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Abstract

Molecular architecture involves the assembly of molecular building blocks to form
supramolecular structures and the decoration of their interiors. The evolution and gathering
of molecular building blocks into supramolecular constructs include examples such as co-
crystals, micelles, nanoparticles, etc. These cases offer novel and advantageous pathways
for research in supramolecular chemistry, however, a class of materials known as metal-
organic frameworks (MOFs) materials has emerged as a prime candidate for molecular
construction and interior design.

MOFs are highly tunable materials because they can be synthesized from a wide range of
metals cations and organic linkers. The organic linkers can also be functionalized after the
MOF material has been synthesized through a process known as post-synthetic
modification (PSM). These materials can be synthesized using two different organic
linkers, resulting in a mixed-ligand MOF. If these ligands are modifiable and react
independently, the resulting MOF structure will be orthogonally functionalized. Upon PSM
we hypothesize that our porous, mixed-ligand MOF will contain homogenous
bifunctionality as a blueprint for the construction of a uniformly orthogonally
functionalized MOF. The synthesis of the first metal-organic framework, KSU-1, is the
first of its kind to be developed at Kansas State University. PSM strategies used in this
research show successful functionalization of each organic linker leading to uniform
bifunctionality throughout our material. Characterization studies commonly used with

MOFs verifies the synthesis and PSM of KSU-1.
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Chapter 1: Introduction



Molecular Architecture

Molecular architecture involves the assembly of molecular building blocks to form
supramolecular structures, and the decoration of their interiors.> The evolution and
gathering of molecular building blocks into supramolecular constructs include examples
such as co-crystals,> micelles,® nanoparticles,* etc. These cases offer novel and
advantageous pathways for research in supramolecular chemistry, however, a class of
materials known as metal-organic frameworks (MOFs) materials has emerged as a prime

candidate for molecular construction and interior design.

Introduction to Metal-Organic Frameworks Materials

Metal-organic frameworks materials are a class of porous solids that have emerged as a
front runner in supramolecular chemistry over the last two decades.>*® MOF materials are
crystalline, three-dimensional porous materials that are synthesized by the self-assembly
of metal cations with organic molecules. The resulting materials assemble as highly
ordered frameworks, or grids, with the metal cluster at the corners and are connected by

organic linkers (Scheme 1).°
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Scheme 1. Schematic representation for a metal-organic framework where the black line
represents an organic ligand and the blue circle represents a metal cation.




MOFs are highly tunable materials that are synthesized from a wide range of metal cations
and organic linkers, providing a constant evolution of their architectural and chemical
properties, as well as their applications in catalysis,® gas storage,’ sensing gas
separations,” drug delivery,® etc. These microporous materials transcend other
microporous rivals due to the availability of a variety organic of linkers resulting in an
array of pore topologies and chemical environments allowing MOFs to be a highly

competitive field in chemistry research today.

Design of Metal-Organic Frameworks

The growth and development of MOFs have advanced thanks in large part to novel
methods of design and synthesis leading to highly complex porous materials. Organic
ligands for MOFs are often pre-synthesized for chosen functionality. The tunability of
MOFs stem from the functionalizablility of these organic ligands pre- and post MOF
assembly.t! Yaghi et al. pioneered the first synthesis of MOFs in 1999 using solvothermal
synthesis leading to the novel creation of some of the first well-known MOFs that are still
widely used today.'* When MOFs came into prevalence this method of synthesis offered a

simple, yet difficult process of making these porous structures. 1213

Svnthesis of Metal-Organic Frameworks: Solvothermal Synthesis

Solvothermal synthesis (Scheme 2), the traditional route of building MOFs, involves
placing organic linkers and a metal salt in a solvent and heating the reaction mixture to a
desired temperature.r® This process requires specific reaction conditions for the MOF

crystals to nucleate. Conditions such as temperature, ligand and metal concentration,



solvent type, time, and even the vessel used for growth are all variables necessary for MOFs
to form.*>3" This process, although easy to set-up, limits the process of synthesizing MOFs
because of their specific growing conditions. Indeed, because of growth specificity the
process of developing a MOF system that is fashioned for desired applications is labor-
intensive, limiting MOF chemistry.!” To address this issue, MOF chemists developed
methodologies to tap into unattainable frameworks, a practice that we would like to take
advantage of and develop our own synthetic tool. One such methodology that we take full

advantage of to prompt our synthetic endeavors is postsynthetic modification (PSM).!

Scheme 2. A representation of solvothermal synthesis in a vial, a typical growing
environment for MOFs. The black line represents the organic ligand and the green circle
represents the metal node.

Postsynthetic Modification, Multifunctional, and Multivariate MOFs

PSM (Scheme 3) is a useful synthetic strategy that can only be undertaken upon completion
of solvothermal synthesis. This strategy entails the modification of functional groups using
liquid-solid state reactions on the MOF ligands to form new functionalities.!* The term
“postsynthetic modification” was coined by Seth Cohen et al. in 2007 during his

demonstration of modifying IRMOF-3, a MOF composed of -NH. bearing linkers. The



amines were reacted with acetic anhydride resulting in an amide-functionalized MOF
material .’

This strategy is advantageous due to the potential to reach newly designed MOFs that are
inaccessible through solvothermal synthesis. PSM is also a gateway to produce MOFs that
have several functions through different chemical properties. A MOF can be modified with

one or multiple functions leading to multifunctional multivariate MOFs (MTV MOFs).

LW%@;ﬁ

Scheme 3. A representation of PSM where a reaction takes place on a functional group
that the MOF has after solvothermal synthesis and is reacted on to form a new
functionality.

Multifunctional MOFs are frameworks that provide multiple functions.®1° Since
multifunctional MOFs ascended into the fold of porous coordination polymers, researchers
have accessed new levels of complexity and diversity.’® Multivariate MOFs are
frameworks that are multifunctional, but lack uniformity because each pore of the MOF
can be different from the next.?® Multivariate MOFs attain their characteristics via ligand
modification, metalation, surface functionalization, and so forth.?:

We would like to tackle the problem of variance for multifunctional MOFs by forming a
uniformly multifunctionalized MOF. Using PSM we can have a material that not only has
multiple functions but has high selectivity and predictability for application-based usage.
One such framework that acts as a blueprint for multifunctionality is a mixed-ligand

framework. A mixed ligand framework has different ligands connected to the metal corners



in a well-defined manner.?! A tool that we can take advantage of, together with mixed-

ligand MOFs, to provide our uniform multifunctionality is orthogonal functionalizability.

Orthogonal Functionalization

Orthogonality, in chemistry is when two or more functionalities on the same substance
react independently from one another with different reactants. 222 Orthogonal chemistry
is widely used in supramolecular constructs,?>?* organic synthesis,?® and in biological
settings.2%-28 Orthogonal functionality has already been established for MOFs by Rosi et al.
Their methods were to independently functionalize linkers that were orthorthogonally
functionalizable in their MOF. However, the orthogonally modifiable linkers were
unevenly distributed throughout their MOF materials. Had these orthogonal functional
groups been distributed homogeneously throughout the MOF they would have achieved a
uniform orthogonally functionalized MOF. The problem is unpredictability of orthogonal
functionality positioning and has yet to be addressed.?® This is a goal we would like to

accomplish to expand the field of MOF synthesis and design.



Objective

The goal of this project (Scheme 4) is to utilize known synthetic strategies to form a porous,
mixed-ligand MOF that is independently functionalized as a groundwork for a uniformly

orthogonally functionalized MOF.

R,

Scheme 4. Schematic diagram of an independently functionalizable MOF as a base for an
orthogonally functionalized MOF tool.
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Introduction

Metal-organic framework materials have an exceptional history regarding synthetic
procedures or premeditated synthetic methodology. As discussed earlier, the core of MOF
synthesis is a de novo approach known as solvothermal synthesis. MOF chemists have
developed strategies to synthesize frameworks that previously were difficult to construct.
These strategies of MOF synthesis include novel methods such as PSM,! post-synthetic
exchange (PSE),? solvent assisted ligand exchange (SALE),® and many more. The idea of
exploring new synthetic strategies is to open pathways to develop MOFs with multiple

functions which can be used for various objectives while remaining crystalline and porous.

Strateqy

Our goal was to make a MOF that could be tailored to unlock new methods of MOF
synthesis by creating a blueprint mixed-ligand MOF that has multifunctionalization
potential: large pores, uniform in nature, as well as orthogonally functionalizable.* First,
mixed-ligand frameworks can be made with commercially available ligands or pre-
synthesized ligands. We would like to have ligands with “free” functional groups that can
be functionalized further through PSM reactions.® Second, we wanted a MOF with large
pores for application studies or usage. However, pore space availability is highly
contingent on the avoidance of catenation, the self-interpenetration of MOF pores (Figure

1)
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Figure 1. A schematic diagram of MOF catenation (self-interpenetration).

Third, we wanted a MOF that was uniform in nature so that we had predictable chemical
processes that occur within and/or on the surface of the MOF.® Last, we wanted to make
an orthogonally functionalizable MOF so that we could have selective reactivity of
functional groups for the MOF. This allows specific reactions to occur for application-
based usage. For this chemistry to work, we must have the space to do it. With these ideas

in mind, we attempted two simultaneous methods to achieve this MOF.

Attempt 1: Synthesis of a Functionalizable MOF with a Pre-Synthesized Ligand

The first pathway involves two unique ligands (Figure 2), a pre-synthesized “octopus” type
ligand (L1) to be solvothermally mixed with a commercially available ligand - meso-a,f3-
di(4-pyridyl) glycol (DPG). Zinc nitrate hexahydrate is our chosen metal source as well as

dimethylformamide (DMF) for the solvent.

(@) (@]
O oy
® o
o T T T
O 0]

L1

Figure 2. Ligands of choice L1 and DPG with a predicted framework unit cell.
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We selected L1 as our xy plane ligand because its large size leads to large pores and its
alkyne substitution prevents catenation. Additionally, the alkyne group can be reacted with
azide groups in a very specific [3+2] cycloaddition. DPG, a dipyridyl molecule, would be
our z-axis ligand. This ligand acts as the pillar of our molecular “building” and has two
alcohol functional groups that have orthogonal reactivity to the alkyne. Zn?" was our
chosen metal source because its known participation in the formation of pillared paddle-
wheel MOFs 8 28

The synthesis of L1 (Scheme 5) proved to be time consuming and difficult to complete.
Steps 1-3 were achieved relatively quickly and with minimal difficulty.® However, the di-
substitution of alkynes from step 4 via a sonograshira cross-coupling proved to be a
tremendous roadblock. This catalyzed reaction allows its user to substitute halogens, in our
case bromines, for alkynes.'%1® We wanted to place the alkynes on the 1 and 4 positions of
our central aromatic ring. The sonograshira cross-coupling was attempted many times

using different catalysts and reaction conditions, with no success.

QT ©
j\/>[ /©/ Bry O HNO3 O
T
1 BrMg CCl, O O H,0
45% 90% HO O Br
o}

(o) (o]
\O O Br O
5 HeSO, O
MeOH DCM O O
70% _O Br O.
o)

o]
5.  NaOH HO O I oH
. NaOH _

HO O I OH
o o

Scheme 5. Synthesis of L1.°
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A problem for this process is the steric effects that may render the attempts of step 4
unsuccessful. Perhaps a different approach could have been taken at this point, however,
the amount of time and effort at step 4 called for a turn of focus onto a project that provided

the same end goal.

Attempt 2: Synthesis of a Mixed Ligand MOF - KSU-1

We attempted to synthesize a mixed ligand MOF solvothermally from commercially
available materials: Zinc nitrate hexahydrate, 2-aminoterepthalic acid (BDC-NH.), DPG,
and DMF as our solvent (Scheme 6). BDC-NH: is a diacid molecule that acts as our xy
plane ligand and like L1, also has a chelation effect with Zn?*, but with two carboxylic acid
functionalities instead of four.

-0 0-zn—0 o--
-0 >/: 0—zn—0 Q 0-

H,N ,\\l\ NH,

DMF 48h
60 °C

0
Zn(NOg), 6H,0 + HO>\—Q—‘<
NH

Scheme 6. Synthetic route for KSU-1.

After setting aside a vial containing the mixture for KSU-1 at room temperature, we noticed
a mixture of IRMOF-3 orange cubic crystals and a yellow prism like crystal, KSU-1
(Figure 3).1” We then sent off that sample to collect single crystal x-ray diffraction data
and received a kagome (hexagram) lattice structure (Figure 4). We were pleased to obtain
this structure because it had large pores, with independently functionalizable groups
(amines and hydroxyls) in well-defined positions. Our objective at that time was to collect

the yellow prism crystals from the orange cubic crystals.
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Figure 3. A mixture of KSU-1 yellow prismatic crystals and IRMOF-3 orange cubic
crystals.

Figure 4. Left: a top view of KSU-1 down the c-axis. Right: a single network unit view of
KSU-1.

The synthetic procedure for KSU-1, at this point, had undesirable conditions and formed
unwelcome products. Our next objective to synthesize KSU-1 in a pure phase was set in

motion. Our knowledge of solvothermal synthesis made it clear that obtaining a pure phase

16



KSU-1 would present many challenges due to the potentiality of various reaction

conditions in which the crystals could grow.

Growing and Purification Challenges of KSU-1

The growing and purification process for MOFs is challenging, making it the largest hurdle
in our synthetic strategy. MOF growth and purification face synthetic problems of mixed
crystal phases!® and the formation of impurities due to ligand insolubility, temperature
variation, concentration of materials, molar ratios, and growing environment.*® Various

impurities can appear in the reaction process if proper conditions are not met for MOF.

First, the main problem we needed to address was the mixture of KSU-1 and IRMOF-3.
These MOFs differ in chemical make-up (Zn2(BDC-NH2)2(DPG) and Zn4sO(BDC-NH3)3
respectively), color, and shape. Since MOFs grow in certain surroundings under
solvothermal conditions we had to explore physical and chemical influences in the growth

environment of KSU-1 to eliminate the possibility of growing IRMOF-3.%

Second, ligands undissolved in the reaction mixture will not play a role in a desired
synthesis for the framework crystallization.?! Our first challenge during this synthesis was
the solubility of DPG. We noticed that the DPG was highly insoluble at room temperature
in DMF, leading to the formation of several impurities that would fall out of the solution
during crystal formation. We found that an optimal way of growing KSU-1 was to first
dissolve DPG and zinc nitrate hexahydrate until they became a clear solution at 60 °C then
adding a solution of BDC-NH2 in DMF. We immediately took notice of the purity increase

that came from this change in our procedure.
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Third, temperature effects can lead to changed topology based on the physical properties
influenced during crystallization. Metal-organic frameworks are known to grow in a wide
range of temperatures and have different crystal structures because of this influence.'® The
formation of KSU-1 is optimally done at 60 °C to afford its kagome lattice. Attempts at
higher temperatures specifically 80 °C and 100 °C led to the formation of IRMOF-3, which
is typical of its growth temperature.? KSU-1 grows in an interesting way because crystal
formation takes place in larger quantities after heating has taken place and letting the
solution rest at room temperature for 24 hours. Kagome lattice MOFs, as previously
investigated by Furukawa et al., are known to begin nucleation at lower temperatures after
heating and crystallize further into these networks at room temperature, backing our

interesting discovery for our MOF.??

Fourth, the concentration of starting materials plays a part in desired MOF formation by
balancing metal and ligand amounts in solution for the formation of frameworks.?
Frameworks can grow at various concentrations. The concentration effects of our starting
materials became vital a component in the synthesis of KSU-1. During the first attempts at
synthesis, the metal and ligands would not form any type of crystals at high concentrations
(relative to the actual concentrations of materials used to make KSU-1) or continued to
form a mixture of KSU-1 and IRMOF-3. We tried using reagent concentrations such as 10
mM, 15 mM and 20 mM. The concentrations that did grow KSU-1 crystals are 3.2 mM, 5
mM, and 5 mM (Zn: BDC-NH2: DPG). These growth parameters were at very low

concentrations, a surprising feat.
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Fifth, crystalline materials are highly ordered, well defined, and grow at specific mole
ratios to fulfill certain structures. Since MOFs are crystalline materials, they too have mole
ratios between the metal and the ligands to arrange into their respective constructs.?* The
mole ratio for KSU-1 growth to occur is 0.32:0.50:0.49 mmol (Zn:BDC-NH2:DPG)
stoichiometric ratio, but interestingly forms a 2:2:1 unit.

Upon discovering these pure phase conditions to grow KSU-1, we finally had nice yellow

prism like crystals without any IRMOF-3 or other impurities (Figure 5).

Figure 5. Pure phase KSU-1 yellow prismatic crystals. White powder is DPG that crashes
out of solution. It can be removed by several DMF washes.

From the single-crystal X-ray data we obtained of the material which we compared to the
PXRD of our as-synthesized MOF with a hexagonal pore of 2 nm in length and a secondary
pore of 1 nm in length. We found a nice alignment of peaks, justifying our MOF synthesis
route. However, the PXRD of the as-synthesized KSU-1 is not an ideal spectra that we
would like to have because of the formation of smaller peaks that are not in the simulation.

An interesting observation is that the relative intensities of the patterns are of not of equal
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height. The intensities can vary based on the amount of pre-heating time for kagome

structured MOFs.?2

KSU-1 Sim vs KSU-1

—KSU-1
= KSU-1 Simulation
J At AnA A

AAL

5 10 15 20 25 30 35 40
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Figure 6. Single crystal structure of KSU-1 top and side view (top) and a powder x-ray
diffraction of synthesized KSU-1 with its simulated pattern (bottom). The as synthesized
PXRD

MOFs sometimes will need to have their solvent evacuated from their pores. This is done
investigate their porosity. Some solvents have higher surface tensions and tend to “stick”
to the frameworks more than others. This phenomenon is dangerous to MOF integrity
because the solvent molecules with high surface tension are being pulled from the
framework while being very physically attached. The can lead to MOF disassembly and

likely loss of its crystallinity upon being evacuated. Therefore, it is pertinent to exchange
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out these solvents with ones of lower surface tension, as demonstrated by Matzger et al.?®
This became crucial for our characterizations.

After PXRD of the pure phase KSU-1 was done, *H NMR (Figure 7) spectra were collected
of pure phases of KSU-1 digested in DeDMSO/D2SO4. The spectra of KSU-1 has a
stoichiometric ratio of 2:1 BDC-NH> to DPG. Figure 7 displays NMR spectra of as-
synthesized KSU-1 compared to the starting ligands.

The peaks indicative of the two BDC-NH: ligands are a double, singlet, and a doublet in
the aromatic region between 7.0 ppm and 8.0 ppm. The DPG protons are a singlet from
two aliphatic protons at ~5.0 ppm and two doublets from symmetrical aromatic protons at

8.0 ppm and 8.9 ppm.

DPG

7
f1ppm,

Figure 7. *H NMR of KSU-1 (black) compared to individual BDC-NH2 (blue) and DPG
(red) spectra to confirm their presence in the MOF.
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Thermal studies on MOFs are a vital component to their characterization to display their
porous nature as well as their thermal stability at high temperatures — characteristics that
are common among MOFs.3%3 Thermogravimetric analysis (TGA) done on KSU-1
confirmed its porous nature and thermal stability at high temperatures. Figure 8 shows the
relation of KSU-1 in its as-synthesized form and is compared to its evacuated form, as well
as a re-solvated form. The as-synthesized TGA is to show the natural porosity and thermal
stability of KSU-1. The evacuated and re-solvated trials are done to show if KSU-1 can
maintain its porous nature after being subjected to a vacuum environment.

The TGA data of the as-synthesized MOF shows DMF solvent loss at about 50% of the
total mass, at the boiling point of DMF (~153 °C), confirming the large pores that the MOF
contains as well as the thermal stability of the MOF holding up until decomposition occurs
at about 350°C. Upon evacuation, the expected curve of the data shows the complete loss
of solvent. When the sample is re-solvated after evacuation, the MOF maintains some of
its porosity as there is still solvent loss from the pores at around 30% of the total mass of
the sample. The TGASs done on KSU-1 help confirm our expectations of porosity from the

single crystal data that we received in that we have a porous MOF that is thermally stable.
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Figure 8. TGA of KSU-1 as synthesized, KSU-1 evacuated, and KSU-1 re-solvated.

Conclusion

A mixed-ligand metal-organic framework known as KSU-1 has successfully been
synthesized solvothermally using commercially available materials Zn(NO3). 6H.0, BDC-
NH., DPG, and DMF. The synthesis afforded yellow prismatic crystals. Upon receiving
single crystal data, our crystal is a mesoporous kagome structured framework with large,
unexpected pores. This MOF provided the large pores sizes and independently modifiable
functionalities required for the independent postsynthetic modification, allowing us to

demonstrate out MOF bifunctionalization and eventually an orthogonally functionalized

MOF.
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Experimental

General synthesis of L1 —step 1.° 100 mL of p-tolylmagnesium bromide (1M in THF) is
added to a round bottom flask containing 5 g of hexabromobenzene in a glove box under
nitrogen atmosphere. The mixture was stirred at room temperature for 15 hours and became
a grey suspension. The reaction was placed in an ice bath where a mixture of 7 mL of
bromine and 60 mL of CCl4 are added dropwise to the reaction while stirring. The reaction
underwent stirring for 1.5 hours followed by the addition of 50 mL of HCI (6 M). 2 g of
yellow solid was filtered and washed with methanol then weighed.

General synthesis of L1 — step 2.° 200 mg of product from step 1 is placed in a 100 mL
Teflon vessel where a mixture of 8:2 H2O to concentrated HNOg is added. The vessel is
placed in a oven at 180 °C for 18 hours. After cooling to room temperature, the product is
filtered and washed with H>O and a 3:7 mL ratio of THF and CHCIs mixture. The product
is set out to dry then weighed.

General Synthesis of L1 — step 3.° 200 mg from step 2 is weighed out and placed in a 250
mL round bottom flask with 40 mL of methanol and 40 mL of DCM in the presence of
sodium sulfate and molecular sieves. The mixture is stirred under the addition of 4 mL of
H>SO4. The reaction is stoppered and allowed to stir for 48 hours. The reaction is then
quenched with a saturated sodium bicarbonate solution, extracted with a separatory funnel
and dried over magnesium sulfate.

Synthesis of KSU-1. Zn(NOs3),"6H20 (95.2 mg, 0.32 mmol), DPG (106 mg. 0.49 mmol),
and DMF (80 mL) were combined in a 500 mL Florence flask. The flask was heating to
60 °C in a 500 mL heating block until the solution becomes clear. A solution of BDC-

NH2 (90.6 mg, 0.50 mmol) in DMF (20 mL) is added, and the flask if left to heat at 60
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°C. After 48 h, the flask is removed from the heating block and left at room temperature
for 48 h. Pale yellow crystals (40 mg, 35% yield) of the product were collected and
placed in an exchange thimble inside of a 20 mL scintillation vial. The MOF crystals are
subjected to undergo solvent exchanges with fresh DMF 3 times for 15 minutes each on a
Corning LSE Low Speed Orbital Shaker. The crystals then undergo solvent exchanges
with CHCI3 5 times and then hexanes 5 times each for 15 min each on the shaker. The
MOF crystals are then isolated via vacuum filtration and then stored under vacuum at 80

°C.

Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker AXS D2 Phaser
SSD160 diffractometer using nickel-filtered Cu Ka radiation (A = 1.5418 A) over a range
of 5° <20 <40° in 0.1° steps with a 1-s counting time per step. Samples were collected
from the bottom of the reaction vial as a thick suspension in DMF and spread on a Si-
Einkristalle plate immediately before PXRD measurements. Given the high boiling point
of DMF, the crystals never dry out during the PXRD measurement.

'H NMR spectra were recorded on a Varian 400MHz NMR spectrometer (400 MHz for
'H). NMR chemical shifts were reported in ppm against residual solvent resonance as the
internal standard (6(dsDMSO) = 2.5 ppm). Samples of MOF (~ 2 mg) were transferred into
an NMR tube and D2SO4 (0.01 mL, 98% wi/w in D>O) was added. The tubes were capped
and sonicated until all the solid was dissolved (~ 1 min).

Thermogravimetric analysis (TGA) was performed on a TGA-Q50 interfaced with a PC

using TA Universal Analysis software. Samples were heated at a rate of 10 °C/min under
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a nitrogen atmosphere. Modified samples were extensively rinsed with DMF prior to
analysis. Evacuated samples are exchanged with hexanes prior to evacuation to avoid pore
collapse. Re-solvated samples are first exchanged with hexanes, evacuated, then re-

solvated in DMF prior to analysis.
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Chapter 3: Reductive Amination and Other
Postsynthetic Modification Routes to a
Bifunctionalized MOF
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Introduction

To synthesize our bifunctionalized MOF, two routes of postsynthetic modification were
chosen. For our MOF to undergo independent functionalization, the functional groups of
the ligands must selectively undergo reactions in which one functionality of a ligand will
react fully and the functional group(s) of the other ligand will not. This selectivity was
carefully planned around the nucleophilicity of the functional groups in KSU-1, the

formation of a new functionality, and the reaction conditions during this process.

Strategy

When developing this two-step PSM strategy, our intention was to do a PSM on our more
nucleophilic amine functional group first. PSM reactions on amines in MOFs have been
previously reported.’ The most common PSM reactions for amines includes the formation
of amides,? ureas,® and azides.* Our intent for the first PSM pathway was to perform an
imine condensation on our amine functional group (Scheme 7) with benzaldehyde,
following similar imine condensation reaction conditions found in literature.>® However,
this imine condensation reaction was troublesome because of hydrolysis of the product
imine and the use of low concentrations.

To combat hydrolysis, we did the reaction in a drier environment using molecular sieves
to slow the hydrolyzing effect of the imine. The condensation reaction using benzaldehyde
was done at a low concentration, potentially attributing to the lack of imine formation.
After the continued struggle with hydrolysis we switched to salicylaldehyde (Scheme 8)
hoping that a more stable imine would form and not be as prone to hydrolysis. We also

increased the concentration of the aldehyde to promote product formation.
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Scheme 8. Salicylaldehyde imine condensation PSM of KSU-1 reaction scheme.

H NMR of the salicylaldehyde PSM in KSU-1 shows that the imine formed after reacting

with our BDC-NH: ligand (Figure 9). When the MOF was digested in DsDMSO and

D2S04, hydrolysis of the imine occurred, and we see in the spectra the original MOF

components and salicylaldehyde. However, we were able to see the relative ratios

reflecting conversion of the amine to the imine. This was good news, but we again ran into

trouble with imine hydrolysis when performing a second PSM reaction (the PSM step is

discussed later in this chapter) involving succinic anhydride and DPG to form diesters.
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Figure 9. Stacked *H NMR spectra of imine condensation PSM involving salicylaldehyde
on KSU-1.

It appears this reaction had pushed the conversion of the amine into an imine while using
the salicylaldehyde as the aldehyde of choice from our NMR spectra. However, we
continued to get hydrolysis again and again after the addition of succinic acid in solution
during the second PSM step. Since acids can hydrolyze imines, perhaps the hydrolysis of
the imine resulted from the presence of succinic acid.

Since the hydrolysis of our imine functional groups kept occurring, we chose a different
route to combat this issue. This newly designed PSM pathway (Scheme 9) was chosen to
follow the imine condensation reaction with the amine on BDC-NH: in KSU-1. We chose
reductive amination, which reduces the imine into a secondary amine in the presence of a

reducing reagent. Reductive amination is a well-known reaction that is useful because the
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resulting secondary amine is inert to hydrolysis. Examples of reductive amination in MOFs
are also present in literature giving us cause to perform a reductive amination in KSU-1.”
20

Our aldehyde of choice in this reaction was once again benzaldehyde. Our reducing agent
used in this reaction was sodium cyanoborohydride (NaBH3CN) in DMF to react with
benzaldehyde for three days. Reducing agents such as NaBH3CN, are mild compared to
other reducing agents such as sodium borohydride because of the addition of a nitrile

electron withdrawing group.?*>

--0 0—Zn—0 O-- --0 O0—Zn—0O O--
! §> ( % <} N o) F</ >—< >—< \>%
-0 0—2zn—0 0-- @4 -0 0—zn—0 0--
HaN | NH, 1 DMF HN i NH

g b

\ NaBH,CN RT
P

Scheme 9. Reductive Amination of KSU-1 to KSU-1-RA using benzaldehyde, sodium
cyanoborohydride in DMF at RT.

The nucleophilic ring opening of succinic anhydride was chosen as our second PSM step
(KSU-1-RA to KSU-1-multi). We chose this as our second PSM because of the reactivity
of succinic anhydride in the presence of a nucleophile due to ring strain (Scheme 10).2* The
nucleophilic ring opening was chosen to react with the alcohols of DPG to form diesters.
This reaction was done at 0.2 M in DMF for two days. If this reaction is done in the
presence of a free NH as well as the OH functional groups, it would likely react with both

simultaneously thus thwarting the idea of independent functionalization (Scheme 11).
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Scheme 10. Nucleophilic opening of succinic anhydride to from KSU-1-multi.?®
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Scheme 11. Example of dependent functionalization on KSU-1 if the PSM reaction
pathways are reversed.

Reductive Amination PSM Modification Attempts

The formation of the alkylated MOF KSU-1-RA could be seen in our *H NMR spectra
throughout this process, however, problems persisted during the reductive amination PSM
pathway which hindered the progress of our synthesis.

First, the amount of time the reaction took place and concentration of the reagents are a
large part of the effectiveness of the reaction. The amount of time the reaction takes place
was dependent on the concentrations of the reagents. If the concentration of the reagents

were high, the MOF crystals disassembled or deformed from their crystalline nature.
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First, 'H NMRs were performed on concentrated samples of KSU-1-RA where the
benzaldehyde concentration was high. Figure 10 displays both PSM reactions along with
KSU-1. The starting material peaks for the BDC-NHz ligands shifted because of the change
in the chemical environment of the ligands. We also observed the formation of a new
aliphatic peak (~4.5 ppm) coming from the alkylation of the amine and a new aromatic
proton peak (~7.35 ppm) from the benzyl groups attached to the aliphatic carbon. The
formation of diesters on the alcohols following the digestion of KSU-1-multi in

DeDMSO/D2S04 shows succinic acid after hydrolysis.

KSU-1

) | \
KSU-1-RA

J;JJ\J{JJ DL
KSU-1-multi
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Figure 10. 'H NMR transitions between each PSM step.

w

At first this was exciting news, however, after several integrations, we noticed that the
relative proton ratio of the benzyl amine aliphatic protons was not matching with the
expected ratio with the DPG aliphatic protons. Since a secondary amine has a proton
source, it is possible for dialkylation to occur and form a tertiary amine from the aldehyde

being in such excess.’® The expected ratio was 4:2 from two secondary amine aliphatic

35



protons to the aliphatic protons of DPG. The integrations showed a ratio of roughly 6-8:2
leading to our belief that dialkylation of BDC-NH2 occurred from the concentrated
benzaldehyde attempts of reductive amination. Figure 11 shows *H NMR spectra of several

examples of this suspected dialkylation.
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Figure 11. *H NMR examples of suspected dialkylation of the secondary amine with
relative ratios shown to be 6-8:2 in comparison with the aliphatic protons of DPG.
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Figure 12 shows PXRD patterns of all PSM steps. The transition between KSU-1 and KSU-
1-RA displays the effect the concentrated benzaldehyde had on the crystallinity of the
MOF. There was even more of a loss of crystallinity transitioning from KSU-1-RA to KSU-

1-multi.
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Figure 12. PXRD patterns of KSU-1, KSU-1-RA, KSU-1-multi show the significant loss
of crystallinity as each PSM steps proceed.

After attempts with a concentrated benzaldehyde solution, we wanted to try a lower
concentrated route for the aldehyde, but we wanted the reducing agent to be at a 1:1 molar
equivalent to the aldehyde. With our starting materials at new concentrations as well as
using anhydrous DMF as our solvent, we wanted to be sure that this reaction proceeded
quicker than the previously reaction. A scale up experiment for reductive amination on
KSU-1 was done for a total of six days to track the progression for the formation of the
secondary amine and track dialkylation.

Figure 13 shows the *H NMR progression of the reductive amination for every two days.
It appears as if the reductive amination step had worked at a lower concentration of the
aldehyde between days one and two. However, dialkylation occurred after day one from
over exposure to the aldehyde, an increase in reducing agent, and the use of anhydrous
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DMF. Our DPG ligand peaks begin to deform after two days and alkylation appears to
proceed further and further as the reaction proceeded. We noticed that the DPG began
dissolving out of the MOF after day 2. We also saw the formation of new aliphatic
hydrogens began appearing on day six along with the movement the DPG doublets. This
led us to believe that alkylation may have occured to our DPG ligands. Although the
dialkylation of KSU-1 is not necessarily a problem for our proof of concept of
bifunctionalizing a MOF. It was in our best interest to move on to other PSM strategies to

avoid the loss of material and improve our chances of increasing yields.

KSU-1-RA-144h /\/\—J\M
JJM
A

KSU- 1 RA-96h

I
1
JL

N
KSU-1-RA-48h
J\A\_JLJL/\J\ A
M
9.0 8.5 8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0

f1ppm,

Figure 13. A stack 1H NMR spectra of a six-day reductive amination reaction at lower
concentrations of reactants.
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A Successful PSM Attempt to bi-functionalize KSU-1 using Anhydrides

After the attempts with these PSM reactions Kanchana Samarakoon successfully used PSM
reactions with two anhydride compounds to make KSU-1 bifunctional. She used butyric
anhydride and succinic anhydride (Scheme 12). This combination of PSM steps worked by
limiting the loss of material from minimal concentrations of reagents. The material also
maintains its crystallinity, which is vital for our system to maintain so that when application

studies are done in KSU-1 they can be analyzed in a structurally sound environment.

Y

0.05-0.025 M, CHClj3, RT, 96 h

ovo

0.2 M CHClg, RT, 48 h

»

Scheme 12. Successful bi-functionalization of KSU-1 using butyric anhydride and
succinic anhydride (work done by Kanchana Samarakoon).?
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Conclusion

At first, efforts to bi-functionalize KSU-1 to obtain independently functionalized linkers
resulted in problems demonstrating this foundational tool. The synthetic strategy of using
reductive amination resulted in the loss of material from the high concentration of the
aldehyde as well as harshness of the reducing agent. At different concentrations the
conversion of the primary amine had either formed secondary amines or a mixture with
tertiary amines. Although the reductive amination strategy did work, we chose different
synthetic routes to maintain the structural integrity of the MOF. A synthetic strategy with
the use of anhydrides on the linkers has successfully demonstrated, for the first time, the

sequential, independent bifunctionalization of a MOF material.

Experimental Data

The general procedure for imine condensation of KSU-1 with benzaldehyde. The MOF
samples (~15 mg) were transferred into an exchange thimble, that was placed in a 20 mL
scintillation vial. The MOF samples were reacted in 0.014 mL of benzaldehyde (1.4 x 10
* mol, 0.028 M) in 5 mL of toluene in the presence of 3A molecular sieves at room
temperature for 72 h with continuous mixing on a TYZD-III1 Orbital Shaker. The MOFs
are then washed with toluene and then solvent exchanged with CHCI3. The MOFs were
subjected to vacuum filtration with CHCI3 washes and air dried for 30 minutes. The MOFs
were evacuated in a vacuum oven at 80 °C for solvent removal for characterization.

The general procedure for imine condensation of KSU-1 with salicylaldehyde. The
MOF samples (~30 mg) were transferred into an exchange thimble, that was placed in a 20

mL scintillation vial. The MOF samples were reacted in 0.12 mL of salicylaldehyde (0.001
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mol, 0.5 M) in 2.2 mL of toluene in the presence of 3A molecular sieves at room
temperature for 24 h with continuous mixing on a TYZD-I1I1 Orbital Shaker. The MOFs
are then washed with toluene and then solvent exchanged with CHCI3. The MOFs were
subjected to vacuum filtration with CHCI3 washes and air dried for 30 minutes. The MOFs
were evacuated in a vacuum oven at 80 °C for solvent removal for characterization.

The general procedure for the higher concentration of reductive amination of BDC-
NH2 — KSU-1-RA. The MOF samples (~30mg) were transferred into an exchange thimble,
that was placed in a 20 mL scintillation vial. The MOF samples were reacted in 2 mL of
benzaldehyde (0.146 mol, 5M), 0.8 mL of 1M sodium cyanoborohydride in DMF (0.016
mol, 0.2M), and 1.2 mL of DMF in the presence of 3A molecular sieves at room
temperature for 72 h with continuous mixing on a TYZD-III1 Orbital Shaker. The MOFs
are then washed with DMF and then solvent exchanged with CHCI3. The MOFs were
subjected to vacuum filtration with CHCI3 washes and air dried for 30 minutes. The MOFs
were evacuated in a vacuum oven at 80 °C for solvent removal for characterization.

The general procedure for the lower benzaldehyde concentration of reductive
amination of BDC-NH2 — KSU-1-RA. The MOF samples (~50mg) were transferred into
an exchange thimble, that was placed in a 20 mL scintillation vial. The MOF samples were
reacted in 0.51 mL of benzaldehyde (5.6 x 10 mol, 5M), 0.8 mL of 1M sodium
cyanoborohydride (5.6 x 10 mol, 1M), and 4.49 mL of DMF in the presence of 3A
molecular sieves at room temperature and characterized every 2 days for a total of 6 days
with continuous mixing on a TYZD-IIII Orbital Shaker. The MOFs are then washed with

DMF and then solvent exchanged with CHCIlz. The MOFs were subjected to vacuum
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filtration with CHCI3 washes and air dried for 30 minutes. The MOFs were evacuated in a
vacuum oven at 80 °C for solvent removal for characterization.

The general procedure for the nucleophilic ring-opening of succinic anhydride —
KSU-1-multi. Following the reductive amination post-synthetic step, KSU-1-RA (~30
mg) were transferred in an exchange thimble, that was placed in a 20 mL scintillation vial.
The MOF samples were reacted with 0.4 mL of 1M succinic anhydride in anhydrous DMF
(4.0 x 10-5 mol, 0.2M) and 1.6 mL of anhydrous DMF in the presence of 3A molecular
sieves at room temperature for 48 h with continuous mixing ona TYZD-II11 Orbital Shaker.
The MOFs are then washed with DMF and then solvent exchanged with CHCIs. The MOFs
were subjected to vacuum filtration with CHCI3 washes and air dried for 30 minutes. The

MOFs were evacuated in a vacuum oven at 80 °C for solvent removal for characterization.

Characterization

Powder X-ray diffraction (PXRD) patterns were recorded on a Bruker AXS D2 Phaser
SSD160 diffractometer using nickel-filtered Cu Ka radiation (A = 1.5418 A) over a range
of 5° <20 <40° in 0.1° steps with a 1-s counting time per step. Samples were collected
from the bottom of the reaction vial as a thick suspension in DMF and spread on a Si-
Einkristalle plate immediately before PXRD measurements. Given the high boiling point
of DMF, the crystals never dry out during the PXRD measurement.

'H NMR spectra were recorded on a Varian 400MHz NMR spectrometer (400 MHz for
'H). NMR chemical shifts were reported in ppm against residual solvent resonance as the

internal standard (8(dsDMSO) = 2.5 ppm). Samples of MOF (~ 2 mg) were transferred into
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an NMR tube and D2S0O4 (0.01 mL, 98% wi/w in D>0O) was added. The tubes were capped

and sonicated until all the solid was dissolved (~ 1 min).
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Introduction

Our idea to bifunctionalize KSU-1 with different PSM strategies serves as a proof of
concept tool that can be used to independently functionalize KSU-1 uniformly. With our
knowledge of KSU-1 and its structural characteristics, we have strategized to achieve

orthogonal functionalization in KSU-1.

Strateqy: Current Work and Future Direction

The synthetic strategy formulated to obtain a uniform orthogonally functionalizable KSU-
1 involves a diazonium transfer of our amines to form azide functional groups. The
resulting MOF, KSU-1-Ns, will have modifiable groups of orthogonal reactivity, -Nz and
-OH. The -N3 can react with alkynes in a [3+2] cycloaddition, followed by a reaction with
an anhydride for diester linkage formation by -OH (Scheme 13). We base our strategy off
our prior knowledge of functional group selectivity and our foundational independently
functionalizable reactions strategies.

As of now the diazonium transfer of KSU-1, our first PSM reaction, uses
azidotrimethylsilane (TMSN3) and t-butylnitrite (t-BuONO) in tetrahydrofuran (THF) to
react with our amines to form azide functional groups. This reaction shows promise and
is currently under investigation to find optimal conditions that avoid the disassembly of
KSU-1 during the reaction process. We want to do this reaction without damaging the
structural integrity of KSU-1. The reagent that can cause the disassembly of the MOF is
TMSNs. TMSNs is known for its high reactivity and its formation of hydrazoic acid when
exposed to a proton source.? Therefore, it is necessary to take extreme safety precaution

when using TMSN3.*
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Scheme 13. A proposed PSM synthetic route for a fully orthogonal KSU-1.

Even though we had significant product loss throughout the reaction, we still had enough
material for Fourier-transform infrared spectroscopy (FTIR) and *H NMR analysis. The
FTIR shows the presence of an azide functional group with a peak at ~2100 cm™ (Figure
13A). 'H NMR (Figure 13B) suggests that the conversion of the amines to azides is
complete based on the current conditions that destroyed the MOF. Our observed *H NMR
for an azide conversion with BDC-NH, showed similarities to previously reported ‘H
NMRs for the same reaction done by Savonnett et al. This information was important for
our data because in the *H NMR spectra we would expect to see two aromatic doublets and
a singlet. Although this is not completely matched with the literature, we were relieved to

see that an azide conversion from BDC-NH: has this behavior.
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Figure 14. A) An FTIR vibrational frequency at 2116 cm-1 indicative of an azide
functionality. B) 1H NMR of KSU-1-N3 and KSU-1.

Our next step in this process is to perform the [3+2] cycloaddition on the formed azide by
using a reagent that has an alkyne group as a part of its chemical make-up. We are interested
in this so called “click” chemistry due to the highly selective nature between azide and
alkyne functional groups.® This selectivity is why “click” chemistry is used in an array of
applications such a protein modification,® imaging,” catalysis,® etc. Click chemistry has
been demonstrated in MOFs and through copper(l) catalyzed conditions. ¢ Copper free
conditions have also been used on the surfaces of MOFs.Y

The copper(l) catalyzed reaction pathway is regularly used; but may not be preferential
since it is difficult to maintain a Cu(l) oxidation state when exposed to certain conditions.®
An alternative to using a copper catalyst is using copper free conditions that involve
reagents that have ring structures with alkynes as part of the ring.*® Alkynes have short

bond lengths and perform 180° bond angles resulting in high ring strain. This leads to high

reactivity to form 1,2,3 triazole groups involved in click chemistry. Since alkynes and
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azides are highly selective towards each other, the alkyne will have no reactivity towards
the alcohols of DPG showing our MOF has high selectivity in its design.

The alcohol functional groups will be reacted with an anhydride that is not highly reactive
so that the MOF can be saved from some destruction as we have seen from time to time.
When this last PSM modification is achieved, KSU-1 will be a uniform orthogonally

functionalized metal-organic framework, the first of its kind.

Conclusion

The transformation of KSU-1 into its azide counterpart has seen some success, but due to
the highly reactive nature of the TMSN3 we are exploring optimal conditions with lower
concentrations and a longer reaction time. KSU-1-N3 will undergo Sharpless “click”
chemistry with an alkyne functional group to make a 1,2,3-triazole and then a reaction with
some anhydride with the alcohol functional groups DPG to obtain diesters. KSU-1 has a
promising future in becoming fully orthogonal because of the blueprint of independent
functionalization and a planned PSM synthetic strategy. Our mixed-ligand MOF, KSU-1,
serves as the foundational infrastructure to become uniformly orthogonal based on specific

post-synthetic modification reactions.

Experimental

The general procedure for the diazonium transfer of KSU-1 to KSU-1-Ns. This begins
with the addition of KSU-1 (~30 mg) to an exchange thimble that is place into a 20 mL
scintillation vial that already contains activated 3A molecular sieves. 3mL of anhydrous

THF is then placed into the vial. 0.66 mL (5.4 x 10 mols) of tert-butyl nitrite is added
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slowly to the vial. The vial is then capped and allowed to react at room temperature on a
TYZD-111I Orbital Shaker for 1 h. After 1 h 0.6 mL (4.5 x 107 mols) trimethylsilyl azide
is slowly added to the reaction mixture. The reaction resumes at room temperature on the

shaker for 48 h.

Characterization

FTIR spectra was recorded on a Cary 630 FTIR. Samples of MOF (~1 mg) are transferred
on to the crystal and compressed before spectra were observed.

'H NMR spectra were recorded on a Varian 400MHz NMR spectrometer (400 MHz for
'H). NMR chemical shifts were reported in ppm against residual solvent resonance as the
internal standard (8(dsDMSO) = 2.5 ppm). Samples of MOF (~ 2 mg) were transferred into
an NMR tube and D2S0O4 (0.01 mL, 98% wi/w in D>O) was added. The tubes were capped

and sonicated until all the solid was dissolved (~ 1 min).
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