 7.45 (d, /= 8.4 Hz, 4H), 7.16
(s, 2H), 3.96 (s, 6H), 2.27 (s, 6H). This spectrum is consistent with what is reported in the

literature.!

O O Oy OH

C C
O ®
¢ ¢

SO0 HO™~O
H,dmtpdc

To a 500 mL round bottom flask charged with a stir bar, was added [1,1":4",1"-Terphenyl]-4,4"-
dicarboxylic acid, 2',5'-dimethyl-, 4,4"-dimethyl ester (1.965 g, 5.25 mmol, 1 equiv.) followed by
100 mL THF. Separately, KOH (5.834 g, 104.96 mmol, 20 equiv.) was dissolved in 100 mL
deionized water. While stirring, the KOH solution was added to the round bottom flask. The
reaction was then allowed to stir at 50 °C overnight. The reaction was cooled to room temperature
and acidified to pH= 1 using 1M HCI, resulting in white precipitate. The precipitate was then

filtered, washed with water then n-hexanes, and allowed to dry in air, affording Hxdmtpdec (1.703
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g, 95% yield) as a white solid which was used without further purification. 'H NMR (500 MHz,
DMSO-dp): 8 12.99 (s, 2H), 8.02 (d, J = 8.3 Hz, 4H), 7.52 (d, J = 8.3 Hz, 4H), 7.20 (s, 2H), 2.24

(s, 6H). This spectrum is consistent with what is reported in the literature.!

Br O

Br (o] (0] Br
OH AN
@X + HONANA"N0H DCC/DMAP ©/Ko o)‘\©
Br Br Br
21 XL-Br

equiv
A 250 mL oven-dried Schlenk flask equipped with a stir bar was charged with 2,5-dibromobenzoic
acid (2.849 g, 10.20 mmol, 2.10 equiv.), N,N’-dicyclohexylcarbodiimide (3.006 g, 14.57 mmol.
3.00 equiv.), 4-(dimethylamino)pyridine (1.246 g, 10.20 mmol, 2.10 equiv.) and anhydrous
dichloromethane (150 mL), and the slurry was allowed to stir for 5 minutes. Next, 1,5-pentanediol
(0.509 mL, 4.86 mmol, 1.00 equiv.) was added via syringe. The inhomogeneous solution was
allowed to stir for 24 h, cooled to 0 °C, filtered over celite, and the organics washed with NaHCO3
(1x100 mL) and HCI (1M, 1x120 mL). The organics were then dried over MgSOQs, filtered and
concentrated in vacuo to afford a pale yellow oil. The oil was brought up in fresh hexanes and
cooled to 0 °C overnight before filtration over celite and concentration to afford XL-Br as an oil
which was used without further purification (2.33 g, 76% yield). 'H NMR (300 MHz, CDCl3): §
7.89 (d, J = 2.4 Hz, 2H), 7.51 — 7.44 (m, 4H), 4.37 (t, ] = 6.5 Hz, 4H), 1.86 (dt, J = 14.1, 6.8 Hz,

4H), 1.69 — 1.58 (m, 2H) ppm. This spectrum is consistent with what is reported in the literature.?

200



Br \|/
Ko,CO3
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XL-OtBu
A 500 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser under N> was
charged with XL-Br (2.33 g, 3.71 mmol, 1.00 equiv.), tert-butyl 2-hydroxy-5-(4,4,5,5-tetramethyl-
1,3,2-dioxaborolan-2-yl)benzoate (3.375 g, 15.21 mmol, 4.1 equiv.), K»CO3 (9.204 g, 66.6 mmol,
18.0 equiv.), THF (160 mL) and deionized water (40 mL). The solution was sparged with N> for
40 minutes, followed by addition of Pd(dppf)Cl. DCM (0.0906 g, 0.111 mmol, 0.0300 equiv.).
The solution was heated to 60 °C for 16 h. The reaction mixture was cooled to room temperature,
followed by addition of deionized water (250 mL) and EtOAc (250 mL). The organics were
separated, and the aqueous layer extracted with EtOAc (2x100 mL). The combined organics were
dried over MgSQu, filtered, and concentrated in vacuo, and the resultant dark brown residue was
subjected to filtration through a pad of silica gel (DCM), and the filtrate concentrated to afford
XL-OtBu as an off white powder which was used without further purification (3.33 g, 88% yield).
'"H NMR (500 MHz, DMSO-ds): 5 8.05 (s, 2H), 8.03 — 7.93 (m, 6H), 7.89 (d, J= 8.0 Hz, 4H), 7.84
(d, J=8.0 Hz, 4H), 7.51 (d, J = 8.0 Hz, 2H), 7.37 (d, J = 8.0 Hz, 4H), 3.95 (t, J = 6.2 Hz, 4H),
1.56 (s, 18H), 1.51 (s, 18H), 1.23 — 1.14 (m, 4H), 0.65 (p, J = 8.0 Hz, 2H). 1*C NMR (75 MHz,
DMSO-ds) & 167.40, 164.55, 144.51, 142.45, 139.92, 138.52, 131.55, 131.11, 130.70, 130.24,
129.68, 128.83, 128.24, 127.77, 126.75, 80.70, 80.58, 64.51, 27.70, 27.62, 27.26, 21.48. MS

(ESI/ion trap) m/z: [M+Na]" Cs3HesO12Na: 1039.5; found: 1039.5.
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XL-OtBu H tpdc-XL

To a 100 mL round bottom flask equipped with a stir bar was added PE-Ls-O'Bu (3.33 g, 3.28
mmol). The flask was cooled to 0 °C in an ice bath, followed by addition of DCM (30 mL) and
concentrated trifluoroacetic acid (30 mL). The solution was removed from the ice bath and allowed
to stir at room temperature for 2 h, during which time no solids precipitated out. After, the solution
was diluted with hexanes (60 mL), the resultant inhomogeneous mix centrifuged, and the mother
liquor decanted. The solids were washed with hexanes repeatedly to remove remaining acid and
afford Hatpde-XL as an off-white solid (2.405 g, 93% yield). '"H NMR (300 MHz, DMSO-dp): &
8.11 — 8.00 (m, 6H), 8.00 (d, J = 2.0 Hz, 1H), 7.95 (d, /= 8.4 Hz, 5H), 7.87 (d, J = 8.2 Hz, 4H),
7.54 (d, J = 8.0 Hz, 2H), 7.40 (d, J = 8.2 Hz, OH), 3.95 (t, J = 6.1 Hz, 4H), 1.27 — 1.14 (m, 4H),
0.78 — 0.63 (m, 2H). 3C NMR (75 MHz, DMSO) § 167.62, 167.16, 167.10, 144.63, 142.60,
140.10, 138.67, 131.75, 131.24, 130.29, 130.13, 129.82, 129.30, 128.39, 127.93, 126.92, 64.71,
30.98, 27.39, 22.08, 21.73, 13.93. MS (ESl/ion trap) m/z: [M+Na]* C47H36012Na: 815.8; found:

815.4.
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Br O Br O

HySO4 Y

XS (solvent)
Br Br

To a 50 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser was added
2,5-dibromobenzoic acid (0.500 g, 1.79 mmol, 1.00 equiv.), 1-propanol (9.00 mL, 118.88 mmol,
excess), and HoSO4 (0.125 mL, 2.33 mmol, 1.30 equiv.). The solution was refluxed at 100 °C
overnight. After evaporating off the majority of the 1-propanol (ca. 8 mL) and neutralizing with
aqueous NaHCO3, the product was extracted with EtOAc (2x 50 mL), dried over MgSOs, filtered,
and concentrated in vacuo to afford propyl 2,5-dibromobenzoate as a yellow oil which was used
without further purification (0.54 g, 94%). The procedure was repeated once and the combined
products carried forward in the next step. 'H NMR (300 MHz, CDCl3) § 7.90 (d, J = 2.4 Hz, 1H),
7.52 (d, J= 8.5 Hz, 1H), 7.43 (dd, J = 8.5, 2.4 Hz, 1H), 4.30 (t, J = 6.7 Hz, 2H), 1.80 (h, J= 7.2

Hz, 2H), 1.04 (t, J = 7.4 Hz, 3H).

THF/H,0

Br

0) O
i \|/ " d
Pd(dppf)Cl, DCM (0)
O/\/ K2C03 o O

21EQ )(
(0) o}

Propyl-OtBu
To a 250 mL 2-neck round bottom flask equipped with a stir bar and reflux condenser under N»
was added propyl 2,5-dibromobenzoate (1.14 g, 3.54 mmol, 1.00 equiv.), (4-(tert-

butoxycarbonyl)phenyl)boronic acid (1.65 g, 7.43 mmol, 2.10 equiv.), KoCOs; (1.96 g, 14.16
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mmol, 4.00 equiv.), THF (120 mL) and H>O (30 mL). The solution was sparged for 45 minutes
with Ny, then Pd(dppf)Cl, DCM (0.058 g, 0.07 mmol, 2.00 mol%) was added and the solution was
heated at 60 °C for 18 h. The reaction mixture was cooled to room temperature, followed by
addition of deionized water (250 mL) and EtOAc (250 mL). The organics were separated, and the
aqueous layer extracted with EtOAc (2x100 mL). The combined organics were dried over MgSOs,
filtered, and concentrated in vacuo, and the resultant dark brown residue was subjected to filtration
through a pad of silica gel (3:1 DCM/EtOAc), and the filtrate concentrated to afford Propyl-OtBu
as a pale yellow oil which was used without further purification (1.82 g, quantitative). 'H NMR
(300 MHz, CDCIl3) 6 8.15—7.99 (m, 5H), 7.79 (dd, J= 8.0, 2.0 Hz, 1H), 7.70 (d, J = 8.4 Hz, 2H),
7.45 (d,J=8.0 Hz, 1H), 7.40 (d, J = 8.4 Hz, 2H), 4.05 (t, /= 6.7 Hz, 2H), 1.46 (h, J=7.2 Hz, 2H),
0.74 (t,J=17.4 Hz, 3H).

o o\l/ Ox_OH
.

J 9
Sk

Propyl-OtBu Hatpdc-propyl
To a 100 mL roundbottom flask equipped with a stir bar was added Propyl-OtBu (1.82 g, 3.54
mmol) The flask was cooled to 0 °C in an ice bath, followed by addition of DCM (15 mL) and
concentrated trifluoroacetic acid (15 mL). The solution was removed from the ice bath and allowed
to stir at room temperature for 2 h, during which time no solids precipitated out. After, the solution
was diluted with hexanes (30 mL), the resultant inhomogeneous mix centrifuged, and the mother

liquor decanted. The solids were washed with hexanes repeatedly to remove remaining acid and
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afford Hatpdc-propyl as an off-white solid (1.41 g, 98% yield). 'H NMR (500 MHz, DMSO) §
8.10 (d, J= 2.0 Hz, 1H), 8.07 (d, J = 8.3 Hz, 2H), 8.02 (dd, /=9.3, 7.6 Hz, 3H), 7.91 (d, /= 8.3
Hz, 2H), 7.60 (d, J = 8.0 Hz, 1H), 7.47 (d, J = 8.2 Hz, 2H), 3.99 (t, J = 6.5 Hz, 2H), 1.46 — 1.31
(m, 2H), 0.62 (t, J = 7.4 Hz, 3H). 1*C NMR (75 MHz, DMSO) 8 167.77, 167.18, 167.09, 144.63,
142.62, 140.08, 138.71, 131.88, 131.27, 130.31, 130.15, 129.84, 129.33, 128.43, 127.84, 126.96,
66.57,21.11, 10.05. MS (ESl/ion trap) m/z: [M-H] C24H190s¢: 403.1. Found: 403.3.

3. Synthesis and characterization of frameworks

3.1 General procedure for AI(OH)tpdc-XL-R% frameworks

Al(OH)tpde-XL-R% frameworks were synthesized using an adapted procedure from the
literature.> A 20 mL scintillation vial was charged with 0.063*(100-x%) mmol H2dmtpdc and
0.063*x% mmol H4-PE-Ls to give a total of 0.063 mmol ligand. AICl3-6H20 (1.00 equiv. per
dmtpdc unit) was then added, followed by N,N-dimethylformamide (10.0 mL). The threads of the
scintillation vial were wrapped with PTFE tape, capped, and taped with black electrical tape to
prevent solvent evaporation. The vial was sonicated to dissolve all solids and afford a pale-yellow
solution. The solution was then heated in a dry bath at 120 °C for 16 h, after which the vial was
cooled to room temperature, the mother liquor was decanted, and the solids re-immersed in fresh
DMF and heated to 120 °C. After 3 h the mother liquor was syringed off and replaced with fresh
DMEF. This process was repeated a total of three times, then the material was filtered and partially
dried on filter paper, to afford DMF-solvated material. Powder X-ray diffraction measurements
and digestion 'H NMRs were taken of the DMF-solvated material. For full list of reaction
conditions with metal salt and ligand ratios, as well as predicted and observed percentages of cross-
linked dmtpdc, see Table S1. Reactions were scaled batch-wise. The parent framework was

synthesized in a similar manner.
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In a typical MOF digestion experiment to quantify ligand ratios, ~10-15 mg of DMF-solvated
material was suspended in 0.50 mL of DMSO-d6, followed by addition of 30 drops of TFA using
a 5 % Pasteur pipette. The solution was sonicated briefly and allowed to sit overnight to fully
dissolve. '"H NMR spectra were taken of the dissolved solution.

3.2 Syntheses of parent and cross-linked frameworks.

Synthesis of AI(OH)dmtpdc

A 20 mL scintillation vial equipped with PTFE tape was charged with Hodmtpdec (0.050 g, 0.144
mmol, 1.00 equiv.) and AICl3-6H>0 (0.035 g, 0.144 mmol, 1.00 equiv.). The general procedure
shown above (see Section 3.1) was followed. Anal. Calc. for AI(C22H1705)(H20)1.5(C3H7NO)o.4:
C, 62.67; H, 5.17; N, 1.26. Found: C, 62.24; H, 4.87; N, 1.10.

Synthesis of AI(OH)tpdc-XL-100%

A 20 mL scintillation vial equipped with PTFE tape was charged with Hs-PE-Ls (0.0499 g, 0.063
mmol, 1.00 equiv.) and AlICl3-6H>0 (0.0304 g, 0.126 mmol, 2.00 equiv.). The general procedure
shown above (see Section 3.1) was followed. The ratio of cross-linked tdc?” to total tdc?> was 100%
as determined by '"H NMR of digested samples. Anal. Calc. for Al(C23.sH1707)(H20)o5: C, 62.34;
H, 4.14. Found: C, 62.02; H, 3.99.

Synthesis of AI(OH)tpdc-XL-46%

A 20 mL scintillation vial equipped with PTFE tape was charged with Hs-PE-Ls (0.0165 g, 0.021
mmol, 0.33 equiv.), Hodmtpdc (0.0144 g, 0.042 mmol. 0.66 equiv.), and AlCl3-6H>0O (0.020 g,
0.083 mmol, 1.32 equiv.). The general procedure shown above (see Section 3.1) was followed.

The ratio of cross-linked tdc® to total tdc* was 47% as determined by 'H NMR of digested
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samples. Anal. Calc. for Al(C22.95H1706.28)(H20)1.0(C3H7NO)o0s5: C, 62.78; H, 4.41; N, 0.16.
Found: C, 62.79; H, 4.30; N, 0.14.

Synthesis of AI(OH)tpdc-XL-21%

A 20 mL scintillation vial equipped with PTFE tape was charged with Hs-PE-Ls (0.007 g, 0.009
mmol, 0.143 equiv.), Hodmtpdc (0.0187 g, 0.054 mmol. 0.857 equiv.), and AICl3-6H>0 (0.017 g,
0.072 mmol, 1.14 equiv.). The general procedure shown above (see Section 3.1) was followed.
The ratio of cross-linked tdc® to total tdc* was 21% as determined by 'H NMR of digested
samples. Anal. Calc. for Al(C22.52H1705.69)(H20)1.0(C3H7NO)o.1: C, 63.60; H, 4.61; N, 0.33. Found:
C, 63.68; H, 4.55; N, 0.25.

Synthesis of AI(OH)tpdc-XL-9%

A 20 mL scintillation vial equipped with PTFE tape was charged with Hs-PE-Ls (0.003 g, 0.004
mmol, 0.067 equiv.), Hodmtpdc (0.020 g, 0.059 mmol. 0.933 equiv.), and AICl3-6H>0 (0.015 g,
0.067 mmol, 1.07 equiv.). The general procedure shown above (see Section 3.1) was followed.
The ratio of cross-linked tdc? to total tdc? was 9% as determined by '"H NMR of digested samples.
Anal. Calc. for Al(C22.25H1705.33)(H20)0.5(C3H7NO)00s: C, 65.73; H, 4.52; N, 0.17. Found: C,
65.35; H, 4.56; N, 0.17.

4. Sample activation and gas sorption analysis.

4.1 Activation of parent AI(OH)(dmtpdc) and cross-linked materials.

DMF-solvated samples were filtered to a powder. The samples were then transferred to a pre-
massed glass tube and subjected to drying under flowing N> at 100 °C overnight. After the initial
N2 purge, samples were capped with a Transeal and transferred to a Micromeritics Smart VacPrep

instrument and heated under vacuum at 100 °C overnight. Note that the initial N> purge step was
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critical; framework collapse was occasionally observed if solvated samples were immediately
placed under vacuum.

4.2 Nz adsorption measurements.

For all gas adsorption measurements, ~100 mg of sample was transferred to a pre-massed glass
sample tube. Low-pressure N> adsorption experiments (up to 1 bar) were performed using a
Micromimetics 3Flex Surface Characterization Analyzer. Ultrahigh purity N2 (5.0 grade,
99.999%) was used in all adsorption experiments. N2> adsorption measurements were performed
using a liquid N> bath (77 K). BET surface areas were calculated using data points between 0.02
and 0.08 P/PO0. In all cases, the following BET consistency criteria were followed: 1) the pressure
range has values of WPy —P) increasing with P/Py , and 2) positive y intercept.* All correlation
coefficients were >0.999.

5. Computational details.

Extended structures of Al(OH)dmtpdc were created using Al(OH)bpdc as a starting point,
followed by geometry optimization using the Forcite module in Materials Studio. The relative
energies of two different configurations of the cross-linker within the pore channels were probed
by density functional theory (DFT) using the Gaussian 16 program. The periodic structure obtained
in Materials Studio was truncated to just two ligand struts, and a bridging cross-linker was added.
The oxygens of the peripheral phenyl groups on the two ligands were frozen and only the central
phenyl ring and bridging cross-linker were allowed to freely remove, mimicking the geometric
constraints of the MOF lattice. The geometries of the cross-linker and central phenyl ring were
optimized at the B3LYP/6-31+G(d) level of theory with empirical dispersion correction (D3BJ)
and solvent correction via a polarization continuum model using acetonitrile as the solvent.

Frequency calculations were performed at this same level of theory to confirm that the final
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geometry was at a stationary point. Free energy corrections were determined at the B3LYP/6-
31+G(d) level of theory at 298.15 K. Single point energies were computed at the B3LYP/6-
311+G(d, p) level of theory with empirical dispersion correction (D3BJ) and solvent correction
via polarization continuum using methanol as the solvent. All molecular structures were rendered
in Diamond.

6. Catalysis of the Prins reaction between B-(-)-pinene and formaldehyde

MOF Catalyst OH
/igf . j\ (10mol%) /®/\/
H™ H -
(1) (2)

()

Scheme 4.S3. Prins reaction of B-(-)-pinene (1) and formaldehyde (2) to yield nopol (3).

6.1 General reaction procedure:

MOF catalysts were synthesized according to the general procedure described in section 3 and
activated according to the procedure described in section 4.1. B-(-)-pinene (0.4 mmol, 63.0 pL),
paraformaldehyde (0.8 mmol, 24.0 mg), MOF catalyst (10 mol% ca. based on bridging hydroxy
groups), dodecane (75.0 pL) as an internal standard, and acetonitrile (unless indicated otherwise)
(3.0 mL) as a solvent were combined. The solution was sonicated for 2-3 min before stirring at
80°C (unless indicated otherwise) for Sh. The reaction mixture was then filtered to separate the
catalyst.

7. Supplementary tables.

Table 4.S1 | Summary of relative equivalents of metal salt and ligand used to synthesize parent

Al(OH)dmtpdc and cross-linked AI(OH)tpdc-XL-R% frameworks, including the predicted and
observed percentages of cross-linked tpdc?- to total tpdc?™ in the framework (R%).

AP salt! Cross-linked  H:dmtpdec Predicted? Observed®
ligand R% R%
(equiv) (equiv) (equiv) (%) (%)
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Al(OH)dmtpde 1.00 0 1.00 0% 0%

Al(OH)tpdc-XL-R% 1.07 0.067 0.933 12.5% 9%
1.14 0.143 0.857 25% 21%
1.32 0.33 0.67 50% 47%
2.00 1.00 0 100% 100%

12.5 equivalents of AICI3-6(H20) were added per tpdc? unit. Note that each ligand dimer contains two tpdc® units.
2 The predicted percentage of cross-linked tpdc* relative to the total amount of tpdc? ligands in the framework.
3 Observed percentages were determined by '"H NMR characterization of frameworks digested in TFA/DMSO-db.

Table 4.S2 | Summary of BET and Langmuir surface areas of parent Al(OH)dmtpdc and cross-
linked AlI(OH)tpdc-XL-R% frameworks reported in this work. BET surface areas were calculated
using data points between 0.02 and 0.08 P/Po. In all cases, the following BET consistency criteria
were followed: 1) the pressure range has values of v(Po—P) increasing with P/Py, and 2) positive y
intercept.* All correlation coefficients were >0.999.

La“Sg:‘“" BET SA BET BET Correlation
2 O O 2

(m¥/g) (m*/g) y intercept Coefficient (R*)
Al(OH)dmtpde 920+ 7 645 + 18 0.00009 0.9994
Al(OH)tpde-XL-9% 2230+ 12 1330 £ 20 0.00005 0.9994
Al(OH)tpde-XL-21% 2400 £ 15 1420 + 20 0.00005 0.9997
Al(OH)tpde-XL-46% 2780 +27 1640 + 26 0.00005 0.9993
AI(OH)tpde-XL-100% 3080 + 44 1870 + 24 0.00004 0.9996

Table 4.S3 | Summary of optimized ‘open-pore’ structure unit cell parameters compared with
Pawley refined parameters

Cell parameter Forcite optimized structure Pawley refined
a 6.61° 6.77 £0.08
b 28.94 29.02 +0.28
c 24.56 2471 £0.22

@ This value is fixed to 6.61 A, consistent with the structure of MIL-53(Al).’

Table 4.S4 | Summary of electronic energies, free energy corrections, and final Gibbs free energies
obtained from DFT -calculations for the symmetric and offset cross-linker configurations.
Calculations were performed at B3LYP/6-311+G(d,p)//B3LYP/6-31+G(d) with D3BJ dispersion
correction and solvent correction (methanol).

Down-pore configuration Cross-pore configuration
Electronic energy (Hartrees) -2716.4737 -2716.4485
Free energy correction at 298.15
K (Hartrees) 0.4914 0.4890
G" at 298.15 K (Hartrees) -2175.9820 -2175.9595
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G" at 298.15 K (kcal/mol)

-1702920.9

-1702906.6

Table 4.S5 | DFT optimized structure of the “down-pore” cross-linker configuration.

Symbol

O oooaoFoao@mDoaoocoocoaooao@m o@D oD o@D amOn

X

-5.031199
-5.623729
-3.638046
-3.149254
-2.872834
-3.517464
-2.933896
-4.908627
-5.358113
-1.395233
-0.66822
-1.214271
0.720315
-7.69362
-5.681365
-7.152708
7.820497
5.05668
5.647216
3.663513
3.170121
2.898305
3.542954
2.953455
4.934079

-3.638185
-4.465378
-3.728526
-4.633464
-2.656053
-1.482579
-0.661182
-1.385539
-0.476122
-2.748349
-1.766166
-1.010677
-1.762813
-1.109467
-2.462995

-2.34741
-2.122189
-1.852632

-1.02757
-1.762299
-0.864749
-2.834845
-4.008263
-4.844543
-4.105264

V4

-1.557277
-1.931444
-1.516852
-1.852243
-1.035422
-0.618393
-0.214838
-0.669643
-0.281589
-0.908341
-1.595081
-2.151484
-1.617188
-1.107039
-1.138888
-1.223903
-0.652803
-0.500844
-0.118245
-0.541254
-0.180804
-1.022683
-1.439695

-1.80361
-1.388441

oo O TT OO0 n0nman m

5.423683
1.425658
0.720206
1.272687
-0.678164
-1.355453
7.719108
5.706863
7.178175
-7.795035
-4.548051
-5.14093
-3.154908
-2.664191
-2.38972
-3.034309
-2.450334
-4.425467
-4.874837
-0.912994
-0.182944
-0.723072
1.206549
-7.210474
-5.198219
-6.669557

-5.018779
-2.775231
-3.721382
-4.476612
-3.713872
-4.740323
-4.381353
-3.02785
-3.143425
-3.36864
2.895616
2.072124
2.805286
1.897555
3.877752
5.051216
5.874712
5.148285
6.060443
3.763873
4.786623
5.588958
4.788122
5.424335
4.070818
4.186396

-1.708831
-0.961964
-0.211251
0.337907
-0.141826
0.72169
-0.951071
-0.919225
-0.834184
-1.405281
-0.702261
-1.082541
-0.661819
-0.997646
-0.180357
0.236636
0.635312
0.185363
0.567204
-0.102123
-0.718553
-1.211422
-0.727376
-0.252019
-0.283871
-0.368885
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8.303658
5.539833
6.130021
4.146662
3.654274
3.381444
4.026105
3.439434
5.41723
5.907944
1.906358
1.190594
1.731409
-0.206493
-0.910152
8.202259
6.190015
7.661326
-7.311884
-2.000719
-0.217014
-0.597765

4.411609
4.681223
5.507749
4.771522
5.670878
3.698917
2.525539
1.692379
2.428544
1.517225
3.72641
2.687266
1.890863
2.699158
1.763407
2.152452
3.505956
3.39038
3.165164
2.060769
0.639277
-0.024218

0.202217
0.354178
0.734056
0.31378
0.671163
-0.167643
-0.584672
-0.959096
-0.533425
-0.858331
-0.150541
0.466129
0.965819
0.531789
1.477686
-0.096051
-0.064207
0.020835
-0.550261
1.936448
1.836216
3.068948

T DI IEODIED DD IEOD DD IED DD ED DD OO0O00O0O0

-2.465087
-0.671343
-0.170665
-1.326499
-1.070304
-1.093961
1.256476
1.748164
-1.341417
0.323018
0.454223
0.471649
-1.495121
-2.249274
-0.096622
-1.824529
-2.105724
-0.44416
9.172533
8.689404
-6.522379
-7.005876

Table 4.S6 | DFT optimized structure of the “cross-pore” configuration.
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Symbol
O

C
C
C

X
-13.218471
-11.658277
-12.792041
-10.911687

Y
-4.637513
-3.324863

-4.32263
-3.150279

V4
-1.246948
-0.029231
-0.148127

1.150262

OO T O T

-11.097103
-9.8384
-9.255794
-9.508115
-10.249333

-5.162224
-5.281161
-4.392449
-3.788982
-2.321685
-1.422029
-1.002181

5.597909

0.580642
-0.058623
-3.620666
-5.029342
-4.384425
-3.853495
-2.231641
-1.984573
-1.382562
-1.832185

2.246381
-4.287025

6.109755
-0.424033

-3.733883
-2.257333
-2.144723
-1.506362
-1.678402

0.462236
1.795629
2.829404
3.64204
4.003172
2.761686
-2.176958
-1.207175
3.589669
3.65893
2.37461
3.438752
4.545738
3.052506
4.505649
4.724603
2.339271
1.981538
-0.037858
-0.892662
-0.254155
-1.099047

2.048246
1.182431
2.091546
0.044677
-1.133185
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-9.98363
-11.314245
-11.880296

-8.33528

-7.041937
-6.896334
-13.212606
-8.503158

3.570389

3.260156

4.687843

5.290026

4.920167

4.148007

4.427289

3.073572

6.087438

7.385751

7.520673

8.494645

-1.242346
-5.924286
-4.581455
1.234367
2.790042

1.703907

13.21591

10.91526

11.103871

9.841892

9.262498

9.507279

10.244126
9.97689
11.3091

11.872401

8.332801

7.039899

6.896056

5.921158

-1.114763
-2.579308
-2.723756
-0.595558
-1.101481
-2.164667
-4.780586
0.774547
3.640698
4.241109
2.725365
2.557283
2.034744
2.206283
1.622662
3.103039
1.119444
1.641124
2.71799
0.799246
5.344762
-0.259818
-0.907125
5.200786
3.811484
4.8508
-4.778957
-3.148939
-3.733114
-2.256124
-2.143575
-1.505195
-1.677144
-1.11058
-2.57792
-2.721116
-0.590373
-1.112393
-2.186053
-0.268222

-2.022345
-1.171174
-2.084767
0.02689
0.194767
0.357556
1.05692
-0.218685
-1.113293
-1.960794
-1.198425
-2.080129
0.081241
1.290956
2.161652
1.328419
0.064149
-0.039421
-0.078746
-0.073972
-1.054387
0.109375
0.262653
1.337191
0.154657
0.114171
1.007697
1.109623
2.006609
1.145789
2.056832
0.009275
-1.171342
-2.058333
-1.213296
-2.12875
0.026709
0.12881
0.19861
0.108726

T T T T T T T T I T T OO0 OOOOOO0OOOOO0OTTOOD O OOIT O T O0O0O0AOAN

4.579618
-1.278666
-2.812321
-1.705086
-3.558904

-3.29664
-4.632212
-5.205048
-4.962603
-4.221277
-4.477514
-3.156347
-2.588123
-6.103688
-7.399927
-7.537301
13.213284
11.657375
12.790828

1.283589

3.675114

2.441389

1.28318
-0.001527
-1.285814
-2.446833

4.383622
-3.678693
-4.380488

2.573102

2.294985

1.235422

1.435382
-0.000048
-0.003247

-1.24138

-1.43282
-2.576895
-2.304134

2.485329

-0.913053
5.165536
3.872427

4.85059

3.69788
4.263792
2.804893
2.674737
2.053922
2.225999
1.654407

3.12684
3.264866
1.119561
1.621616
2.690697
-4.63589

-3.323431

-4.321068
5.295357

-0.613056

-1.3649

-0.534994

-1.336418

-0.535679
-1.36697

-1.689108

-0.613804

-1.689357

-2.282389

-1.616464
0.407449
-0.28378

-2.210508

-1.732006
0.405379

-0.281728

-2.281968

-1.623255
3.180947

0.242137
1.219324
0.06997
0.120518
-1.109524
-1.997185
-1.141685
-2.054984
-0.003894
1.173928
2.061377
1.211907
2.125052
-0.064113
-0.24295
-0.375043
-1.296161
-0.072642
-0.195789
-0.941339
-0.714029
-0.733924
-0.215754
-0.415339
-0.211421
-0.721551
1.159133
-0.700375
1.17563
-0.157368
-1.787354
-0.775708
0.840855
0.249521
-1.441521
-0.773984
0.845296
-0.140683
-1.77445
2.236424
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H -0.328301  5.702038  -0.915003 H 12.833347 -4.254386  1.728841
1.831722  4.884366  2.033537 H 9.492667  1.220278 -0.154298
H -12.82772  -4.255676  1.776573 H -9.501902  1.177908  -0.358162

an)

Table 4.S7 | Summary of reaction conditions and conversion values of Nopol over
Al(OH)dmtpdc and Al(OH)tpdc-XL-100% as catalysts.

Catalyst Solvent Temperature (°C) COI?,I/?;S ton

Al(OH)dmtpdc Acetonitrile 80 <1
Al(OH)tpdc-XL-100%  Acetonitrile 80 18.84

Al(OH)dmtpdc Toluene 80 <1
Al(OH)tpdc-XL-100% Toluene 80 8.53

Al(OH)dmtpdc p-xylene 120 1.05
Al(OH)tpdc-XL-100% p-xylene 120 5.17 .

were run with

All reactions
B-(-)-pinene (0.4 mmol, 63.0 uL), paraformaldehyde (0.8 mmol, 24.0 mg), MOF catalyst (10 mol% ca. based on

bridging hydroxy groups), dodecane (75.0 pL) as an internal standard, and 3.0 mL of solvent for Sh.
' The observed conversion values were determined by GCMS.

8. Supplementary figures.
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Fig. 4.S1 | Proton NMR of final ligand, Hstpdc-XL.
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Fig. 4.S2 | Digestion 'H NMR of AI(OH)tpdc-XL-9% in DMSO-ds/DCI. The relative ratio of
0.22/2.00 observed between cross-linked tpdc? doublet at 7.76 ppm (2H per cross-linked tpdc*
unit) and Hodmtpdc singlet at 7.12 ppm (2H) corresponds to a percentage of 9%.
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Fig. 4.S3 | Digestion 'H NMR of AI(OH)tpdc-XL-21% in DMSO-ds/DCI. The relative ratio
of 0.63/2.00 observed between cross-linked tpdc® doublet at 7.76 ppm (2H per cross-linked
tpdc? unit) and Hodmtpdc singlet at 7.12 ppm (2H) corresponds to a percentage of 21%.
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Fig. 4.S4 | Digestion 'H NMR of AI(OH)tpdc-XL-46% in DMSO-ds/DCI. The relative ratio
of 1.85/2.00 observed between cross-linked tpdc® doublet at 7.76 ppm (2H per cross-linked
tpdc? unit) and Hodmtpdc singlet at 7.12 ppm (2H) corresponds to a percentage of 46%.
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Intensity (a.u.)

Al(OH)dmtpdc, Experimental
Al(OH)dmtpdc, Closed Pore, calculated
Al(OH)dmtpdc, Open Pore, calculated
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20 (degrees)

Fig. 4.S5 | Powder X-ray diffraction patterns for parent A(OH)dmtpdc framework stacked
with the calculated patterns for both the open and closed pore structures. The unit cell
parameters for the closed form of AI(OH)dmtpdc were estimated based off of the closed form
of MIL-53, and lengthening it to accommodate the larger terphenyl ligand.

Intensity (a.u.)

Al(OH)(dmtpdc) activated
Al(OH)(dmtpdc) H,O Solvated
Al(OH)(dmtpdc) MeOH Solvated
Al(OH)(dmtpdc) THF Solvated
Al(OH)(dmtpdc) MeCN Solvated
(OH)(dmtpdc) DMF Solvated

10

20 30 40 50

20 (degrees)

Fig. 4.S6 | Powder X-ray diffraction patterns for parent Al(OH)dmtpde framework under
different solvent conditions. Solvent exchanges were performed by doing 3x 3h soaks in

specified solvents.
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Fig. 4.87 | Powder X-ray diffraction patterns for parent AI(OH)dmtpdc solvated first with
MeOH then resolvated in MeCN.

— After resoaking in MeCN

— Al(OH)dmtpdc H,O solvated
— Al(OH)dmtpdc MeCN solvated

i

10 20 30 40 50

20 (degrees)
Fig. 4.S8 | Powder x-ray diffraction patterns for parent A(OH)dmtpdc solvated first with H.O
then resolvated in MeCN.
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Fig. 4.S9 | DFT Pore size distribution for AI(OH)dmptdec (bottom trace) and AI(OH)tpdc-
XL-100% (top trace)

Al(OH)tpdc-XL-100% Experimental
————— Al(OH)tpdc-XL-100% Pawley refinement
—— Difference

Intensity (a.u.)

S,
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Fig. 4.510 | Pawley refinement for AI(OH)tpdc-XL-100%. Experimental data is shown in
purple, while the fit is shown in black. The difference is shown in light blue.
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Fig 4.S11 | FT-IR data for parent AI(OH)dmtpdc and cross-linked AI(OH)tpdec-XL-R% series.
The growth in of the carbonyl feature at 1718 cm™! corresponds to increasing incorporation of the
cross-linker.

)tpdc-PE-L5-100% Activated
)tpdc-PE-L5-100% H,O
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)tpdc-PE-L5-100% MeCN

)

Al(
Al(
Al(
Al(
Al(
Al(OH)tpdc-PE-L5-100% DMF

Intensity (a.u.)

5 10 15 20 25 30
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Fig. 4.S12 | Powder X-ray diffraction patterns for AI(OH)tpde-XL-100% framework under
different solvent conditions. Solvent exchanges were performed by doing 3x 3h soaks in
specified solvents.
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— After resolvating in MeCN
— AI(OH)tpdc-XL-100% MeOH solvated
— Al(OH)tpdc-XL-100% MeCN Solvated
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Fig. 4.S13 | Powder X-ray diffraction patterns for AI(OH)tpdc-XL-100% solvated first in
MeOH (red) then resolvated in MeCN (blue).
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Fig 4.5S14 | Powder X-ray diffraction patterns for AI(OH)tpdc-XL-100% solvated first in 100
°C H20 (red) then resolvated in MeCN (blue).
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Fig. 4.S15 | Thermogravimetric analysis of parent A(OH)dmtpdc and cross-linked AI(OH)tpdc-
XL-R% series. The mass losses between 50 °C and 150 °C for the parent framework are attributed
to solvent loss in the pores due to incomplete activation.
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Fig. 4.516 | (a) Structure of propyl control ligand, Hatpdc-propyl and (b) powder X-ray diffraction

patterns for AI(OH)tpdc-propyl-100% (top trace) compared to AI(OH)tpdce-XL-100% and
Al(OH)dmtpdc (middle and bottom traces, respectively).
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Fig. 4.S17 | N> adsorption data at 77K for AI(OH)tpdc-propyl-100% compared to AI(OH)tpdc-
XL-100% and AI(OH)dmtpdec.
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Fig. 4.518 | Powder X-ray diffraction patterns for AI(OH)dmtpdc after catalysis.
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Fig. 4.519 | Powder X-ray diffraction patterns for AI(OH)tpde-XL-100% after catalysis.
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Appendix A: Synthesis and Metalation of New N-donor Ligands in Mg.dotpdc

The post-synthetic chemistry described in this section is applicable to both templated and non-
templated frameworks, but is described using non-templated examples for simplicity.
Al. Post-synthetic Ligand Syntheses.

. o’ .
--O =02
::of‘*&‘f‘ A pr

Mg,dotpdc-CH,NH,

7 ~ —

\ ) NN
O @ & A5

N =N \\/
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1265 P 1265 )= Pt 1265 \ )=

Mg,dotpdc-La, g Mg.,dotpdc-La, 4 Mgdotpdc-Las 4 Mg.dotpdc-Lag
Scheme A1 | Overview of post-synthetic covalent modifications.

Al.1 Synthesis of Mgzdotpdc-Lai-18%.

OHCH, H3CC’\‘I
/ Repeat 2x Mg
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¢ 0 N |
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N N
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OHCHs NeCHs

In a nitrogen filled glovebox, 75.0 mg of Mgydotpdc-CH2NH>-18% was suspended in 10 mL
MeCN in a scintillation vial. Diisopropylethylamine (0.582 mmol, 20.0 equiv. versus -CH>NH;
groups, 0.101 mL) was added neat, followed by 2-(bromoethyl)pyridine hydrobromide (0.291

mmol, 10.0 equiv. versus -CH2NH> groups, 2.910 mL of 0.100 M stock solution in MeCN). The
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inhomogeneous solution was stirred at 75 °C for 24 h. After, the reaction was cooled, and the
mother liquor was removed, and replaced with fresh MeCN, diisopropylethylamine and 2-
(bromoethyl)pyridine hydrobromide, and allowed to stir at 75 °C for an additional 24 h. After, the
reaction was cooled to room temperature, the mother liquor removed, replaced with fresh MeCN,
and allowed to sit at room temperature for 3 h, after which time the mother liquor was replaced
with fresh MeCN again. This washing procedure was repeated three times, followed by filtering
to obtain Mgzdotpdc-La1-18%. A portion was removed and analyzed by PXRD, Figure A1, and
digestion 'H NMR. The average observed Hsdotpdc-Lai/Hadotpdc ratio by digestion 'H NMR of
0.22:1.00 corresponds to overall functionalization of 18%, Figure A2.

A1.2 Synthesis of Mgzdotpdc-La2-17%.

PHCH3 PHCHs
Mg Mg
o \Io o) ‘Io
o!" OO“
1.05 EQ. vs -CH,NH,
I Z
(- O e OO0
7z~ e N
65 °C Z
18 h
.0 O .0 O
I I
O. .O 0., 0
s ’
OHCH,4 OHCH;s

In a nitrogen filled glovebox, 100.0 mg of Mg>dotpdc-CH2NH»-18% was suspended in 6.5 mL of
MeOH in a scintillation vial equipped with a stir bar and wrapped with PTFE tape. 2-pyridine
carboxaldehyde (0.040 mmol, 1.05 equiv. versus -CH>NH; groups, 0.200 mL of 0.200 M stock in
MeOH) was added. The inhomogeneous solution was allowed to stir at 65 °C for 18 h. After, the

reaction was cooled, the mother liquor was removed, replaced with fresh MeOH, and allowed to
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sit at 65 °C for 3 h, after which time the mother liquor was replaced with fresh MeOH again. This
washing procedure was repeated for a total of three MeOH washes. After the third wash, the mother
liquor was replaced with fresh THF, and allowed to sit at room temperature for 3 h. In preparation
for Ni(COD), metalation, after three THF solvent exchanges, the framework was filtered and dried
on the filter paper. A portion was removed and analyzed by PXRD, Figure A1, and digestion 'H
NMR. While digestion conditions hydrolyze the imine bond, the observed Hadotpde-CH2NH»/ 2-
pyridine carboxaldehyde confirms the quantitative conversion to the imine moiety in the
framework, Figure A3.

A1.3 Synthesis of Mg:dotpdc-Las-18%.

HsCHC‘D H3CH2CHC‘)
Mg
o Yo ’ g\o

0
o’ o
50 EQ. \'AS -cHzNHz
S (0]
I~__S
NH, E Y, N
® e - OW

EtOH
60 °C
18 h
.0 .0 O
o 0 Sl
~|\/!g' O~Mg'o
1
OHCH; OHCH,CHj

In air, 75.0 mg of Mgxdotpdc-CH2NH»-18% was suspended in 10 mL EtOH in a scintillation vial
equipped with a stir bar and wrapped with PTFE tape. 2-pyridine carboxaldehyde (1.45 mmol, 50
equiv. versus -CH>NH; groups, 0.127 mL) was added neat. The inhomogeneous solution was
stirred at 60 °C for 18 h. After, the reaction was cooled, and the mother liquor was removed,
replaced with fresh EtOH, and allowed to sit at 60 °C for 3 h, after which time the mother liquor

was replaced with fresh EtOH again. This washing procedure was repeated two times for a total
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of three washes, followed by filtering to obtain Mgydotpdc-La3-18%. A portion was analyzed by
PXRD and digestion 'H NMR. A portion was removed and analyzed by PXRD, Figure A1, and
digestion '"H NMR. While digestion conditions hydrolyze the imine bond, the observed Hadotpdec-
CH,NH,/ 2-thiazole carboxaldehyde ratio by digestion 'H NMR of 1.00:1.00 confirms the
quantitative conversion to the imine moiety in the framework, Figure A4. Note that under the
acidic digestion conditions, 2-thiazole carboxaldehyde exists in equilibrium as a combination of
the aldehyde and corresponding gem diol.

A1.4 Synthesis of Mg:dotpdc-Lag-18%.

PHCHs HsCCN H3CCN
OoMg\lo

Moo o
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O NH, . B HEr . N/j n O H/\/ ~ + O NN
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) SN 48h

RT

e .0

. I “N
OI& .0 o, .0 o, .0
Mg Mg

Attempts to cleanly synthesize the di-alkylated framework, Mg>dotpdc-La3-18% were largely
unsuccessful, likely due to the reactive nature of the alkyl bromide resulting in the formation of
oligomeric side products which could not be removed from the framework. However, partial
conversion to a mixture of mono- and di-alkylated sites could be achieved with minimal side-
product formation using the following procedure:

In a nitrogen filled glovebox, 10.0 mg of Mg>dotpdc-CH2NH»-18% was suspended in 2 mL MeCN
in a 4 mL scintillation vial equipped with a stir bar. Separately, 1,8-diazabicyclo[5.4.0]undec-7-
ene (0.004 mmol, 1.05 equiv. versus -CH>NH; groups, 0.041 mL of 0.100 M stock in MeCN) and
2-bromo-N,N-diethylethylamine hydrobromide (0.004 mmol, 1.05 equiv. versus -CH>NH> groups,
0.041 mL of 0.100 M stock in MeCN) were combined and shaken briefly. The combined solution

was then added to the vial containing the framework, and the mixture was allowed to stir for 48 h
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at room temperature. After, the mother liquor removed, replaced with fresh MeCN, and allowed
to sit at room temperature for 3 h, after which time the mother liquor was replaced with fresh
MeCN again. This washing procedure was repeated two times for three total washes with MeCN,
then repeated three more times using MeOH. After, the framework was filtered, and a portion was
removed to be analyzed by PXRD, Figure A1, and digestion 'H NMR. The ratio of methylene
peaks for the di-alkylated product (4.44 ppm, 2H), mono-alkylated product (4.18 ppm, 2H) and
the benzylamine starting material (3.97 ppm, 2H) of 0.12:0.17:0.11 corresponds to a distribution
of 30% of benzylamine sites being di-alkylated, 42 % being mono-alkylated, and 28% being un-
alkylated, Figure AS. Small features likely corresponding to oligomeric side-products are
observed at ~3.42 ppm and ~1.26 ppm.

A2. Post-synthetic Metalations.

A2.1 Metalation of Mgxdotpdc-La1-18% with FeCl..

In a nitrogen filled glovebox, 25.0 mg of Mg>dotpdc-Lai-18% was added to a PTFE wrapped 4
mL vial equipped with a stir bar and suspended in 2 mL of MeCN. FeCl, (0.087 mmol, 10.0 equiv.
versus Lai via 0.87 mL of 0.1 M stock in MeCN) was added, and the mixture was stirred at 80 °C
for 36 h. After, the reaction was cooled to room temperature, and the mother liquor was removed
via pipette, replaced with fresh MeCN, and allowed to sit at 80 °C for 3 h. This was repeated twice
more for a total of three washes. The framework was then filtered out inside the glovebox, and a
portion removed for PXRD and ICP-OES digestion. The observed Fe/Mg ratio by ICP-OES of
0.09 confirms quantitative metalation of the pyridyl sites.

A2.2 Metalation of Mg>dotpdc-La1-18% with NiBr..

In a nitrogen filled glovebox, 25.0 mg of Mgxdotpdc-Lai-18% was added to a PTFE wrapped 4

mL vial equipped with a stir bar and suspended in 2 mL of MeCN. NiBr; (0.087 mmol, 10.0 equiv.
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versus Lai via 0.87 mL of 0.1 M stock in MeCN) was added, and the mixture was stirred at 80 °C
for 36 h. After, the reaction was cooled to room temperature, and the mother liquor was removed
via pipette, replaced with fresh MeCN, and allowed to sit at 80 °C for 3 h. This was repeated twice
more for a total of three washes. The framework was then filtered out inside the glovebox, and a
portion removed for PXRD and ICP-OES digestion. The observed Ni/Mg ratio by ICP-OES of
0.082 confirms metalation of 91% of the pyridyl sites.

A2.3 Metalation of Mg>dotpdc-La1-18% with Cu(OTY)s.

In a nitrogen filled glovebox, 25.0 mg of Mgxdotpdc-Lai-18% was added to a PTFE wrapped 4
mL vial equipped with a stir bar and suspended in 2 mL THF. Cu(OTf) (0.087 mmol, 10.0 equiv.
versus Lar via 0.87 mL of 0.1 M stock in THF) was added, and the mixture was stirred at 65 °C
for 36 h. After, the reaction was cooled to room temperature, the mother liquor was removed via
pipette, replaced with fresh THF, and allowed to sit at 65 °C for 3 h. This process was repeated
twice for a total of three washes. After the third wash, the mother liquor was removed, replaced
with MeCN, and allowed to sit at 3 h. This washing procedure was repeated once for a total of two
room temperature MeCN washes. After, the framework was filtered and dried on the filter paper.
A portion was removed from the box for PXRD and ICP-OES. Over multiple attempts, observed
Cu/Mg ratios from 0.02 to 0.06 were observed, suggesting that La1 poorly binds copper (II).
A2.4 Metalation of Mg>dotpdc-La2-18% with Ni(COD),.

In a nitrogen filled glovebox, 100.0 mg of Mg>dotpdc-Laz-17% was suspended in 3.5 mL of THF.
Ni(COD) (0.045 mmol, 1.1 equiv versus La> via 0.45 mL of 0.1 M stock in THF) was added, and
the mixture was stirred at room temperature overnight. During this time, the material turned a deep
purple color, consistent with Ni(0) iminopyridine complexes. After, the mother liquor was

removed by pipette, replaced with fresh THF, and allowed to sit at room temperature for 3 h. This
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process was repeated twice for a total of three washes. Then the framework was filtered, rinsed
with additional THF, and retained in the box. A portion was removed from the box for PXRD and
ICP-OES. The observed Ni/Mg ratio by ICP-OES of 0.09 confirms quantitative metalation of the
iminopyridine sites.

A2.5 Metalation of Mgxdotpdc-La3-18% with Cu(OTY)..

In a nitrogen filled glovebox, 10.0 mg of Mgxdotpdc-La3-18% was added to a PTFE wrapped 4
mL vial equipped with a stir bar and suspended in 2 mL THF. Cu(OTf) (0.029 mmol, 10.0 equiv.
versus Lasz via 0.580 mL of 0.05 M stock in THF) was added, and the mixture was stirred at 65 °C
for one day. After, the reaction was cooled to room temperature, the mother liquor was removed
via pipette, replaced with fresh THF, and allowed to sit at 65 °C for 3 h. This process was repeated
twice for a total of three washes. After the third wash, the mother liquor was removed, replaced
with MeCN, and allowed to sit at 3 h. This washing procedure was repeated once for a total of two
room temperature MeCN washes. After, the framework was filtered and dried on the filter paper.
A portion was removed from the box for PXRD and ICP-OES. The observed Cu/Mg ratio by ICP-
OES of 0.09 confirms quantitative metalation of the iminothiazole sites.

A3. Tables and Figures.

Table Al. | Summary of Successful Metalation Results by ICP-OES.

func t?oe;;leilzl; tion® Expected M/Mg ratio  Found M/Mg Ratio®
Mgxdotpde-Lai-FeCl>-18% 18 0.09 0.09
Mgodotpdc-Lai-NiBr-18% 18 0.09 0.08
Mgzdotpdc-La2-Ni(COD)-17% 17 0.085 0.083
Mgzdotpdc-Las-Cu(OT1)2-18% 18 0.09 0.09

*Determined by digestion 'H NMR.
b Determined by ICP-OES.

Table A2. | Summary of Unsuccessful Metalation Results by ICP-OES.

Framework Metal source Solvent Expected M/Mg ratio® Found M/Mg ratio®
Mgadotpde-IP-18%° CuCl MeOH 0.09 0.29
Mgadotpdc-DPA-18%° MnCl2 MeOH 0.09 0.27
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Mgzdotpdc-DPA-18%° FeCls MeOH 0.09 0.39

Mgadotpdc-DPA-14%° CuCl MeOH 0.07 0.12
Mgadotpde-Lai-18% Cu(OTf)2 THF 0.09 0.14
Mgodotpde-Lai-18% Cu(OTf)2 MeCN 0.09 0.02-0.06
Mgadotpde-Laz-18% Cu(MeCN)4PFs MeCN 0.09 0.01
Mgzdotpde-Laz-28% Cu(OTf): MeOH 0.14 0.37
Mgzdotpde-Las-18% Cu(OAc) EtOH 0.09 0.24
Mgadotpde-Las-18% CuCl, MeCN 0.09 0.00

2 Based on digestion '"H NMR.
b Determined by ICP-OES.
¢ Post-synthetic ligand synthesis discussed in Chapter 3.

Mg.dotpdc-Las-18%
Mg.dotpdc-Las-18%
Mg.dotpdc-La-17%
Mg.dotpdc-Lai-18%

Intensity (a.u.)

10 20 30
20 (degrees)

Figure A1l | PXRD patterns of the ligated frameworks.
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Figure A2 | Aromatic region of the digestion '"H NMR spectrum of Mgadotpde-Lai-18% taken in
DMSO-ds. The relative ratio of 0.22:4.00 observed between the functionalized dotpdc*~ doublet

at 7.35 ppm (1H) to the Hadotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of 18%.
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Figure A3 | Aromatic region of the digestion 'H NMR spectrum of Mgxdotpdc-Laz-17% taken in
DMSO-ds. The relative ratio of 0.2:4.00 observed between the -CH>NH, functionalized dotpdc*
doublet at 7.35 ppm (1H) to the Hsdotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of
17%. Quantitative imine bond formation is confirmed by the 1:1 ratio between the -NH>
functionalized dotpdc*~ and the 2-pyradine carboxaldehyde peaks.
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Figure A4 | Aromatic region of the digestion 'H NMR spectrum of Mgxdotpdc-La»-18% taken in
DMSO-ds. The relative ratio of 0.22:4.00 observed between the -CH>NH, functionalized dotpdc*
doublet at 7.3 ppm (1H) to the Hadotpdc singlet at 7.67 ppm (4H) corresponds to a percentage of
18%. Quantitative imine bond formation is confirmed by the 1:1 ratio between the -NH>
functionalized dotpdc* and the sum of the thiazole-2-carbaldehyde (9.9 ppm, 1H) and thiazol-2-
ylmethanediol (6.0 ppm, 1H) peaks.
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Figure A5 | Alkyl region of the 'TH NMR spectrum of Mg>dotpdc-Las-18% taken in DMSO-ds. of
methylene peaks for the di-alkylated product (4.44 ppm, 2H), mono-alkylated product (4.18 ppm,
2H) and the benzylamine starting material (3.97 ppm, 2H) of 0.12:0.17:0.11 corresponds to a
distribution of 30% of benzylamine sites being di-alkylated, 42 % being mono-alkylated, and 28%
being un-alkylated. Small features likely corresponding to oligomeric off-products from the alkyl
halide starting material are marked with a “*’.
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Figure A6 | PXRD patterns of the metalated frameworks.

Intensity (a.u.)

241



Appendix B: Catalytic Catechol Oxidation using Cu(OTf), Metalated
Frameworks
B1. Design of Experiments Screening 3,5-Di-tert-butyl Catechol Oxidation using di-(2-

picolyl)amine (DPA) Frameworks.

B1.1 General Catalytic Procedure for DoE Experiments with DPA frameworks.

Non-templated framework ’ Templated framework
Scheme B2.1 | Depiction of the non-templated and templated Cu(OTf), metalated DPA
frameworks used in the design of experiments study. Frameworks were functionalized between

16-18%.
OH O
OH 1 mol % Cu via MOF catalyst 0
0.1 or 1.0 EQ Base
v
MeOH or MeCN
Air

RT, 3 h
Scheme B1.2 | Catechol oxidation conditions for screening with Cu(Il) metalated DPA
frameworks using design of experiments methods.

In a nitrogen filled glovebox, framework (0.001 mmol Cu, 0.01 Equiv. versus 3,5-DTBC) was
loaded into a 20 mL vial equipped with a stir bar and removed from the glovebox. Solvent (MeCN
or MeOH) followed by 0.1 M base stock solution (pyridine, 4-dimethylaminopyridine (DMAP),
imidazole, or morpholine) were then added, according to the volumes in Table B1. Finally, 1.0
mL of 0.1 M 3,5-di-tert-butyl catechol (3,5-DTBC) solution was added, and the vial was capped

and stirred at room temperature for 3 hours. After, I mL of the solution was pipetted off, diluted
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to 5.0 mL in MeOH, filtered through a syringe filter, and analyzed by UV-Vis. The absorbance at
400 nm, corresponding to 3,5-di-tert-butyl quinone (3,5-DTBQ) was used to quantify the
conversion to the quinone. Background activity in the absence of copper under the same conditions
was subtracted to assess the influence of the copper metalated framework.

B1.2 Oxidation Results and DoE Analysis with DPA materials.

In order to explore the potential impact of not only the templated nature of our copper sites, but
also the influence of base identity and equivalents, as well as potential solvent effects, we turned
to design of experiments (DoE) methods. Using templating, solvent identity, base identity, and
base equivalents as factors, we built a screening factorial set of catalysis experiments using the
JMP software.! The results of those experiments are summarized in Table B2-B3.

Briefly, the results suggest there is virtually no impact from templating under these conditions,
with both templated and non-templated materials achieving comparable corrected conversions and
turnover numbers of ~35. The only significant factors determined by the model are the identity
and equivalents of base used, with 1.0 equiv. of the strongest base, DMAP (pKaH ~ 9.2) being
predicted to give the highest corrected conversion. Conversely, the weakest base, pyridine (pKaH
~5.2) is predicted to have a negative impact on the corrected conversion, which bears out in the
negative values obtained in experiments run using pyridine and morpholine.

B2. 3,5-DTBC Oxidation with Cu(II)-Iminothiazole Frameworks.

To confirm whether or not the lack of a templating effect observed with the DPA frameworks was
unique to that ligand scaffold, we also investigated the oxidation of 3,5-DTBC using templated

and non-templated Cu(OTf).-iminothiazole frameworks.
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Non-templated framework Templated framework
Scheme B2.1 | Depiction of the non-templated and templated Cu(OTf), metalated iminothiazole
frameworks used in the 3,5-DTBC oxidation studies. Frameworks were functionalized between
18-25%.

OH 0
OH 0.86 mol % Cu via MOF catalyst O
0.1 -0.36 EQ Base
y
MeCN
Air
RT, 3 h

Scheme B2.2 | Catechol oxidation conditions for base screening with Cu(Il) metalated
iminothiazole frameworks.

B2.1 General Catalytic Procedure for 3 h base screening reactions.

Conditions were adapted from the literature.? In a nitrogen filled glovebox, framework (0.0016
mmol Cu, 0.0086 Equiv. versus 3,5-DTBC) was loaded into a 4 mL vial equipped with a stir bar
and removed from the glovebox. 2.0 mL of 0.1 M 3,5-DTBC stock in MeCN, followed
immediately by 0.2 M base stock in MeCN (NEt;, DMAP, or 1:1 NaCH3COO/NEt;) were then
added, according to the volumes in Table B4. The vial was loosely capped and allowed to stir at
room temperature for 3 hours. After, 0.200 mL of the solution was pipetted off, diluted to 5.0 mL
in MeOH, filtered through a syringe filter, and analyzed by UV-Vis. The absorbance at 400 nm,
corresponding to 3,5-di-tert-butyl quinone (3,5-DTBQ) was used to quantify the conversion to the
quinone. For each run, a control sample without framework was run, and its background activity

was subtracted to assess the influence of the copper metalated framework.
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B2.2 Base Screening Results.

The results of an initial set of screening reactions are summarized in Table B5 and Figure B1, and
suggest that, for the iminothiazole copper sites, the identity of the base greatly impacts the
reactivity of the templated materials, while the non-templated material’s activity was relatively
consistent across the three different bases tested. This suggests that the two systems may go
through different mechanisms. Consistent with the DPA study, increasing the equivalents of base
led to greater conversion over the background. Based on this initial screen, we sought to further
examine the activity of the templated and non-templated materials using 36 mol % NEts.

B2.3 General Procedure for Timepoint Reactions.

OH O

OH  0.86 - 3.45 mol % Cu via MOF catalyst O
0.36 EQ Base

MeCN

Air

RT
Scheme B2.3 | Catechol oxidation conditions for timepoints with Cu(Il) metalated iminothiazole
frameworks.
In a nitrogen filled glovebox, framework (0.0016 mmol Cu for 0.86 mol % or 0.0069 mmol Cu for
3.45 mol %) was loaded into a 4 mL vial equipped with a stir bar and removed from the glovebox.
2.0 mL of 0.1 M 3,5-DTBC stock in MeCN, followed immediately by NEt; (0.010 mL, 0.072
mmol, 0.36 equiv.) added neat. The vial was loosely capped and allowed to stir at room
temperature for 5 hours. For each timepoint, the vial was centrifuged, 50.0 uL was removed and
diluted with 5.0 mL of MeOH, then analyzed by UV-Vis. The absorbance at 400 nm,
corresponding to 3,5-di-tert-butyl quinone (3,5-DTBQ) was used to quantify the conversion to the

quinone. For each run, a control sample without framework was run, and its background activity

was subtracted to assess the influence of the copper metalated framework. After 5 h, the
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supernatant was analyzed by 'H NMR. The framework was filtered off and ICP-OES was used to
confirm the retention of copper in the framework.

B2.4 Iminothiazole Timepoint Study Results.

Consistent with our study using the DPA scaffold, the templated and non-templated frameworks
exhibited essentially identical activity for the oxidation of 3,5-DTBC to 3,5-DTBQ at both 0.86
mol % and 3.45 mol % copper, Figure B2, Table B2.3. The final conversions and selectivity were
confirmed by the UV-Vis and 'H NMR spectra of the solutions after catalysis, Figure B3-B4.
After 5 h, reactions with and without metalated framework have fully consumed the starting
catechol. However, by 'H NMR and UV-vis, the frameworks achieved ca. 86 % conversion to 3,5-
DTBQ, while the background reaction achieved only ca. 35 % conversion, highlighting the
markedly better selectivity for the quinone using the metalated frameworks.

Notably, the method by which the materials were thermolyzed to obtain free CH2NH: sites prior
to post-synthetic covalent modification and metalation appears to impact the overall activity.
Materials thermolyzed under flowing N> at 250 °C exhibited nearly 20 % higher conversion to 3,5-
DTBQ compared to material thermolyzed using microwave heating at 250 °C in a 2-ethyl-1-
hexanol/ethylene glycol/ water mixture. This may be due to the presence of a higher number of
backbone radicals in the N> thermolyzed materials (see Chapter 3 for additional discussion on the
radical).

Minimal leaching was observed by ICP-OES, suggesting it is not due to free copper in solution.
Further supporting this, controls run using just Cu(OTf)2, or Cu(OTf), plus bare Mgrdotpdc as the
catalyst exhibited lower conversion versus the copper-free background reactions, Figure BS. The
large error in the non-templated replicates should be mitigatable by performing the reactions using

greater masses of framework.
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Overall, these results demonstrate that the metalated materials may be effective catalysts for the
selective oxidation of 3,5-DTBC to 3,5-DTBQ. However, there is not strong evidence for this
reaction benefiting from the metal centers being templated ~7A from each other. It may be that a
shorter Cu—Cu distance would facilitate higher activity.

B3. Tables and Figures.
Table B1. Solvent and Substrate Volumes for DoE Catalysis.

Base Equiv. Base stock Solvent volume  3,5-DTBC stock Final total
volume (mL) (mL) volume (mL) volume (mL)
0.1 0.1 9.0 1.0 10.1
1.0 1.0 8.0 1.0 10.0

Table B2. DoE Analysis Results.

Templating Solvent Base Base Equiv. Corrected Conversion (mmol) TON
Non-templated Wet MeCN DMAP 1 0.03311 33.11
Templated MeOH Morpholine 1 0.00395 3.95
Non-templated Wet MeCN  Imidazole 1 0.00286 2.86
Templated ~ Wet MeCN  Imidazole 0.1 0.00013 0.13
Non-templated Wet MeCN  Pyridine 1 -0.00036 -0.36
Non-templated Wet MeCN Morpholine 1 0.01556 15.56
Non-templated MeOH Imidazole 0.1 -0.00518 -5.18
Templated  Wet MeCN DMAP 0.1 0.01344 13.44
Templated MeOH Imidazole 1 -0.00170 -1.70
Templated MeOH Pyridine 1 -0.00493 -4.93
Templated MeOH DMAP 1 0.03630 36.30
Non-templated MeOH DMAP 0.1 0.01628 16.28
Non-templated MeOH Pyridine 0.1 -0.00280 -2.80
Templated ~ Wet MeCN  Morpholine 0.1 0.00644 6.44
Non-templated MeOH Morpholine 0.1 -0.00104 -1.04
Non-templated MeOH Imidazole 1 0.00194 1.94
Non-templated MeOH Morpholine 1 0.00918 9.18
Non-templated Wet MeCN  Pyridine 1 -0.00036 -0.36
Non-templated MeOH DMAP 0.1 0.01628 16.28
Non-templated Wet MeCN Morpholine 1 0.01556 15.56
Templated Wet MeCN  Morpholine 1 0.02020 20.20
Templated MeOH Pyridine 0.1 -0.00219 -2.19
Templated ~ Wet MeCN  Imidazole 0.1 0.00013 0.13

Table B3. Effects Test Summary.
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Factor Number of Degrees of Sum of F Ratio  p-value
Parameters Freedom Squares
Templating 1 1 4.50E-06 0.167 0.689
Solvent Identity 1 1 7.52E-05 2.780 0.115
Base Equiv. 1 1 3.03E-04 11.199 0.004
Base Identity 3 3 2.24E-03 27.607  <0.0001

Table B4. Solvent and Substrate Volumes for Catalysis using Iminothiazole Frameworks.

Base Equiv. Base stock volume (mL) 3,5-DTBC stock volume (mL) Final total volume (mL)

0.1
0.36

0.1
0.36

2.0
2.0

2.1
2.36

Table BS. Iminothiazole Frameworks Base Screening Results.

Base Equiv. Framework Conversion (mmol)
Templated 0.0937
0.1 Non-templated 0.0703
Control 0.0595
NE& Templated 0.1062
0.36 Non-templated 0.0712
Control 0.0616
Templated 0.0508
DMAP 0.1 Non-templated 0.0821
Control 0.0298
Templated 0.0564
1:1 NEts/CH3COO 0.36 Non-templated 0.0830
Control 0.0285
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Figure B1 | Iminothiazole framework base screening catalysis bar chart.
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Figure B2 | 3,5-DTBC oxidation to 3,5-DTBQ yield timepoints with Cu(OTf)2-iminothiazole
frameworks using 36 mol % NEt3, as determined by UV-Vis.
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Figure B3 | 'H NMR of 3,5-DTBC oxidation background reaction in CD3CN after 5 hours. The
peaks at 7.01, 6.15, and 1.21 ppm correspond to the quinone product, 3,5-DTBQ. The peaks at
6.78 and 1.25 ppm correspond to the side product, likely 4,6-di-tert-butyl-2H-pyran-2-one. The
relative ratio of 1.00:3.55 observed between the 3,5-DTBQ aromatic peak (7.01 ppm, 1H), and
4,6-di-tert-butyl-2H-pyran-2-one (6.78 ppm, 2H) corresponds to 36 % conversion to the quinone,
consistent with the UV-Vis results.
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Figure B4 | 'H NMR of 3,5-DTBC oxidation reaction using the templated framework in CD3;CN
after 5 hours. The peaks at 7.01, 6.15, and 1.21 ppm correspond to the quinone product, 3,5-DTBQ.
Small peaks are noticeable in the alkyl region, assigned to the tert-butyl peaks of side-products.
The relative ratio of 18.03:3.99 observed between the 3,5-DTBQ tert-butyl peaks (18H), and the
side product tert-butyl peaks (18H) corresponds to 87 % conversion to the quinone, consistent with
the UV-Vis results.
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Figure B5 | Conversion of 3,5-DTBC to 3,5-DTBQ after 3 hours.

253



Appendix C: Templated Bimetallic Metal-Organic Frameworks in the

Broader Context of Bimetallic Catalysts

C1. Introduction

As discussed in Chapter 1, binuclear active sites exist across the span of the catalysis
landscape, including metalloenzymes, cooperative molecular catalysts, and heterogeneous
platforms such as mesoporous silicas and zeolites. Several example systems are highlighted in
Figure C1. While an emphasis has been placed on the metal-metal distance, additional factors
such as the flexibility of the active site and its coordination environment work to dictate activity.
For example, in the case of soluble methane monooxygenase (SMMO), the short Fe-Fe distance of
3.4 A coupled with flexible carboxylate ligands, capable of adopting different coordination modes,
facilitates substrate binding.!~ In contrast, a rigid ligand backbone can enforce much longer > 6
A distances between group IV metal centers in molecular olefin polymerization catalysts. The
resultant constrained geometries facilitate multinuclear interactions between both metal centers
and monomer substrates, leading to much higher activity for both homo- and copolymerization
over mononuclear counterparts.*> These types of ligand (or support) interactions can be observed
in heterogeneous contexts as well. Through changes in functional group loading, the average
distance between installed copper thiazole complexes on the surface of silica can be tuned, with
shorter distances, and thus more bimetallic-in-nature sites, promoting the catalytic oxidation of
3,5-di-tert-butyl catechol to the corresponding quinone.® In zeolites, the ~7.5 A Fe-Fe distance in
iron-functionalized zeolites, a relatively rigid lattice, primes the iron centers to bind and split

nitrous oxide across their span.”?
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Figure C1 | Example bimetallic systems across subfields highlighting the variable metal-metal
distances, including a) oxidative metalloenzymes, b) molecular catalysts and c) porous silica and
zeolite materials. Figure redrawn from references 3, 4, 6, and 7.

Judicious control over these interplaying active site parameters- metal-metal distance,
active site geometry, ligand/support rigidity- is critical for developing next generation catalysts.
Chapter 1 describes the current landscape of building bimetallic sites within metal-organic
frameworks (MOFs). Here, I will briefly outline how our design strategy for installing templated
bimetallic sites within metal-organic framework pores compares to two other common
heterogeneous scaffolds, functionalized silicas and zeolites, highlighting how our strategy and
choice of scaffold are an excellent compromise between the two. Compared to functionalized

silicas, our strategy draws parallels to the use of protecting group chemistry to install well-spaced
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functional groups such as amines on the surface of mesoporous silica. However, the crystalline
nature of our MOF scaffold begets a level of structural precision inaccessible to the silica platform.
On the other hand, while zeolites are crystalline, our choice of scaffold outshines in its high degree
of tunability.
C2. Comparison with Functionalized silica

There are numerous reports on the immobilization of mononuclear and binuclear sites on
silica surfaces and within the pores of mesoporous silica.®~!2 In both cases, this is traditionally
achieved first by hydrolytically grafting organosilanes at the surface hydroxyl groups on the silica
surface. If the organosilane precursors possess orthogonally reactive functional groups, subsequent
post-synthetic chemistry can be performed to access reactive sites for metal binding. While tunable
with regards to functional group identity, this strategy suffers from issues in controlling active site
nuclearity; often, clustering of functional groups on the surface is observed, especially as loadings
increase.!>14

Direct synthesis of silicas via condensation of tetraalkoxysilanes with functionalized
organosilanes, such as trityl group protected 3-aminopropylsilane, can help mitigate this issue,
resulting in better dispersion of functional groups across the bulk surface.!>!” The issue of
nuclearity parallels the issue of nuclearity in installing bimetallic sites in MOFs discussed in
Chapters 1 and 3. However, the exceptionally high level of spatial precision required to adjust
active site parameters on the order of a few angstroms is virtually impossible with a platform like
mesoporous silica, which is fundamentally limited by the amorphous nature of the bulk material.
The morphology of the nanoparticles can be controlled,'® and efforts to correlate the distribution
of active sites on the surface have been made.® Yet here, our templating strategy in MOFs shines

because we can leverage the structural fidelity of the crystalline framework scaffold and
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molecular-level control of the organic building blocks to accurately position active sites relative
to one another.
C3. Comparison with Zeolites

Zeolites have been functionalized with amines using grafting and impregnation methods. -
2l The grafting method is akin to what is done in mesoporous silica, wherein organosilanes such
as 3-aminopropylsilane react with surface hydroxyls. These functional groups could in principle
serve as building blocks for post-synthetic modification and metalation. While the zeolite scaffolds
are crystalline, there is no easy way to control the spacing of the functional groups across the
surface, beyond constraints due to the pore structure.

Zeolites, by nature of their negative lattice charge, possess charge-balancing cations in their
pores. These cations can be exchanged for transition metals such as copper and iron.?? A variety
of factors are known to impact the nuclearity of the resultant active sites, including pH,?
counterion identity,?* and the degree of Al substitutions in the zeolite.?> Not only is the exchange
process quite complex, but the resultant materials are not readily tuned. Our templating approach
is both conceptually simpler, and provides much greater tunability with respect to the ligand
environment around the metal centers. A key appeal of zeolites as a scaffold is that the constraints
imposed by the lattice can stabilize otherwise thermodynamically inaccessible active site
geometries.® However, similar effects can be observed in binuclear sites installed inside of MOFs
as well.?® Indeed, the work described in Chapter 4 highlights the ability of our crosslinking strategy
to tune the rigidity of the host framework. While rigid and stable, zeolites lack the spatial capacity
to build large or complex active sites, due to their small pores (typically less than 1 nm). This,
coupled with the limited chemical versatility hinders zeolites as a chemical platform for the types

of precise chemistry presented in the above chapters.
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